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Detector concepts for FCC-ee - Focus on Trackers

Second US FCC Workshop, 25/03/2024N. Morange (IJCLab)

Allegro detector concept
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ALLEGRO: 
A Lepton coLlider Experiment with 
Granular Read-Out

• Vertex Detector: 
- MAPS or DMAPS possibly with 

timing layer (LGAD)
- Possibly ALICE 3 like?

• Drift Chamber (±2.5m active)

• Silicon Wrapper + ToF: 
- MAPS or DMAPS possibly with 

timing layer (LGAD)

• Solenoid B=2T, sharing cryostat 
with ECAL, outside ECAL

• High Granularity ECAL:
- Noble liquid + Pb or W

• High Granularity HCAL / Iron 
Yoke:

- Scintillator + Iron
- SiPMs directly on Scintillator or
- TileCal: WS fibres, SiPMs outside

• Muon Tagger:
- Drift chambers, RPC, MicroMegas

• All-silicon tracker 
• Proposal of a TPC as main 

tracker  
• Recent proposal

• Transparent Drift Chamber  
• 112 layers 
• 4m Long 
• R = 35-200cm 
• (Outer Silicon wrapper for ToF)

• Transparent Drift Chamber or 
straw tubes 

• 5m Long  
• R = 35-200cm 

• Basically follows the same 
layout with IDEA concept 

• Tracker design open to new 
ideas and developments 

• (Outer Silicon wrapper for ToF)

CLD IDEA ALLEGRO
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Requirements
• Tracking in FCC-ee crucial for many 

physics cases, precision measurements, 
flavor physics, QCD, LLVs,  physics 
etc. 

•Higgs mass measured at its intrinsic 
width (4 MeV) 

•  for  determined by 
BES (0.185%) 
•Momentum resolution should be at the 
same level ~  ~0.2% 

•Transparency of the tracker is crucial
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Fig. 370 Left: Distribution of the Higgs recoil mass in ZH events where the Z decays into muons,
assuming: an ideal momentum resolution (red), such that the resolution on the recoil mass is deter-
mined by the beam energy spread; the momentum resolution of the IDEA detector (black); that of
the CLD detector (green). The distribution that is expected, would the magnetic field of the experi-
ment be increased from 2 T to 3 T, is also shown as the blue curve.

This measurement, described in detail in Ref. [455], exploits the Higgs-strahlung
process, i.e. the associated production of a Z and a Higgs boson. Since, at a lepton
collider, the energy in the centre-of-mass of the process is well known, the mass of
the system that recoils against the Z, the so-called recoil mass, Mrecoil, can be recon-
structed solely from the Z boson. The distribution of Mrecoil shows a sharp peak at the
Higgs mass, such that a fit to this distribution provides a measurement of the Higgs
mass (and of the total ZH cross-section, independently of the Higgs decay mode).
Experimentally, the channel where the Z decays into a pair of muons o↵ers the best
resolution. The distribution of Mrecoil for Z(µµ)H events at

p
s = 240GeV is shown

in the left panel of Fig. 370, for various assumptions on the muon momentum reso-
lution, and the right panel shows the result of a likelihood fit of the distribution of
signal events in presence of background. With a perfect measurement of the muons,
the width of the Mrecoil peak would be determined by the beam energy spread (BES),
which amounts15 to 0.185% of the beam energy at

p
s = 240 GeV, and MH would be

determined with an uncertainty of 4.0 MeV with an integrated luminosity of 7.2 ab�1

(including the contribution of systematic uncertainties [455]). The decay muons, with
typical momentum of O(50) GeV, should be measured with a momentum resolution
smaller than the BES in order for the momentum measurement not to limit the mass
resolution. This goal is achieved with the baseline IDEA detector (black curves in
Fig. 370), which would lead to an uncertainty of 4.9 MeV with 7.2 ab�1 (from the muon
channel only). The full silicon tracker of CLD, in its current implementation, performs
less well (green curves) because of the greater amount of material which leads to larger
e↵ects of multiple scattering, which dominate the muon resolution even for the rela-
tively high momentum of interest. However, the goal of 4 MeV on the measured Higgs

15The values for the beam energy spread used for the studies reported here are taken from Ref. [825].

579

• 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

Second US FCC Workshop, 25/03/2024N. Morange (IJCLab)

Detector requirements: tracking performance

● Momentum resolution 
○ Avoid large contribution from MS: 

the lighter, the better 
 

● Flavour tagging: vertex detector 
○ Closer to IP 
○ Lighter 
○ Smaller pixels 

4

https://doi.org/10.17181/jfb44-s0d81
https://doi.org/10.17181/jfb44-s0d81
https://doi.org/10.17181/jfb44-s0d81
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Gaseous trackers - applications and advantages
Facility Experiment Detector type Facility Experiment Detector type

MARK2 Drift Chamber CMD-3 Drift Chamber
MARK3 Drift Chamber KEDR Drift Chamber
PLUTO MWPC BEPC2 BES3 Drift Chamber
ARGUS Drift Chamber S.KEKB Belle2 Drift Chamber

CESR CLEO1,2,3 Drift Chamber ALICE TPC
CMD-2 Drift Chamber ATLAS Straw tubes
KEDR Drift Chamber LHCb Straw tubes
NSD Drift Chamber COMPASS Drift Chamber + Straw
CELLO MWPC + Drift Ch. NA35 TPC
JADE Drift Chamber NA49 TPC
PLUTO MWPC STAR TPC
MARK-J TEC + Drift Ch. PHENIX Drift Chamber
TASSO MWPC + Drift Ch. PSI MEGII Drift Chamber
AMY Drift Chamber
VENUS Drift Chamber ILD TPC
TOPAZ TPC SiD Si
MARK2 Drift Chamber CLD Si or TPC
PEP-4 TPC IDEA Drift Chamber
MAC Drift Chamber ALLEGRO Drift Chamber, Straw
HRS Drift Chamber BINP Drift Chamber
DELCO MWPC HIEPA Drift Chamber

BEPC BES1,2 Drift Chamber
ALEPH TPC
DELPHI TPC
L3 Si + TEC
OPAL Drift Chamber
MARK2 Drift Chamber
SLD Drift Chamber

DAPHNE KLOE Drift Chamber
PEP2 BaBar Drift Chamber
KEKB Belle Drift Chamber

LEP

SLC

LHC

CERN SPS

PETRA

VEPP2/4M

TRISTAN

RHIC

VEPP2000

ILC

SCTF

FCC-ee
PEP

SPEAR

DORIS

• Gaseous detectors have been used in 
experiments for tracking applications for the 
last ~50y,   
• MWPC, Drift chambers, TPCs, Straw tubes  

• Tracking system should be as light as 
possible 
• Momentum resolution dominated by 

multiple scattering at low momentum  
• Particle Flow requires as little material as 

possible in front of ECAL  
• PID capabilities, over wide momentum 

range 
• Tracking detectors though do not measure 

the full energy loss of a particle!

*not an exhaustive list
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• In “modern” gaseous tracking detectors, the 
velocity dependence of the energy loss is used to 
infer the mass of the particle (PID) in combination 
with momenta measurement 

•  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( % )

The  for gaseous detectors (trackers)dE/dx

RD51 Workshop on Gaseous Detector Contributions to PID – 17 February 2021                                                       Michael Hauschild  - CERN,  page 18

“Lehraus” Plot 2021
dE/dx resolution achieved in large detectors, mainly at e+e–

colliders, at some hadron colliders and fixed target expts.

Fit by Lehraus 1983:
dE/dx res. = 5.7 * L-0.37 (%)

Fit in 2021 (25 large detectors):

dE/dx res. = 5.4 * L-0.37 (%)
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

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

https://doi.org/10.1016/0167-5087(83)90108-4.
https://indico.cern.ch/event/996326/contributions/4200962/


6

The  techniquedNcl/dx
•Based on A.H. Walenta research in 1980s who showed that additional charge comes 
from number of primary clusters and not from energy per cluster 

•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 resolution, 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
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Drift tube simulation 
Garfield

σdE/dx

(dE/dx)
= 0.41·n−0.43(Ltrack[m]·P[atm])−32

σdNcl/dx

(dNcl/dx)
= (δcl·Ltrack)−1/2 = N−1/2

cl

dE/dx dNcl/dx

σ ≈ 4.3 % σ ≈ 2.0 %

trunc. mean (80%), n=112, 2m at 1atm (Walenta param.)  for He+10%iC4H10 and 2m (Poisson distr.)δcl = 12.5/cm
IDEA DCH

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/
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•The  technique provides improved PID 
capabilities to gaseous trackers for low momenta ~

 (exc. region around ) 
•Needs to be complemented by time of flight (TOF) 
measurement at the end of the tracker (~2m) 
(modified layout to provide time or silicon or ECAL) 
to compensate for the low velocity region and 
relativistic rise 

•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 are required

dNcl/dx

35 GeV/c p ≈ 1 GeV/c

The  benefitdNcl/dx

646 Page 6 of 14 Eur. Phys. J. C (2022) 82 :646

(a) (b)

Fig. 2 a Time-of-flight for K± and π± track at θ = 90 ◦ as a function of momentum in the IDEA detector drift chamber30. b Reconstructed mt.o.f.
for K±, π±, KL , protons and neutrons with momenta p = 1 GeV

(a) (b)

Fig. 3 a Number of cluster distribution of charged pions and kaons for 90 ◦ tracks in the IDEA detector drift chamber as function of momentum;
b K/π separation in number of σ as a function of the particle momentum using the dN/dx and time-of-flight methods

106 events each (or equivalently 2 × 106 jets) are used for
the training. Final state particles are reconstructed with the
Delphes PF algorithm. In particular, charged particles are
reconstructed using the latest TrackCovariance module
described in Sect. 2, and the time-of-flight and number of ion-
isation clusters per unit length (dN/dx), are reconstructed
using theTimeOfFlight andClusterCountingmod-
ules, described in Sects. 3.1 and 3.2, respectively. A charged
particle is reconstructed provided that it produces at least 6
hits within the tracking volume. Neutral particles (photons
and neutral hadrons) are reconstructed by the PF algorithm

implemented in the DualReadoutCalorimeter mod-
ule [51]. The time-of-flight (and corresponding reconstructed
mass mt.o.f.) of neutral hadrons is also included and assumes
a 100 ps resolution, as opposed to 30 ps assumed for charged
particles. The baseline simulation setup assumes the nomi-
nal IDEA detector concept [41,42]. Jets are clustered with
the FastJet- 3.3.4 [52] package using the e+e− generalized
kT algorithm [53,54] with parameter p = −1 (for infrared
safety) and R = 1.5 to maximise the energy collected in the
jet. This set of parameters leads to an optimal Higgs di-jet
invariant mass resolution.

123

Bedeschi, F., Gouskos, L. & Selvaggi,  Eur. Phys. J. C 82, 646 (2022). 

 separation of IDEA DCH along 
with a TOF measurement at 2m
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Fig. 378 Performance of strange tagging observed in jet samples coming from Z(⌫⌫̄)H events atp
s = 240GeV, where the Higgs decays into quarks of a well-defined flavour or into gluons. The left

panel shows the impact of PID on the separation power between jets induced by strange quarks and
those induced by u or d quarks. The right panel shows how the algorithm separates strange jets from
all other flavours. The ‘s vs ud’ (black) curve in the right panel is identical to the red curve in the
left panel.

Figure 378 illustrates the performance of strange tagging with the baseline IDEA
detector used for this report, and with the ParticleNetIDEA algorithm [704]. As
shown in the left panel, when no PID information is provided to the algorithm, the
separation power between jets induced by strange quarks and those induced by u or d
quarks is limited, as it mostly comes from the slightly harder energy spectrum of the
constituents of a strange jet23. When the specific energy loss measured along the tracks
using the cluster counting technique is used in addition, the misidentification proba-
bility of jets induced by a u or d quark is reduced by about one order of magnitude,
for the same s-tagging e�ciency. In the kinematic range considered here, spanned by
quarks produced in Z(⌫⌫̄)H(qq̄) events at

p
s = 240GeV, adding time-of-flight infor-

mation to the algorithm only brings a mild improvement. The right panel of Fig. 378
shows how the algorithm separates strange jets from all other flavours, the separation
from ud jets being, as expected, the most challenging. For a strange tagging e�ciency
of 80% (90%), the mis-tag e�ciency of ud jets reaches 20% (40%).

This tagging algorithm has been used to categorise Z(``)H(jj) events (where ` =e, µ
or ⌫) into mutually orthogonal categories enriched in one of the di↵erent Higgs decays
(see Section 8.4.5) and to extract the Higgs couplings to bb̄, cc̄, ss̄ and gg pairs. With
an integrated luminosity of 10 ab�1, the Higgs coupling to strange quarks would be
measured with a 50% uncertainty. More details can be found in Ref. [456].

The impact, on this anticipated precision, of a deterioration of the dN/dx resolution
and of the MIP timing resolution with respect to the nominal detector performance
has been explored, and the result is shown in Fig. 379. Should the dN/dx resolution
be worse by a factor of 2 (4) than assumed in the current simulations, the precision
of the measurement of H ! ss̄ would degrade by 15% (35%).

23The number of reconstructed Ks ! ⇡
+

⇡
� decays from displaced tracks associated with the jets (see

Section 8.4.4) is not, yet, included explicitly in the set of variables used by the ParticleNetIDEA algorithm;
adding this variable may improve the performance shown here a little.

593

PID

https://doi.org/10.1140/epjc/s10052-022-10609-1
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The IDEA Drift Chamber

Unique volume, low-mass chamber: 4 m long, inner (outer) radius of 0.35 (2) m

High transparency due to the total amount of material:
I Radial directions, i.e. barrel calorimeter: ⇠ 1.6% X0
I Forward directions, i.e. end-cap calorimeter: ⇠ 5% X0

Operating gas mixture: He:iC4H10 (90:10)
I Average drift velocity of ⇠ 2 cm/µs, corresponding to drift time tD < 400 ns
I Number of cluster (per m.i.p.) ⇠ 12.5 cm�1

(with ⇠ 1.6 electrons/cluster)

Fully stereo chamber: 112 layers ranging from 50 to 250 mrad

Wires:
I Sense (anode): 20 µm W(Au) ! 56448 total

I Field (cathode): 40 µm Al(Ag) ! 285504 total

I Guard (cathode): 50 µm Al(Ag) ! 2016 total

To equalize gain of innermost and outermost

layers

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

5 : 1 field-to-sense wire ratio

Overall expected resolution: �xy . 100 µm and �z . 1 mm

F. G. Gravili Progress and Developments on the IDEA Drift Chamber 4 / 17
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IDEA 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  
•112 layers ranging from 50 to 250 mrad 

•Operating gas mixture: He + 10% iC4H10 
•Average drift velocity of ∼ 2 cm/µs  drift time tD < 400 ns  
•  Number of cluster (per m.i.p.) ∼ 12.5 cm−1 avg. with ∼ 1.6 
electrons/cluster) 

•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

→

Second US FCC Workshop, 25/03/2024N. Morange (IJCLab)

Vertex detector and momentum measurement

● Light vertex detector and tracker 
○ Particle energies < 100 GeV: 

lower MS contribution required 
 

● Vertex detector: MAPS-based 
○ Similar to e.g Belle 2 or ALICE ITS3 
○ Typically: 5 layers, 33 x 33 µm2 pixels 
○ Extremely light: Inner layers: 0.1% X0 / layer 
○ Outer layers: 0.5 – 1% X0 / layer 
○ IP resolution ~10 µm 

9

Transparency key for high resolution
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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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Towards a full length prototype
•Conceptual design of full chamber completed as of today by a collaboration of EnginSoft and INFN-
LE mechanical service 

•Full design of full-scale prototype completed by summer 2024 
•Preparation of samples of prototype components (molds and machining) ready by fall 2024 
•All mechanical parts (wires, wire PCBs, spacers, end plates) ready by end of 2024 
•MEG2 CDCH2 Wiring robot transported from INFN-PI refurbished and re-adapted, to be 
operational by spring 2025 

•Prototype built by end of 2025 (+6 months contingency) and ready to be tested during 2026

4.0 m

Minimum stereo angle: 
Maximum stereo angle:

50 mrad 
250 mrad

TOTAL LAYERS: 10 
Sense wires: 168 
Field wires: 965 
Guard wires: 264

IDEA Detector Motivations Introduction Design PID Simulation Electronics Conclusions

Drift Chamber: Ongoing Mechanical Design (4)

Ongoing work in model definition(s):
ENGINSOFT : complete model,
mechanically accurate (spacers location,
connecting cables/wire definition...)
CETMA: mold design and construction for
spokes and inner ring

Full-length prototype as final aim:
4 Latest design, once ready from

ENGINSOFT
4 Materials and construction techniques
4 Electrostatic stability
4 Electronics and readout

Specifications

I Total layers: 10
I Total wires: 1397
I Total PCB wire layers: 42
I Total readout channels: 112

Type Wires Wire Boards
Sense 168 8
Field 965 22
Guard 264 12
Total 1397 42

F. G. Gravili Progress and Developments on the IDEA Drift Chamber 8 / 17

From Nicola De Filippis
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Reconstruction techniques, test-beam results
•Several test beams to experimentally assess and optimize the performance 
of the cluster counting/timing techniques covering big range of βγ range 

•Several algorithms under testing 
•Derivative Algorithm (DERIV) 
•Running Template Algorithm (RTA) 
•Long short-term memory (LSTM) (Recurrent Neural Network - RNN) 
for peak finding &  Dynamic Graph Convolutional neural networks 
(DGCNN) to identify electrons in the same primary cluster



14TPC proposal for ILD - CePC
• On going studies with GEM/MicroMegas prototypes (with 1.2 x 5.8 / 3 x 7 mm2 pads)

• ≃ 60/70 to ≃ 200 µm rΦ hit precision from 0 to 100 cm
• ≃ 200 to 500 µm z-precision 

• Also with pixel size 50 x 50 µm InGrid MPGD allowing cluster counting
• Initial results do not seem to indicate improvement of spatial or dE/dx resolutions

• Material budget 5% to 25% in endcaps (including the field cage outside the tracking volume) 
• Target dE/dx ≃ 5%

 Ion BackFlow to be evaluated, ALICE upgrade 4 triple GEM achieves ≃ 10% energy resolution at 1% IBF

4.5m

3.6m

Endplate
MPGD ILD-TPC

D. Attie
12

TPC as a main tracker at CLD
•During the 7th FCC Physics Workshop in Annecy, the ILD/CLD concept studies with 
a TPC were presented 

•Proposal of a TPC based the developments for ILD using MPGDs like Triple/Double 
GEMs, Resistive Micromegas or GridPix (a must have for dNcl/dx to work) 

•5% X0 in barrel 25% X0 in endcap 
•Differences between ILC and FCC-ee operations: 

• ILC consisting of 1312 bunches (0.73 ms total) in a bunch train spaced every 
~0.5µs and a 199 ms with no activity 

•FCC-ee up to 170 times more luminosity at Z-pole with bunch spacing of 20-25ns  
➡ Imposes big challenges for a TPC operation

ILC Tracking, Valencia – dE/dx and Particle ID Performance                    Michael Hauschild - CERN,  8-Nov-2006,  page 9

Particle IDParticle ID
+ Cluster Counting Efficiency+ Cluster Counting Efficiency

Separation power 
with 100% cluster 
counting efficiency 
much better than 
with classical charge 
measurement

for pions/kaons    
~8 sigma vs.    
~3 sigma at 4 GeV/c

similar performance at 
about 20% cluster 
counting efficiency

obtained with triple-GEM 
system

MicroMegas has ~90% 
efficiency for single 
electrons(!), cluster 
finding algrorithm still 
needed

https://indico.cern.ch/event/1307378/timetable/?view=standard#104-ildcld-concept-studies-wit
https://indico.cern.ch/event/1307378/timetable/?view=standard#104-ildcld-concept-studies-wit
https://indico.cern.ch/event/1307378/timetable/?view=standard#104-ildcld-concept-studies-wit
https://indico.cern.ch/event/1307378/timetable/?view=standard#104-ildcld-concept-studies-wit
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TPC Challenges
• Using a TPC in a triggerless system requires the management of the very 

large out-of-bunch pile-up and its operation in continuous mode 
• At instant luminosity of  ~1036 cm−2 s−1, an ion back flow control of 

percent level (Z bosons will be produced at 60-100 kHz) 
• Distortion can be as large as ~ cm at the inner most TPC layer at the 

which is orders of magnitude larger than the intrinsic TPC spatial 
resolution of 100 µm. 

• Ion back flow control technology (InGrid?) 
• Dedicated distortion correction algorithm 
• Adequate track finding algorithm using the vertex detector 
• diffusion plays key role, needs good cluster finding algorithm large 

systematics expected, e.g. depending on drift length

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

DESY. Page 7

Primary ion density in the TPC
Backgrounds

• GuineaPig for simulating beamstrahlung pairs
• ILC-250 (ILD/M. Berggren)
• FCCee-91, FCCee-240 (A. Ciarma)

• Full simulation of different ILD models via 
ddsim
• Vary MDI and magnetic fields
• Special config to correctly track low pT particles

• Estimate number of primary ions produced 
in TPC per BX

• Estimate number of primary ions in TPC 
volume at any time
• primary ions/BX * BX freq * max drift time * 0.5 

(some primary ions already @cathode)

PRELIMINARY RESULTS!

ILC and FCCee similar: O(100k) - O(1M) primary ions / BX 

primary ion density in TPC (wrt ILC): x2500 @FCCee-91
                                                                x200  @FCCee-240

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

Space-charge distortions in ALICE TPC  at 7.4kHz interaction rate

https://arxiv.org/abs/1909.03746
https://arxiv.org/abs/1909.03746
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Straw tubes
•Recent proposal to explore the possibility of a straw tube tracker 
•Variable diameter (inner to outer)  optimise occupancy 
•Similar characteristics to drift tubes but lower material budget  

•Assuming Aluminized Mylar (15µm mylar, 0.05µm aluminum) and 25µm 
tungsten wires ~1.2% X0  
•Not including mechanical supports on the estimation 
•Challenging for long straws of 4m (construction and transmission wise) 

•Termination to improve signal ? Noise ? 
•Operating gas? Ar based 0.15% X0 not ideal for cluster counting compared to 
He based 0.035% X0 , signal small though due to density, optimization is 
needed! 

•Group is looking to build a small prototype with 20-50 straws and perform various 
studies

→

→

→
→

A straw tracker at the UM ATLAS muon detector construction lab

More on Junjie’s talk on Thursday

He basedAr based
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Remarks
•Gaseous detectors have a long history as trackers not a surprise that have been proposed for the 
FCC-ee experiments 

•Low material budget is one of the most important factors 
•Light structures, light gas 

•  demonstrated over the years, key is volume/pressure 
•  provides improvement ~x2, been around as a method, realization challenging, advanced 
algorithms and electronics 

•Three technologies proposed so far in FCC-ee detectors: 
•Drift chamber: advance layout and design, active group pursuing test beams, in pursue of 
electronics design and full scale prototype 

•TPC: Recent proposal, inherited from ILC, FCC-ee is rather harsh environment, techniques 
needed to handle space charge and material budget 

•Straw tubes: Recent proposal as well, promising material budget, prototyping is needed to 
demonstrate feasibility at the length required 

dE/dx
dNcl/dx
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Remarks
•Gaseous detectors have a long history as trackers not a surprise that have been proposed for the FCC-ee 
experiments 

•Low material budget is one of the most important factors 
•Light structures, light gas 

•  demonstrated over the years, key is volume/pressure 
•  provides improvement ~x2, been around as a method, realization challenging, advanced 
algorithms and electronics 

•Three technologies proposed so far in FCC-ee detectors: 
•Drift chamber: advance layout and design, active group pursuing test beams, in pursue of electronics 
design and full scale prototype 

•TPC: Recent proposal, inherited from ILC, FCC-ee is rather harsh environment, techniques needed to 
handle space charge and material budget 

•Straw tubes: Recent proposal as well, promising material budget, prototyping is needed to demonstrate 
feasibility at the length required  

• Important for any technology to learn from existing applications !

dE/dx
dNcl/dx

I believe that all these challenges are what makes it fun to pursue !
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Backup
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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

