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Role of Calorimeters
Detection of Neutral Particles
Only charged particles create signals 
• ionisation 
• scintillation  
• Cherenkov light 
• transition radiation  
Calorimetry is a destructive measurement 
• transfer energy to charged particles  
• rely on energy conservation  
• obtain a total charged-particle signal proportional to the energy of the 

primary incident neutral  
Statistical process 
• resolution improves with energy 
• in contrast to momentum measurements relying on curvature 
The only detector which sees all particles 
• indispensable for jets 
• and for missing momentum signatures of, e.g., neutrinos 
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e+e- Events

Mark I, ARGUS,  
JADE, ALEPH, ILD 3-Jet-Events bei PETRA

1979 PETRA bei
p

s = 27 GeV betrieben
! Frühjahr 1979 erste 3-Jet-Ereignisse bei TASSO

Bild: 3-Jet-Event bei JADE
43 / 53

268 ARGUS Collaboration/Physics Reports 276 (1996) 223-405 

Fig. 2.30. Completely reconstructed event consisting of the decay Y (4s) -+ BOB0 (see text; Cl]). 

In this simple event (Fig. 2.30) all particles are well identified and the masses of the intermediate 
states agree well with the table values. Kinematic considerations show that the event is compietely 
reconstructed. The background for this event was found to be completely negligible. 

This one event demonstrates that the phenomenon of Bono mixing does exist. However, 
a determination of the BOB0 mixing parameter Y needs other analysis methods which provide much 
better statistics but also give flavor identification of both B mesons at the time of their decay. This 
can be done by the reconstruction of one B meson and tagging the flavor of the other B by 
the charge of the lepton emitted in its semileptonic decay. The BOB0 oscillation strength Y is then 
given by 

Y = (N(BOe-) + N(Pe+))/(N(B”e+) + N(BOL-)). (2.12) 

With the partial reconstruction of Ijo mesons in the decay B” + D*‘/-Q as described in the 
previous section the results shown in Table 2.12 are obtained. After background subtraction 
ARGUS obtains from the measured signals: Y = 0.231 f 0.118 + 0.034 1901. 

Calorimetry entering the stage



Intrinsic Limitations of Hadron 
Calorimeters and Ways to 
Overcome or Get Around Them



Calorimetry |  Felix Sefkow  |  June  2024 6

Hadron Interactions
Complex and Diverse

Hard inelastic nuclear  scattering:  
• cross section ~ σpp · A2/3 

Hadronic interaction length: 
• λint = 1 / σn ~ A1/3  
• mean free path 

Shower dimension scale 
• length 5-10 λint, radius ~ 1 λint 
Hadronic cascade 
• large variety of processes  
• larger multiplicities at each step 
• pion production threshold ~300 MeV 
• sub-structure 



Calorimetry |  Felix Sefkow  |  June  2024 7

Electromagnetic and Hadronic Showers
Enjoy the Differences
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Electromagnetic and Hadronic Showers
Enjoy the Differences

π0 production (1/3 !) gives  
rise to electromagnetic  
sub-showers 
• second scale X0 
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Electromagnetic and Hadronic Shower Parameters
Calorimeter Absorber Materials
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Fluctuations 
Event to event

pions 50 GeV 
in steel scintillator  
CALICE AHCAL 
testbeam at CERN
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Hadron Calorimeter Challenges
Complex Composition

Example: 5 GeV pion in Pb scintillator
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Hadron Calorimeter Resolution
Intrinsically limited

e/h ratio: 
CALICE AHCAL ~ 1.25 
crystals ~ 2.5 

In general: hadronic response < electrom. 
response 
• due to invisible contributions  
Electromagnetic fraction fem increases with E: 
non-linear response 
• non-linear response  
fem  fluctuates strongly from event to event 
• from 0 to 1 (charge exchange, UHE air shower) 
• Impact of fem fluctuations depends on 

“compensation” 
Invisible energy fraction fem also fluctuates 
strongly from event to event 
• irreducible contribution to resolution 
• sampling fluctuations also strong: which is the 

dominant effect depends on design 
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Compensation
Achievements and Drawbacks

Restore e/h = 1 
• suppress electromagnetic response 

• heavy absorber, shield soft components  
• enhance hadronic response 

• heavy absorber, hydrogenous scintillator  
High-Z absorber, low sampling 
• sampling in X0 reduced more than in λ 
• good e.m. performance would require large sampling 
• e.m. and jet performance mutually exclusive 
Example CALICE AHCAL: 
• 5 mm scintillator, 20 mm Fe: 58%/√E 

• h/e ~ 0.78: with software compensation: 45%/√E 
• 5 mm scintillator, 10 mm W: 58%/√E 

• h/e ~ 1, no gain with software compensation
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Figure 4. Energy resolution versus beam energy without compensation and after local and global software
compensation. The curves show fits using Equation 2.2, with the black solid line showing the fit to the
uncorrected resolution, the red dotted line to the global software compensation and the blue dashed line to
the local software compensation. The stochastic term is (57.6± 0.4)%, (45.8± 0.3)% and (44.3± 0.3)%,
with constant terms of (1.6± 0.3)%, (1.6± 0.2)% and (1.8± 0.3)% for the uncorrected resolution, global
software compensation and local software compensation, respectively.

signal by a single energy-independent factor accounting for the non-measured energy depositions
in the passive absorber material.

The calorimeter response to hadron-induced showers is more complicated [14], since these
showers have contributions from two different components: an electromagnetic component, origi-
nating primarily from the production of p0s and hs and their subsequent decay into photon pairs;
and a purely hadronic component. The latter includes “invisible” components from the energy
loss due to the break-up of absorber nuclei, from low-energy particles absorbed in passive material
and from undetected neutrons, depending on the active material. This typically leads to a reduced
response of the calorimeter to energy in the hadronic component, and thus overall to a smaller
calorimeter response to hadrons compared to electromagnetic particles of the same energy. Since
the production of p0s and hs are statistical processes, the relative size of the two shower compo-
nents fluctuates from shower to shower, which, combined with the differences in visible signal for
electromagnetic and purely hadronic energy deposits, leads to a deterioration of the energy resolu-
tion. In addition, the average fraction of energy in the electromagnetic component depends on the
number of subsequent inelastic hadronic interactions and thus on the initial particle energy. The
electromagnetic fraction of hadronic showers increases with increasing particle energy [15], often
resulting in a non-linear response for non-compensating calorimeters.

– 8 –



Calorimeter Types



Calorimetry |  Felix Sefkow  |  June  2024 14

Homogenous and Sampling Calorimeters
With Optical Readout

Homogenous calorimeter 
• Absorber and active medium are the same 
• crystals or glass (so far only electromagnetic) 
• extreme example: Earth’s atmosphere 

Sampling calorimeter 
• separate materials 
• active medium “samples" shower  
• “visible energy”

crystals fibres:  
spaghetti
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Sandwich Geometries
Infinite Possibilities

Basic choice for a cylindrical collider 
detector:  
How to rout the signals out of the 
volume? 
• radially 
• axially 
• tangentially 
And where to place the interfaces? 
• on the barrel 

• outside ECAL, but in front of HCAL 
• at the end face 

• creating a barrel endcap gap 
• in certain barrel areas 

• elegant, but complex
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ECAL Examples
CMS Crystals
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ECAL Examples
ATLAS LAr Akkordeon
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ECAL Performance
Selected Examples
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HCAL Example
ATLAS Tile HCAL
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HCAL Performance
Topical Examples

What counts is  
ECAL HCAL combined performance 
Often worse than HCAL alone: 
ZEIS 60%, CMS 100%



Detector Requirements for the Next 
Large Collider
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FCCee Parameters and Program
Challenges

		FCC-ee	parameters Z W+W- ZH ttbar

√s GeV 91.2 160 240 350-365

Luminosity	/	IP 1034	cm-2	s-1 140 20 5.0 1.25

Bunch	spacing ns 25 160 680 5000

”Physics”	cross	section pb 35,000 10 0.2 0.5

Total	cross	section	 pb 70,000 30 10 8

Event	rate Hz 100,000 6 0.5 0.1

”Pile	up”	parameter	[𝜇] 10-6 2,500 1 1 1

per IP
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Detector Requirements from Physics
Ambitious

Higgs Factory Program 
• 1.2M ZH events at vs = 240 GeV 
• 75k WWàH events at  = 365 GeV 
• Higgs Couplings 
• Higgs self-couplings (2-4σ) via loop diagrams 
• Unique: e+e- àH at  = 125 GeV

𝑠

𝑠

• Momentum Resolution . 

• Jet energy resolution of 3-4% in multi-jet 
environment for Z/W separation 

• Impact parameter resolution for b,	c	tagging

𝜎𝑝𝑇

𝑝𝑇
≃  10−3 𝑎𝑡 𝑝𝑇 ~ 50 GeV

Precision EW and QCD Program 
• 5 x 1012 Z and 108 WW events 

• mZ, ΓZ, Γinv, sin2θW, mW, ΓW, …  
• 106 tt events 

• mtop, Γtop, EW couplings 
• Indirect sensitivity to new physics

• Absolute normalisation of luminosity to 10-4. 
• Relative normalisation to 10-5 (eg Γhad/Γl) 

• Momentum resolution, limited by multiple 
scattering à minimise material. 

• Track angular resolution < 0.1 mrad 
• Stability of B-field to 10-6
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Detector Requirements from Physics
Ambitious

Heavy Flavor Program 
• 1012 bb, cc; 1.7 x 1011 ττ produced in a clean 

environment (10x Belle) 
• CKM matrix, CP measurements,  
• rare decays, CLFV searches, lepton 

universality

• Superior impact parameter resolution 
• Precisely dentify secondary vertices and 

measure lifetimes 
• ECAL resolution at few %/  
• Excellent π0/γ separation for tau identification 
• Particle ID: K/π separation over a wide momentum 

range à e.g. by precision timing

𝐸

Feebly coupled particles Beyond SM 
• Opportunity to directly observe new feebly 

interacting particles with masses below mZ 
• Axion-like particles, dark photons, Heavy 

neutral leptons 
• Long lifetimes LLPs

• Sensitivity to far detached vertices 
• Tracking: more layers, “continuous" tracking 
• Calorimeter: granularity, tracking capability 

• Large decay length à extended decay volume 
• Precise timing  
• Hermeticity
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From Linear to Circular e+e- Detectors
Conceptual Adaptations 
Lower energy jets and particles, less collimated jets: 
• reduced calorimeter depth  
• shift imaging vs. energy resolution balance towards the latter 

• jet assignment ambiguities: added value of π0 →γγ mass reconstruction  
• tracking even more multiple-scattering dominated: increased pressure on material budget of vertex detector and 

main tracker 
• fresh air to gaseous tracking 

Limitations on solenoidal field B < 2T, to preserve luminosity: 
• recover momentum resolution with tracker radius 
• on the other hand larger magnetic volume also more easily affordable (coil and yoke) 
Main difference: no bunch trains; collisions every 20 ns (~ at LHC) 
• no power pulsing, more data bandwidth: both imply larger powering and cooling needs 
• adds material to the trackers and compromises calorimeter compactness - or reduce granularity, timing, speed 
• implications strongly technology-dependent, interesting optimisation challenges 
• Trigger and DAQ re-enter the stage
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• jet assignment ambiguities: added value of π0 →γγ mass reconstruction  
• tracking even more multiple-scattering dominated: increased pressure on material budget of vertex detector and 

main tracker 
• fresh air to gaseous tracking 

Limitations on solenoidal field B < 2T, to preserve luminosity: 
• recover momentum resolution with tracker radius 
• on the other hand larger magnetic volume also more easily affordable (coil and yoke) 
Main difference: no bunch trains; collisions every 20 ns (~ at LHC) 
• no power pulsing, more data bandwidth: both imply larger powering and cooling needs 
• adds material to the trackers and compromises calorimeter compactness - or reduce granularity, timing, speed 
• implications strongly technology-dependent, interesting optimisation challenges 
• Trigger and DAQ re-enter the stage

FCCee has many common 
challenges with ILC  
plus significant additional ones



Detector Concepts  
and DRD Collaborations
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FCCee Detector Concepts 
Strawman Detector Benchmarks
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FCCee Detector Concepts 
Strawman Detector Benchmarks

• CLD: https://arxiv.org/abs/1911.12230 
• IDEA: https://pos.sissa.it/390/819 
• ALLEGRO: Eur.Phys.J.Plus 136 (2021) 10, 1066, 

https://arxiv.org/abs/2109.00391

Full sim&rec suite available Full sim getting ready 

https://arxiv.org/abs/1911.12230
https://pos.sissa.it/390/819
https://arxiv.org/abs/2109.00391
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FCCee Detector Concepts 
Strawman Detector Benchmarks

• 3 calorimeters 
• 1-2 gaseous trackers 
• 0-1 silicon tracker 
• 1 vertex detector

• CLD: https://arxiv.org/abs/1911.12230 
• IDEA: https://pos.sissa.it/390/819 
• ALLEGRO: Eur.Phys.J.Plus 136 (2021) 10, 1066, 

https://arxiv.org/abs/2109.00391

Full sim&rec suite available Full sim getting ready 

https://arxiv.org/abs/1911.12230
https://pos.sissa.it/390/819
https://arxiv.org/abs/2109.00391
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Calorimeter Technologies
Main directions
All concepts aim at Particle Flow reconstruction 
• with different emphasis on granularity, energy resolution, stability 
Liquid Argon + tiles 
• finer longitudinal sampling wrt ATLAS (4→12) 
• warm or cold electronics 
• CALICE or ATLAS style scintillator tile HCAL 
Fibre-based Dual Read-out with crystals in front 
• copper or steel matrix, Cherenkov and scintillating fibres, SiPMs 
• pointing geometry, superior PID 
• longitudinal segmentation via timing 
CALICE-style sandwich with embedded front-end electronics 
• silicon (pads or MAPS) ECAL, SiPM-on-Tile HCAL 

• alternatives: strip ECAL, gas HCAL 
• LC technology to be re-invented: no power-pulsing 
• synergies with CMS HGCAL upgrade • Eur.Phys.J.Plus 136 (2021) 10, 1066, 

https://arxiv.org/abs/2109.00391

https://arxiv.org/abs/2109.00391


New DRD collaborations hosted at CERN (framework) 
follows general conditions for execution of experiments at CERN

29

DRDC wep page and presentations of DRDs at open sessions

* approvals cover a period of three years – to be renewed

DRD1 

Gaseous 
Detector 

M. Titov 
E. Oliveri

DRD2 

Liquid 
Detector 

R. Guenette 
J. Monroe

DRD3 

Solid State 
Detector 

G. Kramberger 
G. Pellegrini

DRD4 

Photon det. 
and PID 

M.Fiorini 
G. Wilkinson

DRD5 

Quantum,  
emerging  

techno.  
M. Demarteau 

M. Doser

DRD6 

 Calorimetry 

R. Poeschl 
R. Ferrari

DRD7 

 Electronics  
on-detector  
processing 

F. Simon 
F. Vasey

DRD8 

Mechanics 
and  

Integration 

B. Schmidt 
A. Mussgiller

✓ Approved by CERN RB*,  

✓ 	 ✓ 	 ✓ 	 ✓ 	 ✓ 	 ✓ 	 ✓ 	 ✓ 	

EDP/DRD  
Managers Forum 

• common issues

✓ DRD8 LoI submitted to DRDC, proposal aims end-2024

EDP web page  
• contact point for 

the community

https://indico.cern.ch/event/1197445/contributions/5034860/attachments/2517863/4329123/spc-e-1190-c-e-3679-Implementation_Detector_Roadmap.pdf
https://cds.cern.ch/record/2728154/files/General-Conditions_CERN_experiments.pdf
https://committees.web.cern.ch/drdc
https://indico.cern.ch/category/17132/
https://cds.cern.ch/record/2886494?ln=en
https://drd1.web.cern.ch/
https://doser.web.cern.ch/
https://indico.cern.ch/event/1336746/
https://drd4.web.cern.ch/
https://ecfa-dp.desy.de/
https://drd3.web.cern.ch/
https://indico.cern.ch/event/1406007/
https://cds.cern.ch/record/2886644
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DRD 6 - Calorimetry
Higgs Factory Driven
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DRD 6 - Calorimetry
Higgs Factory Driven



Particle Flow and  
High Granularity



Calorimetry |  Felix Sefkow  |  June  2024 32

Particle Flow Principle
CALICE and Followers 





































HCALECAL

neutral 
hadron

charged 
hadron

charged 
hadron

photon

Tracker

photon

Tracker ECAL HCAL

neutral 
hadron

Typical jet: 60% charged, 10% neutral 
hadrons 
• use tracker where possible 
• used in ATLAS and CMS 
Need to disentangle energy 
depositions, using topology and 
energy 
• requires excellent imaging and decent 

energy performance  
• even in ideal case the 10% neutral 

hadrons dominate the jet energy 
resolution 

Requires excellent imaging 
capabilities 
• 10’s or 100’s of millions of channels 



Particle Flow Reconstruction

Mark Thomson

Reconstruction of a Particle Flow Calorimeter: 
« Avoid double counting of energy from same particle 
« Separate energy deposits from different particles

If these hits are clustered together with 
these, lose energy deposit from this neutral 
hadron (now part of track particle) and ruin  
energy measurement for this jet.

Level of mistakes, “confusion”, determines jet energy resolution 
        not the intrinsic calorimetric performance of ECAL/HCAL

e.g.

Three types of confusion: 
i) Photons ii) Neutral Hadrons iii) Fragments

Failure to resolve photon
Failure to resolve  
neutral hadron

Reconstruct fragment as 
separate neutral hadron

33
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Particle Flow Performance 
Realistically

Intrinsic energy resolution relevant  
at low and at high jet energies 
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High Granularity
Multiple Benefits
High granularity becomes possible thanks too 
advances in micro-electronics integration 
• cost of sandwich calorimeters scales with active 

area rather than channel count 
Benefits beyond particle flow 
• imaging for particle ID 
• software compensation 
• pile-up rejection 
Signal over noise for small cells 
• lower noise e.g. for silicon or LAr 
• more signal from scintillators

Silicon 5mm

Scintillator 3cm
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CMS High Granularity  
Calorimeter
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High Granularity for the High Luminosity LHC
CMS Phase 2 Upgrade

Highly granular calorimeters based on Silicon and SiPM-on-Tile 
technologies were originally developed for future e+e- colliders (CALICE) 
They are also among the very few possible choices for the radiation conditions 
at the upgraded LHC. 
High Granularity Calorimeter HGCAL: replace existing CMS endcap pre-
shower, electromagnetic and hadronic calorimeter, none of which would 
remain performant at the HL-LHC.

Higher luminosity at the energy frontier AND 
better detectors - new physics capabilities 
Emphasis moves to vector boson fusion initiated 
processes: WW collider 
Narrow and merged jets 
tagging quark jet in the endcap 
HGCAL shall see 90% of the total LHCs luminosity

5 m
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SiPM-on-Tile System Overview
Main ingredients

In addition to front-end 
electronics also data and 
power interfaces in detector 
volume 
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The Power of High Granularity at the LHC
VBF jets + H →γγ: 720 GeV jet, 175 GeV photon

Pileup <140>

(Next	slides)	layer	by	layer	
development	of	showers.	VBF	jet	
carries	720	GeV	(pT	=	118	GeV)	
along	with	a	photon	with	175	
GeV	(pT	=	22	GeV).	Most	of	
energy	in	the	very	narrow	VBF	jet	
carried	by	three	particles	(two	
charged	pions	and	one	photon)	
impacting	the	calorimeter	within	
1	cm	of	each	other.



CMS HGCAL  |  Felix Sefkow  |  March 2023 39

The Power of High Granularity at the LHC
VBF jets + H →γγ: 720 GeV jet, 175 GeV photon

Pileup <140>

ΔR~0.2
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The Power of High Granularity at the LHC
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Pile-up rejection
Granularity and timing: a 5D detector 

No timing cut

VBF (H→γγ) event with one photon and one VBF jet in the same quadrant, 

γ

VBF 
jet

Cut Δt < 90ps   (3σ at 30ps)

Made possible by HGCAL electronics design aimed at making use of fast 
silicon sensor response and multi-MIP energy deposits in showers

Plots show cells with Q > 12fC  (~3.5 MIPs @300µm - threshold for timing 
measurement) projected to the front face of the endcap calorimeter.  
Concept: identify high-energy clusters, then make timing cut to retain hits of interest
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Automated Assembly
From Tiles to Modules

Injection Moulding

Tile Wrapping

Electrical Assembly

Tile Glueing

https://indico.desy.de/event/36972/
contributions/135046/attachments/
80510/105260/Wrapping23-44s.mov

https://indico.desy.de/event/36972/
contributions/135046/attachments/
80510/105259/
Tile_assembly_2020_cut2.mp4

https://indico.desy.de/event/36972/contributions/135046/attachments/80510/105260/Wrapping23-44s.mov
https://indico.desy.de/event/36972/contributions/135046/attachments/80510/105260/Wrapping23-44s.mov
https://indico.desy.de/event/36972/contributions/135046/attachments/80510/105260/Wrapping23-44s.mov
https://indico.desy.de/event/36972/contributions/135046/attachments/80510/105259/Tile_assembly_2020_cut2.mp4
https://indico.desy.de/event/36972/contributions/135046/attachments/80510/105259/Tile_assembly_2020_cut2.mp4
https://indico.desy.de/event/36972/contributions/135046/attachments/80510/105259/Tile_assembly_2020_cut2.mp4
https://indico.desy.de/event/36972/contributions/135046/attachments/80510/105259/Tile_assembly_2020_cut2.mp4
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Outlook
Production started…
High Granularity presents tremendous engineering and 
integration challenges 
• high degree of industrialisation required 

• eg. modular and partially automated design of variants 
• automated production procedures 
• automated mass testing procedures 
• typically come with demands in reproducibility and 

accuracy of parts 
The adventure of actually building it has just started 
• so the rest is in animation only: 
https://www.youtube.com/watch?v=QRCXi-V1fbg 

https://www.youtube.com/watch?v=QRCXi-V1fbg
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Dual Readout
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Basic Idea
Relativistic and Total Energy

χ = 1/ξ

Read scintillator and Cherenkov light 
• total and relativistic (mainly e.m.) part of 

shower 
• solve for fem and E: correct for e.m. 

fluctuation event by event 
Mainly followed with fibre calorimeters 
• other possibilities: wavelength, timing, 

direction 
• “multi-messenger calorimetry" 
Large hadronic prototype still to be built 
• 70% / √E measured, but with large leakage 
Fibres require pointing geometry 
• fine transverse segmentation: excelent PID 

(e - π)
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Invisible Energy 
Correlated with hadronic fraction

Roberto Ferrari 
Seminar at CERN 
7.6.2024
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Dual Readout Goes Granular
Fibres individually readout by SiPMs

Longitudinal “segmentation" 
with fast timing 
• 100 ps -> 5cm  
• fast sampling and waveform 

analysis 
• no system design yet
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Dual Readout plus Crystals
And Dual Readout with Crystals
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P. Giacomelli: now baseline for IDEA 
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P. Giacomelli: now baseline for IDEA 

No full-detector full simulation yet 
• stand-alone G4 for calo plus tracks to start PFLOW 
• DELPHES (fast-sim) for full-event and physics studies
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stainless stell is non-magnetic



Liquified Noble Gas 
Calorimeters
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prototypes are small 
experiments!
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Status of ALLEGRO / LAr Simulations
Active Development in Key4HEP
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Status of ALLEGRO / LAr Simulations
Active Development in Key4HEP

Plug  
& play
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Hucheng Chen, BNL
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Hucheng Chen, BNL

Further reading: 
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Focus of current developments
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Experience presently  

gained at large scale
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Summary

FCCee calorimeters represent exciting challenges 
• radiation tolerance generally not an issue - but rate capability is, and in tension with ILC-like 

ambitions for precision and compactness 

There is time and room for new ideas, concepts and technologies 
• try them out: demonstrators are collider-agnostic  

High Granularity everywhere 
• but at different degrees of realism 
• CALICE technologies to be adapted  
• Dual readout towards prototyping and proof of principle; many system challenges 
• LAr gaining momentum - and cold electronics opening up ambitious options 



Back-up
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Typical Collider Detector
CMS
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Typical Collider Detector
CMS

Two particle are shown 
with untypical signatures
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Electromagnetic Showers
Electrons and Photons
Bremsstrahlung from electrons (and positrons) 

• 1/e of energy left after 1 X0 
Pair creation from γ 
• absorption length 7/9 X0 (mean free path) 
• 1/e of photons still there after 0.8 X0 
Common scale X0 
• number of particles doubles every X0 
• until _E<Ec ionisation takes over 
• total N = E / Ec particles 
• length, depth of maximum ~ log E/Ec

X0 =
A

4αNAZ
2re
2 ln 183

Z1/3

X0 = radiation length in [g/cm2] 

Radial extension 
• Moliere radius RM 

• contains 90% of energy 
• related to multiple 

scattering 
• RM decreases with Z
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Longitudinal Evolution vs. Energy
Electromagnetic Showers
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Critical Energy
End of electromagnetic showers

Approximations

Photons below pair threshold of 1 MeV 
• Compton scattering 
• photoelectric effect

Heavy absorbers - smaller Ec means 
• more particles 
• softer particles 
• surface effects 
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Electromagnetic Shower Parameters
Centimeters
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Longitudinal Evolution vs. Material
Electromagnetic Showers
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Longitudinal Evolution vs. Material
Electromagnetic Showers

High Z materials: 
many soft photons in tail 
• surface effects 
• response may depend on “age"
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Shower profiles
Convolution

pions 45 GeV



Calorimetry |  Felix Sefkow  |  June  2024 71

Detector Concepts
In a Nutshell
Detector concepts form the link between performance requirements and technological 
capabilities 
• thus guide the R&D and give feedback on performance impact of technical solutions 
Two main ingredients: 
• a full simulation model 

• enable validation of single particle performance with prototypes 
• realistic prediction of full-event performance: will also need higher-level reconstruction 

tools 
• overall engineering 

• to act and respond in the design of the MDI 
• to guide the optimisation of the global structure and parameters 

Collaboration forming at a later stage 
• maintain freedom to combine, e.g. tracking and calorimeter technologies (“plug & play”)
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From LCs to FCCee

• A LC-inspired FCCee detector concept - retaining key performance parameters 
Evolving from CLIC to CLD

72

From CLICdet to CLD

less steel: lower field allows 
reduced yoke thickness

lower field: enable high 
luminosity in circular collider

reduced HCAL thickness:  
enabled by lower energy

increase in tracker radius:  
retain p resolution

smaller VTX radius: profit from lower 
backgrounds, compensate material 

CLICdet = CLIC-SiD CLIC-ILD merger
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CLD with RICH-based Particle ID
Up to high momenta
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CLD with RICH-based Particle ID
Up to high momenta

Tracking re-optimised 
Particle flow to be studied next
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HGCAL System
Overview
Electromagnetic calorimeter (CE-E):  
• Active elements: hexagonal silicon modules  
• Cu & CuW & Pb absorbers, 26 layers, ~28 X0 
Hadronic calorimeter (CE-H):  
• Si (as in CE-E) & scintillator tiles read by SiPMs 

• as radiation levels permit 
• steel absorbers, 21 layers,10 λ (including CE-E) 
Key Parameters: 
• 620m2 Si sensors in ~26000 modules 
• 6M Si channels, 0.5 or 1.2cm2 cell size 
• 370m2 of scintillators in ~3700 boards 
• 280k scint. channels, 4-30cm2 cell size 
• 220 tonnes per endcap, full system at -30oC 
• up to 280kW, two phase CO2 cooling

Silicon

CE-E CE-H

Scintillator

1.2. Requirements for the HGCAL upgrade 13

Figure 1.2: Fluence, parameterized as a fluence of 1 MeV equivalent neutrons, accumulated in
HGCAL after an integrated luminosity of3000 fb�1, simulated using the FLUKA program, and
shown as a two-dimensional map in the radial and longitudinal coordinates, r and z.

1.2 Requirements for the HGCAL upgrade
Preserving good performance over the full lifetime will require good (at the level of a few
percent) inter-cell calibration. Adequate calibration accuracy can best be achieved if minimum-
ionizing particles (MIPs) can be cleanly detected in each cell. This requires a good signal-to-
noise ratio (S/N) for MIPs after3000 fb�1, necessitating the use of low-capacitance silicon cells,
of a small size (⇡0.5–1 cm2), and scintillator cells of a small enough size for high light collection
efficiency and S/N, resulting in a high lateral granularity. Fine longitudinal sampling is needed
to provide good energy resolution, especially when using thin active layers (100–300 µm thick
Si sensors). The fine lateral and longitudinal granularity leads to a high cell count. The main
requirements for the HGCAL upgrade can be summarized as follows:

• radiation tolerance: fully preserve the energy resolution after3000 fb�1, requiring good
inter-cell calibration (⇡3%) using minimum-ionizing particles,

• dense calorimeter: to preserve lateral compactness of showers,
• fine lateral granularity: for low energy equivalent of electronics noise so as to give a

high enough S/N to allow MIP calibration, to help with two shower separation and
the observation of narrow jets, as well as limiting the region used for energy mea-
surement to minimize the inclusion of energy from particles originating in pileup
interactions,

• fine longitudinal granularity: enabling fine sampling of the longitudinal development
of showers, providing good electromagnetic energy resolution (e.g. for H ! gg),
pattern recognition, and discrimination against pileup,

• precision measurement of the time of high energy showers: to obtain precise timing from
each cell with a significant amount of deposited energy, aiding rejection of energy
from pileup, and the identification of the vertex of the triggering interaction,

• ability to contribute to the level-1 trigger decision.

Fluence up to 
1e16 n/cm2  
Dose up to  
200 Mrad


