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Challenges
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• Physics requirements e.g. at ILC 
• W/Z separation → 3% energy resolution 
• Particle Flow Algorithm → high granularity 

• Technology 
• Low noise SiPMs 
• Highly integrated front-end electronics including 

trigger and timing 
• Large surface detectors 

• Production and system integration 
• Very large number of channels 
• Compact detector operated in magnetic field 
• Low power consumption 

• Characterisation with testbeams

4FCC Week – November 2020

Confusion term

●  Base measurement as much as possible on measurement of charged particles
   in tracking devices
●  Separate of signals by charged and neutral particles in calorimeter 

• Complicated topology
   by (hadronic) showers

• Overlap between showers
  compromises correct
  assignment of calo hits

�  Confusion Term

Need to minimize the confusion
term as much as possible !!! 

8FCC Week – November 2020

Challenges at system level

● Successful application of PFA requires calorimeters to be inside the magnetic coil
=> Tight lateral and longitudinal space constraints 

● Compact layers 
● e.g. Ecal ~200mm for up to 30 layers with 10-20 kcells each 

● Low power 
● Little space for additional cooling require

innovative solutions for linear and circular
   colliders to maintain power budget

● Compact services 
● 40-70mm for services as readout, cooling and 

     power

HCAL

ECAL
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Particle flow
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• General idea 
• Base measurement as much as possible on 

measurement of charged particles in tracking 
devices  

• Separate signals by charged and neutral 
particles in highly granular calorimeters 

• Overlap between showers compromises 
correct assignment of calorimeter hits  

• Granularity used to minimise confusion term

4FCC Week – November 2020

Particle flow and confusion term

● Particle flow 
● Base measurement as much as possible on measurement of charged particles

     in tracking devices
● Separate of signals by charged and neutral particles in highly granular calorimeters 

• Complicated topology by (hadronic) showers

• Overlap between showers
  compromises correct
  assignment of calo hits

�  Confusion Term

Need to minimize the confusion
term as much as possible !!! 

References for development of PFA concept and first comparisons between LEP results and prospects at TESLA/ILC:
J.C. Brient and H.Videau, arXiv:hep-ex/0202004 [hep-ex].
V.L. Morgunov, Proceedings, 10th International Conference, CALOR 2002, Pasadena, USA, March 25-29, 2002, pp. 70--84.

2FCC Week – November 2020

Detector requirements in high energy e+e- collision

● W Fusion with final state neutrinos requires
reconstruction of H decays into jets

● Jet energy resolution of ~3% for a clean W/Z separation

Examples:

Slide: F. Richard at International Linear Collider – A worldwide event

Figure by M. Thomson
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Jet energy resolution

Final state contains high energetic jets from e.g. Z,W decays
Need to reconstruct the jet energy to the utmost precision !
Goal is around dE

jet
/E

jet
- 3-4% ( e.g. 2x better than ALEPH)

Jet energy carried by …

 Charged particles (e±, h±,μ±65% :((
   Most precise measurement by Tracker  
   Up to 100 GeV

 Photons: 25%
  Measurement by Electromagnetic
   Calorimeter (ECAL) 

 Neutral Hadrons: 10% 
  Measurement by Hadronic
  Calorimeter (HCAL) and ECAL

σ Jet=√σTrack
2

+σHad.

2

+σelm.
2

+σConfusion
2
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Technological premises
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7FCC Week – November 2020

Calorimeters for PFA – Technological premises

 e.g. SKIROC (for SiW Ecal)

Highly integrated front end electronics

● Analogue measurement
● On-chip triggering
● Data buffering 
● Digitisation 

... all within one ASIC

Size 7.5 mm x 8.7 mm, 64 channels

Miniaturisation of r/o devices

● Small scinitllating tiles 
● (Low noise) SiPMs

Large surface detectors

Si Wafer

RPC layers

Many things that look familiar to you today were/are pioneered/driven by CALICE

Slide by R. Pöschl
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History of R&D
• Physics prototypes 2003-2012 

• Proof of principle of granular 
calorimeters  

• Large scale combined beam tests  
• Validation of GEANT4 physics 

lists 
•  Technological prototypes since 

2010 
• Engineering challenges  
• Higher granularity 
• Lower noise  

• Linear Collider detectors 
• Typically 108 calorimeter cells
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Figure 3. Mean difference between the recovered energy and the measured energy for 10 GeV neutral
hadrons vs. the distance from 10 GeV (circles and continuous lines) charged hadrons and 30 GeV (triangles
and dashed lines) charged hadrons.

(see e.g. [7]). The RMS deviation of the recovered energy of a neutral hadron from its measured
energy can be interpreted as a confusion error. It is particularly large for the 30 GeV charged and
overlapping 10 GeV neutral hadrons, see figure 4. However, this does not affect the jet energy
reconstruction accuracy at the ILC too much because the probability to find a 30 GeV charged
particle in a 100 GeV jet is relatively low [18, 20].

Figure 5 shows the probability of recovering of the 10 GeV neutral hadron energy within 2 and
3 standard deviations from its real energy at different distances from 10 GeV and 30 GeV charged
hadrons. For the beam data neutral hadron we take the standard deviation equal to
0.55

√
10×0.82−0.6 GeV. Here the coefficients 0.55 and 0.82 are estimations of the stochastic

term coefficient and the π/e ratio of the calorimeter prototype respectively, based on fits to dis-
tributions of the original measured energy such as those in figure 1. The 0.6 GeV is the average
primary track loss for the imitated neutral shower, estimated from the difference between the mean
value of the energy distributions before and after the removal of the primary track. For the MC
simulated neutral hadrons the standard deviation is calculated in the same manner, but using esti-
mations based on fits to the appropriate distributions.

If the charged hadron is situated in the vicinity of a neutral hadron with similar or higher
energy, the confusion is typically less than in the reversed situation. In figure 6 we use the test
beam data to estimate how the confusion depends on the energy of the neutral hadron. In jets in
a full detector such as ILD, the charged particles will tend to be separated from the neutrals by
the magnetic field. Therefore, in this figure the charged hadron is placed at a distance typical of
its deflection in a 4T magnetic field in the ILD geometry. The RMS90 deviation of the recovered
neutral hadron energy from its measured energy does not depend significantly on the neutral hadron
energy (see left plot in figure 6). The relative confusion is large for small neutral hadron energy.

– 8 –
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Si ECAL – Physics prototype

 

● Sampling calorimeter

● Absorber: Tungsten plates1.4-4.2mm:

● Active material: silicon P-I-N Diodes

   Thickness 525µm    

● Granularity: 10x10mm
2
   

Three modules of with increasing W thickness 

Total depth: 24 X
0
, 1 λ

l

Active Zone 18x18 cm
2

Total: 9720 Pixels/Channels

SDHCAL technological prototype

48 layers of 2 cm stainless steel interleaved with
planes made of Glass RPC and their embedded 
readout 2-bit electronics allowing a lateral segmentation 
of 1 cm2

A technological prototype of 48 fulfilling almost all 
the ILD requirements of compactness and power 
consumption was built with a self-supporting 
mechanical structure. It ws successfully tested with
¾ Triggerless mode
¾ Power-pulsing mode
¾ Self-supporting mechanics
¾ No-dead zone

The GRPC was also successfully tested in a magnetic 
field of 3 T using the power-pulsing mode   

First technological prototype 
(2011->)

>38 active layers of 72*72 cm²
>4 HBUs per module

� 16 SPIROC 2E readout ASICs, 
576 channels of 3*3 cm² tiles

� in total: 608 ASICs, ~22000 channels

>all modules with surface-mount 
MPPCs
� S13360-1325PE

� 2668 pixels (3x physics prototype (PP))
� operated at 5V overvoltage

� 50% less temperature sensitivity w.r.t.  PP

� nominal operation voltage within 200mV 
in a module -> use same voltage
� Simplified set-up
� Layer-wise regulation

� About 3 orders of magnitude less noise

>steel absorber stack corresponding 
to ~1% of ILD barrel

AHCAL Technolgical Prototype
Since 2018

4 m

2 m

1 m

The ILD Detector at the ILC

Contact: Ties Behnke
Deutsches Elektronen Synchroton, DESY, Germany

(Contribution to the update of the European Strategy for Particle Physics by the ILD Concept Group)
(Dated: December 18, 2018)

The international large detector, ILD, is a detector concept which has been developed for the
electron-positron collider ILC. The detector has been optimised for precision physics in a range of
energies between 90 GeV and 1 TeV. ILD features a high precision, large volume combined silicon
and gaseous tracking system, together with a high granularity calorimeter all inside a 3.5T solenoidal
magnetic field. The paradigm of particle flow has been the guiding principle of the design of ILD.
In this document the required performance of the detector, the proposed implementation and the
readiness of the di↵erent technologies needed for the implementation are discussed. This is done
in the framework of the ILC collider proposal, now under consideration in Japan, and includes site
specific aspects needed to build and operate the detector at the proposed ILC site in Japan.
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Technology overview
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CLIC/ILC – CALICE

CepC Workshop Rome 2018 - M. Aleksa (CERN)May 25, 2018 6

• CALICE Collaboration 
(https://twiki.cern.ch/twiki/bin/view/CALICE/CalicePapers)

• CLIC/ILC calorimeters optimized for Particle Flow (PF)
– Radiation tolerance and bandwidth requirements benign compared to LHC
– But higher precision requirements! (2x for jet energies, 10x for track 

momenta)
– High jet energy resolution (3-4% à ~30%/√E)! Separate W and Z decays!
– Reconstruct each particle individually and use optimal detector (PF)

• 60% charged, 20% photons, 10% neutral hadrons 
– Requires fine 3D segmentation (and sophisticated reconstruction 

software)
– ECAL few 10 mm2, HCAL 1-10 cm2 - millions of channels 
– Granularity and timing (sub-ne accuracy) also essential for pile-up 

rejection 
• Dominant background from !!➝ hadrons 

• Technologies considered: 
– Large area silicon arrays
– New segmented gas amplification structures (RPC, GEM, Micromegas) 
– Silicon photomultipliers on scintillator tiles or strips 

• Large prototypes exist and have been tested in testbeams

Technological prototypes running

Prototypes in preparation
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Testbeam examples
• Analog HCAL technological prototype at CERN SPS 

and DESY 
• At CERN: electrons, pions and muons, 10-80 GeV 

• Aim to study details of hadron showers and 
timing performance, using electrons and muons 
mostly as “calibration” 

• At DESY: electrons only, 1-5 GeV 
• Mostly to test new components, technological 

improvements 
• Combined testbeams for CMS HGCAL 

• At CERN SPS 
• Early start of tests of new components in 

combination with mature CALICE prototypes

7

Frank Simon (fsimon@mpp.mpg.de)CALICE - FCC Workshop, January 2020

Common Test Beams

• SiW ECAL / SDHCAL (2018)

23

A key feature of CALICE - and extending to other Collaborations

• Common beam tests benefit from common approach within CALICE, 
and from wider networking activities such as EUDAQ2 of AIDA2020


• More common beam tests to come after LS2

• CALICE and CMS: HGCAL + AHCAL, common tests since 2017

CALICE collab - 29/09/2020Antoine Laudrain (JGU-Mainz) Recent Megatile results

• Due to air gap: 
• Cosmics bench setup is vertical. 
• Test beam is horizontal. 

• Currently, air gap size is not controlled.

15

Second challenge: TB/Cosmics X-talk difference

Reflective foil  

Weighting 
aluminum plate

MT+HBU

Cassette 
(reflective foil)
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Testbeam plans
• MAPS ECAL for ALICE FoCAL upgrade 

• ALPIDE-based prototype gave very promising 
results at DESY 

• Testbeam at CERN SPS is the next step 
• Scintillator ECAL for CEPC 

• New prototype first tested at IHEP 
• Testbeam at DESY planned next year 

• Silicon ECAL technological prototype 
• 15-layer prototype being finalised 
• Testbeam at DESY planned next year 

• Combined testbeams 
• Silicon ECAL and Analog HCAL with common 

data taking at DESY in Spring 2021

8

CALICE Collaboration MeetingL. Masetti  - 28/09/20

MAPS ECAL

�6

• ALPIDE-based prototype: 
• Works in calorimetric 

environment 
• Can read out high density hit 

patterns 
• No artefacts seen in EM shower 

shapes up to 5.8 GeV (to be 
confirmed with higher energy at 
SPS) 

• Performance similar or better 
than MIMOSA 

• Higher readout rate than 
MIMOSA

ALPIDE: Prototype in Test Beam

3

mTower prototype layer 
(LTU, Kharkov)

mTower prototype assembly (Utrecht)

24 layers, 2 sensors each, 3x3 cm2 cross section

Test beams at DESY:  
Nov 2019 (12 layers), Feb 2020 (24 layers)

R. Barthel, A. van Bochove, E. Broeils, N. van der Kolk, T. 
Peitzmann, S. van Rijk, M. Rossewij, H. Yokoyama (Utrecht, Nikhef) 
– R. Bosley, N. Watson (Birmingham) – V. N. Eikeland, E. H. 
Solheim (Bergen) – Q. W. Malik (Oslo) – F. Pliquett (Frankfurt)

Assembly of prototype

16

• 16 super-layers fabricated into the mechanic structure
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Interest in low E H2 line
• Beam particles and energies 

• Pions, electrons, mixed beams with hadrons and electrons up to 20 GeV to: 
• cover energy of transition region between GEANT 4 physics lists 
• more precise measurement of sampling term for energy resolution 

• Neutrons from 50 MeV upwards would be interesting, protons can probably be used as 
proxy to:  
• study neutron response of different materials in high energy hadronic showers 
• determine resolution of time-of-flight measurement e.g. in DUNE ND 

• Advantages of low energy beams at the North Area 
• Obvious logistic simplification wrt Eest Area for combined tests at low and high 

energies 
• Required instrumentation 

• Cherenkov counter to particle  
identification 

• Beam telescope for uniformity  
studies
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Conclusions
• CALICE 

• Pioneer work in development of highly granular calorimeters, now considered state 
of the art and under construction for High Luminosity LHC upgrade, e.g. in CMS 

• Close collaboration with GEANT 4 developers allowed for improvement of 
simulation of electromagnetic and hadronic showers 

• Platform for exchange on calorimetry development based on different technologies 
and for usage in several future experiments 

• Current and future R&D activities 
• Completion of technological prototypes ongoing, to address engineering and 

construction challenges 
• Characterisation of the prototypes in testbeams will be a central activity in the next 

years  
• Interest in low energy beams 

• Detectors are planned for high energy physics, but in the R&D phase low energy 
beams are extremely valuable to improve simulation of single particles in showers
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