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Higgs Factories

• Starting from what we know today:

3

The next large Collider

Where do we go next?

The way charted by the European Strategy:
Precision!
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The Higgs Boson

model-independent study 
of all accessible couplings

Electroweak Precision

push down the uncertainties on 
all electroweak measurements 
to push the SM to (hopefully 
beyond) its breaking point

Flavour Physics

use extremely large data sets to 
explore, resolve and understand 
the puzzles in the flavour sector

New Particles

searches for weakly 
coupled new particles 
with high luminosity / high 
energy in a clean 
environment

The Top Quark

a precise measurement of 
its properties.  
A possible window to new 
physics due to its high 
mass!
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Collider types

Circular Colliders:

Collision of two particle beams on 
circular orbits in opposite 
direction 

Re-use of non-collided particles in future 
turns, acceleration can proceed over 
many revolutions. Need for bending 
magnets to keep particles on track.
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Higgs Factories
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Collider types

Circular Colliders:

Collision of two particle beams on 
circular orbits in opposite 
direction 

Re-use of non-collided particles in future 
turns, acceleration can proceed over 
many revolutions. Need for bending 
magnets to keep particles on track.

Linear Colliders:

Collision of two particle beams from 
linear accelerators pointed at each 
other

Full acceleration in a “single shot”, 
unused particles are lost. No need for 
magnets

Makes sense for light particles at high 
energy: Synchrotron radiation losses 
scale with E4 and m-4 and r-2

particularly strong 
at “low” energy

particularly strong 
at “high” energy
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Event Reconstruction in Future Experiments

6

Ideas in broad strokes - for Higgs Factories

Japan:

• ILC: 250 GeV (500 GeV  - 1 TeV with upgrade)


CERN Future:

• FCCee: Circular collider, 90 GeV - 365 GeV

• CLIC: Staged machine, 380 GeV - 3 TeV
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Detector Performance Requirements

• Typical final states: 
Involves H, W, Z - all decay predominantly into hadrons
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What we should be able to do

=> Need to do very well with jet reconstruction.
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Detector Performance Requirements

• Typical final states: 
Involves H, W, Z - all decay predominantly into hadrons

7

What we should be able to do

=> Need to do very well with jet reconstruction.

The classic criterion: 
Separate Ws and Zs in hadronic final states

Need a jet energy resolution of 3% (- 5%)

N.B.: This is hard! 
x2 (or more) better than LHC experiments
corresponds to ~ 30%/Sqrt(E) or better in relevant energy range 

mailto:frank.simon@kit.edu


Calorimeter R&D for Higgs Factories - KSETA Workshop, March 2023 Frank Simon (frank.simon@kit.edu)

Event Reconstruction at Future Colliders

• For hadronic (and all other) final states, we want to solve this problem:
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Dreams…
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Event Reconstruction at Future Colliders

• For hadronic (and all other) final states, we want to solve this problem:

8

Dreams…

 

Ideally: reconstruct every single 
particle in the event - 

not just leptons + “cones of energy”
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Event Reconstruction at Future Colliders

• The hardware to work with: A Collider Detector
• Vertex detectors to identify heavy quarks 

and leptons
• Tracking system to measure the 

momentum of charged particles via 
curvature in magnetic field

• Calorimeter systems to measure energy of 
neutral and charged particles via total 
absorption

• Muon system to identify muons, improve 
momentum measurement

9

… Tools …
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Event Reconstruction at Future Colliders

• Particles decaying into quarks lead to jets: Multiple hadrons originating from final-state quarks
➫ Parton four-vector only accessible via reconstruction of final hadrons

10

… and Algorithms
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Event Reconstruction at Future Colliders

• Particles decaying into quarks lead to jets: Multiple hadrons originating from final-state quarks
➫ Parton four-vector only accessible via reconstruction of final hadrons

10

… and Algorithms

• Requires measuring the energies of different particle types


• Charged hadrons (π+/-, …)


• Electromagnetic particles (γ, e+/-)


• Neutral hadrons (KL, n, …)

mailto:frank.simon@kit.edu


Calorimeter R&D for Higgs Factories - KSETA Workshop, March 2023 Frank Simon (frank.simon@kit.edu)

The Particle Flow Paradigm

11

In a Nutshell
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• The typical jet composition:
• 60% charged (primarily π+/-)
• 30% photons (from π0 decay)
• 10% neutral hadrons (n, KL)

Jet reconstruction with calorimeters only
~ 60% - 100+% / Sqrt(E) 
~ 10% - 20% / Sqrt(E)
~ 60% - 100+% / Sqrt(E)

Jet reconstruction with Particle Flow
excellent measurement in tracker, negligible resolution
~ 10% - 20% / Sqrt(E)
~ 60% - 100+% / Sqrt(E)
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The main resolution challenge:  
Confusion

• Making PFA happen:
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Highly granular (imaging) calorimeters

• Segmentation finer than typical 
shower structure (X0, ρM)

• High-density materials, minimal gaps 
- in particular in ECAL: compact 
showers for improved separation

The main resolution challenge:  
Confusion

• Making PFA happen:
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Highly granular (imaging) calorimeters

• Segmentation finer than typical 
shower structure (X0, ρM)

• High-density materials, minimal gaps 
- in particular in ECAL: compact 
showers for improved separation

The main resolution challenge:  
Confusion

• Making PFA happen:

Putting concrete numbers:
• Fe: X0 ~ 20 mm, ρM ~ 30 mm
• W:  X0 ~ 3 mm, ρM ~ 9 mm

Separation in ECAL 
particularly critical: 
W as absorber!
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Highly granular (imaging) calorimeters

• Segmentation finer than typical 
shower structure (X0, ρM)

• High-density materials, minimal gaps 
- in particular in ECAL: compact 
showers for improved separation

The main resolution challenge:  
Confusion

• Making PFA happen:

Putting concrete numbers:
• Fe: X0 ~ 20 mm, ρM ~ 30 mm
• W:  X0 ~ 3 mm, ρM ~ 9 mm

Separation in ECAL 
particularly critical: 
W as absorber!

When adding active elements:
~ 0.5 cm3 in ECAL, ~ 25 cm3 in HCAL
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Highly Granular Calorimeters

13

• SiPMs and microelectronics as game changers
• Real-world challenges

An enabling technology - From a hadronic perspective
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Hadronic Calorimeters

• Light collected over large volumes, 
brought by fibers to PMTs in 
magnetically shielded volumes

14

Classical Solutions
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Silicon Photomultipliers

• Key for scintillator-based calorimeters: Efficient detection of small 
numbers of photons
• The classical tool: Photo multipliers

15

The Revolution

ATLAS TileCal PMT HPK R5900

20 mm

20 m
m

20 m
m
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• Key for scintillator-based calorimeters: Efficient detection of small 
numbers of photons
• The classical tool: Photo multipliers

15

The Revolution

ATLAS TileCal PMT HPK R5900

20 mm

20 m
m

20 m
m 2.6 mm

0.8 mm

2.
1 

m
m

Silicon Photomultipliers (SiPMs)

• high gain: ~ 106

• insensitive to B fields

• good PDE

• dynamic range given by Npix
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SiPMs: A Game Changer for Calorimetry
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Enabling unprecedented granularity

ATLAS tile calorimeter half barrel module: 23 “cells”

2 m

mailto:frank.simon@kit.edu


Calorimeter R&D for Higgs Factories - KSETA Workshop, March 2023 Frank Simon (frank.simon@kit.edu)

SiPMs: A Game Changer for Calorimetry

16

Enabling unprecedented granularity

ATLAS tile calorimeter half barrel module: 23 “cells”

2 m

3 cm

• Scaling up the channel density (= spatial granularity) 
by 3 orders of magnitude
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The CALICE Physics Prototype

• “Imaging calorimeters”: A new type of calorimeters
• 3D (4D with amplitude, 5D with timing) images of particle showers  

~ x1000 higher channel density as current detectors

17

A proof of principle
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The CALICE Physics Prototype

• “Imaging calorimeters”: A new type of calorimeters
• 3D (4D with amplitude, 5D with timing) images of particle showers  

~ x1000 higher channel density as current detectors

17

A proof of principle

The focus today: The SiPM-based  
Analog Hadron Calorimeter

A first full prototype  
1 m3, 8000 channels (2007)

Different technologies:

Si / Scint+SiPMs / gas
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Interlude: What do we need?

18

Integration requirements of large detector systems

HCAL

ECAL

minimal non-absorber volume,

minimal tolerances

no / minimal cracks

10 - 100 M channels

10 000 m2 active elements
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Interlude: What do we need?

18

Integration requirements of large detector systems

HCAL

ECAL

minimal non-absorber volume,

minimal tolerances

no / minimal cracks

10 - 100 M channels

10 000 m2 active elements

ultimate compactness & 
mechanical precision

scalability & 
mass production

device-to-device 
uniformity
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Technical Realisation

• Embedded electronics,  
power pulsing,  
compact interfaces

19

Addressing real-world constraints with new prototypes

Physics 
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Power Pulsing

• Power pulsing: 8 Mio channels, no active cooling  
—> reduce power consumption 

• Rapidly cycling the power according to the beam 
structure of a linear accelerator

• 1ms train of bunches spaced ~300ns apart, 
199ms idle time

• SiPM gain stays stable with power pulsing

8

2

Fig. 2. Event display of a 5 GeV electron event recorded at the DESY test
beam.

MC

New AHCAL prototype Felix Sefkow   March 23, 2017

Tests with small stack
• May 2017: beam test in 3T magnetic field at SPS 
• Electronics tested last week at DESY in 2T (w/o beam) 
• Commissioning of active temperature compensation in 

preparation

16
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HBU5_BGA test in 2T magnetic field

First Result, DESY, March 3rd, 2017

Fig. 3. Individual photo-electron peaks observed with low-intensity LED
light without magnetic field and in a 2 T magnetic field without and with
powerpulsing.

time structure. The electronics also provide a cell-by-cell auto
trigger and time stamping on the few ns level in test beam
operations. In operating conditions with shorter data-taking
windows closer to the bunch train structure of linear colliders,
sub-ns time resolution is available.

Different absorber structures are used to test the HBUs of
the engineering prototype. One of them, shown in Figure 1 is a
compact 15 layer structure housing one HBU per layer, deep
enough to contain electromagnetic showers. This allows for
a precise evaluation of the detector response with electrons.
HBUs installed in this structure were recently exposed to
electron beams at DESY, illustrated by the event display shown
in Figure 2.

To evaluate the stability of the readout with powerpulsing
and in the present of a strong magnetic field, single HBUs
were tested with powerpulsing enabled in a 2 T magnetic field
at DESY. Figure 3 demonstrates that the photon sensor gain
remains stable with powerpulsing and within a magnetic field.

Fig. 4. CALICE AHCAL scintillator tile, with central dimple at the position
of the photon sensor to achieve uniform response over the full area of the
tile.

III. UPCOMING MEASUREMENTS AND FULL PROTOTYPE
CONSTRUCTION

The next step in the validation of the prototype is the full
system test in a 3 T field with muon, electron and hadron
beams. This test, which makes use of the 15 layer stainless
steel absorber structure, will take place at the CERN SPS
in May 2017. It will demonstrate the performance of a full
AHCAL system in realistic experimental conditions, and allow
studies of the evolution particle showers in a strong magnetic
field with a cell-by-cell time resolution of a few nanoseconds.
In this campaign, also the active compensation of temperature
variations by automatic adjustments of the bias voltage of the
photon sensors will be tested. The performance of the detector
in a magnetic field and the results of these measurements will
be presented in the contribution.

A full hadronic prototype of the AHCAL with approxi-
mately 25 000 electronic channels is currently in construc-
tion and will see first beam in 2018. It uses Hamamatsu
MPPC S13360-1325PE photon sensors and injection-molded
polystyrene scintillator tiles with a central dimple [5] for
optimal light collection, as shown in Figure 4. The scintillator
tiles are wrapped in reflective foil by a robotic procedure prior
to automatic placement on the HBU board with assembled
photon sensors. The presentation will also discuss design
choices made for the full engineering prototype and present
the status of the ongoing detector construction.
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• 1-5 GeV electron beam
• w/wo Power Pulsing
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• Beautiful energy spectrum and longitudinal shower shape
• AHCAL response is linear within 1% 

To do
• Saturation correction of SiPM Response
• Temperature correction of SiPM gain and MIP response 
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• TB at DESY in Jul.-Aug. 2016 
(commissioning) 
• Response to electrons 1-5GeV 
• MIP calibration (w/o steel stack)  
• DAQ w/wo power-pulsing 

• TB at CERN SPS in May 2017 
• Test with power-pulsing in strong 

magnetic field  
• Only up to 1.5T (originally planned 

up to 3T) 
• Energy resolution for electrons with 

magnetic field  
• Energy scan for electron: 10-60GeV
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Small AHCAL Prototype

work in progress
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Data Taking 

> impossible to operate magnet at nominal field, could only run at half field
> data taken without B field, and with 1.5 T

! muons for calibration
! energy scan for electrons: 10 – 60 GeV

> very clean beams, very stable SPS conditions, well-working and stable 
detector

120 GeV
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Data Taking 

> impossible to operate magnet at nominal field, could only run at half field
> data taken without B field, and with 1.5 T

! muons for calibration
! energy scan for electrons: 10 – 60 GeV

> very clean beams, very stable SPS conditions, well-working and stable 
detector

120 GeV
muon

60 GeV
electron

CALICE AHCAL in H2@SPS

Katja Krüger 
PS/SPS User Meeting
01 June 2017

Small prototype in 3T magnet @SPS
60GeV electron 120GeV muon

Y. Sudo

0.2s

0.95ms

337ns

x2820bunch train

SiW ECAL prototype

Large RPCs  
SDHCAL prototype

AHCAL prototype  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Front-ends and Interfaces

20

Key elements to meet requirements

Physics prototype: front-end electronics, calibration / power 
interfaces outside of active volume

36 cm

90 cm
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Front-ends and Interfaces

20

Key elements to meet requirements

Physics prototype: front-end electronics, calibration / power 
interfaces outside of active volume

36 cm

90 cm

Technological prototype / final design: fully integrated 
front-end, compact interfaces Up to 6 x 3 HBUs controlled by single interface
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Towards a viable Solution

• From the first large-scale application of SiPMs 
to the “SiPM-on-tile” technology

21

Improving the original technology, ensuring scalability

Physics Prototype

2008 - 2016
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Towards a viable Solution

• From the first large-scale application of SiPMs 
to the “SiPM-on-tile” technology

21

Improving the original technology, ensuring scalability

Physics Prototype Direct coupling of tiles 
and photon sensors

SMD SiPMs, modification 
of direct coupling

Fully integrated concept with 
embedded front-end electronics, 
calibration system

2008 - 2016

Top Half

Bottom Half

Central
Dimple

SiPM

x-axis

Validation of element performance
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The Full Concept: The CALICE AHCAL Technological Prototype

• Fully integrated electronics, with HBU “base units” combinable to 
larger areas, compact control & services

22

A Demonstration of the Scalability of Highly Granular Calorimeter Technologies
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The Full Concept: The CALICE AHCAL Technological Prototype

• Fully integrated electronics, with HBU “base units” combinable to 
larger areas, compact control & services

22

A Demonstration of the Scalability of Highly Granular Calorimeter Technologies

SiPMs / scintillators on other side of board
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Construction of the AHCAL Prototype

23

Exercising scalability

• Mass production for a new 0.5 m3, 
22k channel prototype

• 24k tiles produced & wrapped

injection molding 
of PS based 
scintillator tiles 09/2017
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Exercising scalability

• Mass production for a new 0.5 m3, 
22k channel prototype

• 24k tiles produced & wrapped

injection molding 
of PS based 
scintillator tiles 09/2017

semi-automatic wrapping 
of scintillator tiles

10/2017 - 01/2018
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Construction of the AHCAL Prototype

23

Exercising scalability

• Mass production for a new 0.5 m3, 
22k channel prototype

• 24k tiles produced & wrapped

injection molding 
of PS based 
scintillator tiles 09/2017

semi-automatic wrapping 
of scintillator tiles

10/2017 - 01/2018

11/2017 - 02/2018

automatic placement of tiles on electronics 
board (HBU), fully assembled with SiPMs 
and ASICs
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Construction of the AHCAL Prototype

24

Exercising scalability

• A multi-step QA procedure

Result- Gain

3.7.2017 AHCAL	meeting 8

• All	result	are	way	above	the	requirement	
• ~~6-7x105
• Will	be	calibrated	soon

spot testing of few % of 22k SiPMs, 
acceptance of 600 pc batches 
according to pre-defined criteria - all 
batches accepted
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Construction of the AHCAL Prototype

24

Exercising scalability

• A multi-step QA procedure

Result- Gain

3.7.2017 AHCAL	meeting 8

• All	result	are	way	above	the	requirement	
• ~~6-7x105
• Will	be	calibrated	soon

spot testing of few % of 22k SiPMs, 
acceptance of 600 pc batches 
according to pre-defined criteria - all 
batches accepted

test of all ASICs (~80-90% yield)

test of all assembled boards using 
built-in LEDs

test and calibration of all 
channels with cosmics

integration of layers & interfaces, 
test in beam at DESY
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Full Prototype in Particle Beams

• Test beam at CERN SPS - the smoothest CALICE test beams ever.

25

Demonstration of Performance
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Full Prototype in Particle Beams

• Test beam at CERN SPS - the smoothest CALICE test beams ever.

25

Demonstration of Performance

Christian Graf Asian Linear Collider Workshop - Fukuoka - May ’18

Beam Composition - Electron Beam

14
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electron shower

pion shower

muon track

online data

50 GeV electron beam  
with pion and muon  
contamination
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Developing the Technology Further

• Electronics and thermal design currently optimised for linear colliders:

26

In the Context of Higgs Factories

• at CLIC: Δtb = 0.5 ns; frep = 50 Hz

• at ILC: Δtb = 554 ns; frep = 5 Hz

Δtb

1/frep

➫ power pulsing possible:  
most of the electronics off for 99% of the time
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Developing the Technology Further

• Electronics and thermal design currently optimised for linear colliders:

26

In the Context of Higgs Factories

• at CLIC: Δtb = 0.5 ns; frep = 50 Hz

• at ILC: Δtb = 554 ns; frep = 5 Hz

Δtb

1/frep

➫ power pulsing possible:  
most of the electronics off for 99% of the time

• At circular colliders (FCC-ee): Continuous collisions - toughest conditions at the Z pole: 
Δtb = 20 ns, physics rate ~ 100 kHz
➫ Need continuous readout  

-> No power pulsing possible, potentially significant increase in power

➫ Significantly higher data rates: more sophisticated data concentration and transmission

Consequences for cooling?
Advances in power efficiency?
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Highly Granular Calorimetry at LHC

27

Pushing the Technology to its Limits?
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Highly Granular Calorimetry at LHC

27

Pushing the Technology to its Limits?

Seoul, ca. 2013:

Dave Barney, CERN FS

Cool technology. Would 
that work at the LHC?

Doubt it… Not rad-hard 
enough, too much data, 
need cooling - can’t be 
compact enough…
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The Conditions at the HL-LHC

• Extreme radiation:

28

The CMS Endcap Calorimeter

• High particle 
density:

Timing and 
granularity as a way 
to cope with pileup!
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A High Granularity Calorimeter for LHC

• It has to survive!
➫ Use silicon as active element!

29

What we need to make it work
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What we need to make it work

• You have to be able to pay for it!
➫ Use SiPM-on-Tile wherever allowed by radiation.

The key: Ensuring sufficient light yield and S/N.
Two main elements to this:
• Radiation hardness of SiPMs
• Radiation hardness of scintillator
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What we need to make it work

• You have to be able to pay for it!
➫ Use SiPM-on-Tile wherever allowed by radiation.

The key: Ensuring sufficient light yield and S/N.
Two main elements to this:
• Radiation hardness of SiPMs
• Radiation hardness of scintillator

operation “in the cold”: -30 C via CO2 cooling

profit from SiPM advances in last decade: 
“trenches”, lower DCR

use high-quality machined scintillator in 
critical areas
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A High Granularity Calorimeter for LHC

• It has to survive!
➫ Use silicon as active element!

29

What we need to make it work

• You have to be able to pay for it!
➫ Use SiPM-on-Tile wherever allowed by radiation.

The key: Ensuring sufficient light yield and S/N.
Two main elements to this:
• Radiation hardness of SiPMs
• Radiation hardness of scintillator

• You need to be able to get the data out!
➫ Data concentrators within the detector volume

operation “in the cold”: -30 C via CO2 cooling

profit from SiPM advances in last decade: 
“trenches”, lower DCR

use high-quality machined scintillator in 
critical areas
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From CALICE to CMS

• The developments in CALICE have paved 
the way for a number of applications of 
highly granular calorimeters and related 
technologies in HEP

30

The HGCAL - Technology Transfer & further Development

Most prominent: The CMS Endcap Calorimeter Upgrade HGCal
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The CMS HGCAL

31

Pushing current limits on many fronts

~ 250 kW of power; CO2 cooling at ~ -30 C
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Silicon & SiPM-on-Tile + HGCROC

32

The HGCAL Sensors & Front-end
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The HGCAL Sensors & Front-end

planar, p-type 
sensors on 8’’ wafers
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Silicon & SiPM-on-Tile + HGCROC

32

The HGCAL Sensors & Front-end

HGCROC:
common FE ASIC 
for both - based on 
CALICE ASICs

planar, p-type 
sensors on 8’’ wafers
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Modules & Readout

33

Turning it into a system

Cassettes: All-Si or mixed
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Modules & Readout

33

Turning it into a system

Cassettes: All-Si or mixed Getting the data out:
• FE + Concentrators (ECON) 

on modules
• Transmission on “Wagons”, 

going optical on “Engines”
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Modules & Readout

33

Turning it into a system

Cassettes: All-Si or mixed Getting the data out:
• FE + Concentrators (ECON) 

on modules
• Transmission on “Wagons”, 

going optical on “Engines”

Backend based on Serenity boards
• DAQ & Trigger 
• Trigger based on trigger cells: groups on a layer 

~ 10 000 10 Gbps links to trigger system
• no layer-to-layer connection within detector volume: 

➫ all trigger data selection uses local information only
➫ all sophistication pushed to backend

mailto:frank.simon@kit.edu


Calorimeter R&D for Higgs Factories - KSETA Workshop, March 2023 Frank Simon (frank.simon@kit.edu)

Absorber and Mechanics

34

Holding it together
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Summary & Outlook

35
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The Role of KIT

• Strategic detector R&D - implementation of the ECFA detector R&D roadmap  
A new collaboration for calorimeter R&D is being formed - active in coordination.  
Key technological contributions:
• Solving the circular Higgs Factory challenge: Electronics systems, data concentration, DAQ
• Advanced algorithms - from CPUs to FPGAs; applications of ML/AI

• The HGCAL - an opportunity to expand the KIT role in CMS
• Mechanics & services (CuW Baseplates, Cooling manifolds, …) 
• The backend system - DAQ and trigger based on Serenity boards: 

Hardware & algorithms 

36

Calorimeter R&D  & CMS
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Summary

• Highly granular calorimeters are central components for future Higgs factory detectors
• Enabled by silicon photomultipliers and capable ASICs
• Require ultra-compact interfaces and low power, scalable technologies suitable for mass production

• Key elements demonstrated by the CALICE collaboration - but challenging (and interesting!) developments 
remain

• The CALICE technology has been adopted by CMS for the Phase II HGCAL upgrade - and is being pushed 
to a whole new level:
• Extreme radiation, enormous data volumes

• This project is happening now - and it has to succeed! KIT will make decisive contributions.

37

and Outlook
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• Key elements demonstrated by the CALICE collaboration - but challenging (and interesting!) developments 
remain

• The CALICE technology has been adopted by CMS for the Phase II HGCAL upgrade - and is being pushed 
to a whole new level:
• Extreme radiation, enormous data volumes

• This project is happening now - and it has to succeed! KIT will make decisive contributions.

37

and Outlook

~ 25 years from initial ideas to first full-scale application with HL-LHC startup.

And: the blueprint for future calorimeters in HEP.
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Reconstructing Energy

• Hadronic energy resolution suffers from complexity of 
hadronic showers due to differences in detector 
response to hadronic and electromagnetic showers

39

Using granular information
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Particle Flow Algorithms

40

Under the hoodPandora for the ILC/CLIC

11/07/201610 Mark Thomson | Pandora Workshop
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Intrinsic energy resolution
Confusion term

Performance drivers

• intrinsic energy resolution:  

primarily neutrals 

• confusion: mistakes in track - 

calorimeter assignments

EPJ C77, 698 (2017)
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Validating PFA Performance

• Using the CALICE prototype data to validate key aspects of PFA: Shower separation / confusion

41

Using test beam data

good separation confusion: neutral deficit confusion: neutral excess
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Validating PFA Performance

• Using the CALICE prototype data to validate key aspects of PFA: Shower separation / confusion

41

Using test beam data

good separation confusion: neutral deficit confusion: neutral excess

• Important for confidence in full 
PFA studies (simulations only!):  
Validation of simulation

2011 JINST 6 P07005

Distance between shower axes [mm]
0 50 100 150 200 250 300

σ
Pr

ob
ab

ilit
y 

of
 re

co
ve

rin
g 

w
ith

in
 3

0

0.2

0.4

0.6

0.8

1

10-GeV track
CALICE data
LHEP
QGSP_BERT

CALICE

30-GeV track
CALICE data
LHEP
QGSP_BERT

CALICE

Distance between shower axes [mm]
0 50 100 150 200 250 300

σ
Pr

ob
ab

ilit
y 

of
 re

co
ve

rin
g 

w
ith

in
 2

0

0.2

0.4

0.6

0.8

1

10-GeV track
CALICE data
LHEP
QGSP_BERT

CALICE

30-GeV track
CALICE data
LHEP
QGSP_BERT

CALICE

Figure 5. Probability of neutral 10GeV hadrons energy recovering within 3 (left) and 2 (right) standard
deviations from its real energy vs. the distance from charged 10GeV (circles and continuous lines) and
30GeV (triangles and dashed lines) hadrons for beam data (black) and for Monte Carlo simulated data, for
both LHEP (red) and QGSP BERT (green) physics lists.

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.
This results in a smaller probability of neutral hadron energy recovery for small neutral hadron
energy (see right plot in figure 6).

5 Summary

To test the particle flow algorithm, PandoraPFA, we have mapped pairs of CALICE test beam
events, shifted by the definite distances from each other, onto the ILD geometry. Then we modified
the treatment of tracks in the PandoraPFA processor for the case of straight tracks. In this study
we have investigated the hadron energy range typical for a 100GeV jet. For jet fragment energies
from 10GeV to 30GeV we estimated the confusion error for the recovered neutral hadron energy
caused by the overlapping of showers.

We have confronted our result for test beam data with the result of Monte Carlo simulations
for LHEP and QGSP BERT physics lists. The results for the data and MC are in a good agree-

– 9 –

JINST 6, P07005 (2011)

Studies with latest algorithm 
improvements in progress
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Extending PFA Performance

• Integrating software compensation in PFA

42

Combination with advanced energy reconstruction
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Optimising Detectors for Higgs Factories

• Granularity of the calorimeters

43

Using simulations, validated with test beams
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• In combination with many other parameters:

• radius, resolution of tracker; magnetic field, …
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Using simulations, validated with test beams
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Figure 4: Relative resolution for negative pions in the W-AHCAL for standard (black
circles) and software compensation (red squares) reconstruction. The error bars (bands)
show statistical (systematic) uncertainties.

below 60 GeV and by less than 7% up to 80 GeV compared to 10–25% obtained for the
Fe-AHCAL. The crosscheck of software compensation procedure using the test samples
of positive pions is presented in the Appendix. The results obtained for the test sam-
ples agree within uncertainties with the results of the negative pion data set under study
shown above.

4 Summary

The software compensation reconstruction (global technique) developed for the highly
granular scintillator-steel analogue hadron calorimeter Fe-AHCAL was applied to the
calorimeter with the same active elements but tungsten absorber - W-AHCAL. The im-
portant di↵erence between two devices is the level of compensation: e/⇡ ⇡ 1.2 for the
Fe-AHCAL and e/⇡ ⇡ 1 for the W-AHCAL. The improvement in resolution is observed
to be significantly larger for the Fe-AHCAL than for the W-AHCAL. A comparison of the
e↵ect of software compensation reconstruction applied to the calorimeters with di↵erent
level of compensation supports the hypothesis that the phenomenological global software
compensation approach accounts predominantly for and compensates the fluctuations in
hadronic showers, which are caused by the fluctuation of the electromagnetic fraction.

7

• Also: calorimeter absorber: W vs Fe for CLIC

less potential for  
SC in W, Fe wins 
(if tracker radius 
small enough)
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Physics Cross Sections & Signatures

Collision Energy
• ILC: 250 GeV - 500 GeV - 1+ TeV
• CLIC: 380 GeV - 1.5 TeV - 3 TeV
➫ Leptons, jets,  from a few 10 to many 100 GeV, 

heavy bosons / complex final states

Physics Drivers
• Physics cross sections low: rates, radiation 

damage moderate in most regions of the detector
➫ Statistics is precious: Excellent reconstruction 

of all final states
➫ Requires high luminosity - achievable with very 

small beams: Beamstrahlung (Luminosity 
spectrum, backgrounds)

44

General drivers

LC energy range
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Detector Performance Goals - Tracking

• Momentum resolution 
Higgs recoil measurement, H -> µµ, 
BSM decays with leptons 
 

σ(pT) / pT2 ~ 2 x 10-5 / GeV
precise and highly efficient tracking, extending to 100+ GeV

45

Motivated by key physics signatures

low mass, good resolution:  
for Si tracker ~ 1-2% X0 per layer, 7 µm point resolution
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BSM decays with leptons 
 

σ(pT) / pT2 ~ 2 x 10-5 / GeV
precise and highly efficient tracking, extending to 100+ GeV

45

Motivated by key physics signatures

2 CLIC EXPERIMENTAL CONDITIONS AND DETECTOR REQUIREMENTS

The track momentum requirement at
p

s = 3 TeV is also driven by the measurement of the Higgs
branching ratio to muons. An excellent mass resolution is crucial to distinguish this rare decay from
its background channels. Figure 2.4 (right) shows the statistical uncertainty of the cross section times
branching ratio measurement of the h ! µ+µ� channel depending on the momentum resolution. The
numbers are obtained from a fast simulation study similar to the analysis presented in Section 12.4.2,
assuming different constant momentum resolutions, independent of the particle momentum or angle.
The results corresponding to the nominal detector resolution are consistent with results obtained with
full simulation. An average momentum resolution of a few 10�5 GeV�1 is desirable. For even better
momentum resolutions the result is limited by the intrinsic statistical uncertainty due to the small number
of events.
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Fig. 2.4: Generator level reconstructed recoil mass distribution in the Higgsstrahlung process e+e� !
Zh ! µ+µ�X from the muon momentum smeared by an assumed track momentum resolution (left).
Statistical uncertainty of the s⇥BR measurement of the h! µ+µ� channel depending on the momentum
resolution (right). Results obtained from fast simulation are consistent with full simulation results. See
Section 12.4.2 for details.

Similar requirements on the momentum resolution follow from the consideration of BSM physics
scenarios. One possible example is the determination of the smuon and neutralino masses from the muon
momentum distribution in the process e+e� ! eµeµ ! µ+µ�ec0

1ec
0
1. Figure 2.5 (left) shows the generator

level muon momentum distribution from smuon decays (for the SUSY model II described in the Sec-
tion 2.6) with different values for the assumed momentum resolution. The high momentum part of the
spectrum is significantly distorted for a momentum resolution of spT/p2

T > 4 · 10�5 GeV�1. Figure 2.5
(right) shows the corresponding reconstructed mass resolution for the neutralino and the smuon as a
function of momentum resolution.

2.2.2 Jet Energy Resolution
Many of the interesting physics processes at CLIC are likely to be characterised by multi-jet final states,
often accompanied by charged leptons or missing transverse momentum associated with neutrinos or
possibly the lightest super-symmetric particles. The reconstruction of the invariant masses of two or
more jets will be important for event reconstruction and event identification. At LEP, kinematic fitting
enabled precise invariant mass reconstruction and reduced the dependence on the intrinsic calorimetric
performance of the LEP detectors. At CLIC, due to beamstrahlung, kinematic fitting will be, in gen-
eral, less powerful and the di-jet mass reconstruction will rely more heavily on the intrinsic jet energy
resolution of the detector. One goal for jet energy resolution at CLIC is that it is sufficient to provide

50

low mass, good resolution:  
for Si tracker ~ 1-2% X0 per layer, 7 µm point resolution
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σ(d0) ∼ [5 ⊕ (10 − 15)/psin3/2θ] μm

single point resolution in vertex detector ~3 µm

< 0.2 X0 per layer 

• Impact parameter resolution, vertex charge 
Flavour tagging: b/c/light tagging in Higgs 
decays, top physics, …

2 CLIC EXPERIMENTAL CONDITIONS AND DETECTOR REQUIREMENTS

The track momentum requirement at
p

s = 3 TeV is also driven by the measurement of the Higgs
branching ratio to muons. An excellent mass resolution is crucial to distinguish this rare decay from
its background channels. Figure 2.4 (right) shows the statistical uncertainty of the cross section times
branching ratio measurement of the h ! µ+µ� channel depending on the momentum resolution. The
numbers are obtained from a fast simulation study similar to the analysis presented in Section 12.4.2,
assuming different constant momentum resolutions, independent of the particle momentum or angle.
The results corresponding to the nominal detector resolution are consistent with results obtained with
full simulation. An average momentum resolution of a few 10�5 GeV�1 is desirable. For even better
momentum resolutions the result is limited by the intrinsic statistical uncertainty due to the small number
of events.
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momentum distribution in the process e+e� ! eµeµ ! µ+µ�ec0
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spectrum is significantly distorted for a momentum resolution of spT/p2

T > 4 · 10�5 GeV�1. Figure 2.5
(right) shows the corresponding reconstructed mass resolution for the neutralino and the smuon as a
function of momentum resolution.

2.2.2 Jet Energy Resolution
Many of the interesting physics processes at CLIC are likely to be characterised by multi-jet final states,
often accompanied by charged leptons or missing transverse momentum associated with neutrinos or
possibly the lightest super-symmetric particles. The reconstruction of the invariant masses of two or
more jets will be important for event reconstruction and event identification. At LEP, kinematic fitting
enabled precise invariant mass reconstruction and reduced the dependence on the intrinsic calorimetric
performance of the LEP detectors. At CLIC, due to beamstrahlung, kinematic fitting will be, in gen-
eral, less powerful and the di-jet mass reconstruction will rely more heavily on the intrinsic jet energy
resolution of the detector. One goal for jet energy resolution at CLIC is that it is sufficient to provide
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low mass, good resolution:  
for Si tracker ~ 1-2% X0 per layer, 7 µm point resolution
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2 CLIC EXPERIMENTAL CONDITIONS AND DETECTOR REQUIREMENTS

The track momentum requirement at
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s = 3 TeV is also driven by the measurement of the Higgs
branching ratio to muons. An excellent mass resolution is crucial to distinguish this rare decay from
its background channels. Figure 2.4 (right) shows the statistical uncertainty of the cross section times
branching ratio measurement of the h ! µ+µ� channel depending on the momentum resolution. The
numbers are obtained from a fast simulation study similar to the analysis presented in Section 12.4.2,
assuming different constant momentum resolutions, independent of the particle momentum or angle.
The results corresponding to the nominal detector resolution are consistent with results obtained with
full simulation. An average momentum resolution of a few 10�5 GeV�1 is desirable. For even better
momentum resolutions the result is limited by the intrinsic statistical uncertainty due to the small number
of events.
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Fig. 2.4: Generator level reconstructed recoil mass distribution in the Higgsstrahlung process e+e� !
Zh ! µ+µ�X from the muon momentum smeared by an assumed track momentum resolution (left).
Statistical uncertainty of the s⇥BR measurement of the h! µ+µ� channel depending on the momentum
resolution (right). Results obtained from fast simulation are consistent with full simulation results. See
Section 12.4.2 for details.

Similar requirements on the momentum resolution follow from the consideration of BSM physics
scenarios. One possible example is the determination of the smuon and neutralino masses from the muon
momentum distribution in the process e+e� ! eµeµ ! µ+µ�ec0

1ec
0
1. Figure 2.5 (left) shows the generator

level muon momentum distribution from smuon decays (for the SUSY model II described in the Sec-
tion 2.6) with different values for the assumed momentum resolution. The high momentum part of the
spectrum is significantly distorted for a momentum resolution of spT/p2

T > 4 · 10�5 GeV�1. Figure 2.5
(right) shows the corresponding reconstructed mass resolution for the neutralino and the smuon as a
function of momentum resolution.

2.2.2 Jet Energy Resolution
Many of the interesting physics processes at CLIC are likely to be characterised by multi-jet final states,
often accompanied by charged leptons or missing transverse momentum associated with neutrinos or
possibly the lightest super-symmetric particles. The reconstruction of the invariant masses of two or
more jets will be important for event reconstruction and event identification. At LEP, kinematic fitting
enabled precise invariant mass reconstruction and reduced the dependence on the intrinsic calorimetric
performance of the LEP detectors. At CLIC, due to beamstrahlung, kinematic fitting will be, in gen-
eral, less powerful and the di-jet mass reconstruction will rely more heavily on the intrinsic jet energy
resolution of the detector. One goal for jet energy resolution at CLIC is that it is sufficient to provide
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low mass, good resolution:  
for Si tracker ~ 1-2% X0 per layer, 7 µm point resolution
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Detector Performance Goals - Jets, Photons, PID

• Jet energy resolution 
Recoil measurements with hadronic Z decays, separation of W, Z, H bosons, … 
 

σ(Ejet) / Ejet ~ 3% - 5% for Ejet > 45 GeV 
 

reconstruction of complex multi-jet final states.  

• Photons  
Resolution not in the focus: ~ 15 - 20%/√E 
Worth another look ?  
Coverage to 100s of GeV important
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Motivated by key physics signatures
e
+
e
� ! ttH ! qq̄b qq̄b̄ bb̄

1 TeV
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Motivated by key physics signatures
e
+
e
� ! ttH ! qq̄b qq̄b̄ bb̄

1 TeV

• Particle ID 
Clean identification of e, µ up to highest energies


• PID of hadrons to improve tagging, jets,…
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Motivated by key physics signatures

• Hermetic coverage 
Dark matter searches in mono-photon events, … 
 

N.B.: Achievable limits do not depend strongly on σ(Eγ)

16 New Particles Working Group Report
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Figure 1-11. Left, dependence of the photon energy spectrum on the dark matter mass, m� at the ILC.
Right, expected relative uncertainty on m� as a function of m� for three coupling scenarios. From Ref. [38]

1.3.2.3 Connections to Cosmic and Intensity Frontiers

The search for WIMPs via their interactions with the standard model is clearly an area where the energy
frontier overlaps with the cosmic frontier, where there are dedicated direct-detection experiments searching
for recoil interactions � + n ! � + n. We have compared the collider sensitivity to these direct-detection
experiments by translating the collider results into limits on the � � n interaction cross section. In addi-
tion, the results may be translated to compare with indirect detection experiments, which probe WIMP
annihilation into standard model particles, ��̄ ! XX. In Fig 1-12, we map pp sensitivities to WIMP pair
annihilation cross-section limits. Predictions are compared to Fermi-LAT limits from a stacking analysis
of Dwarf galaxies [11], including a factor of two to convert the Fermi-LAT limit from Majorana to Dirac
fermions, and to projected sensitivities of CTA [97].
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Figure 1-12. Limits at 95% CL on WIMP pair annihilation for di↵erent facilities using the D5 (left) or
D8 (right) operator as a function of m�. From Ref. [156].

At the ILC, WIMPs can be probed even if the WIMP-lepton coupling is so small that the reverse process,
namely the cosmic annihilation process ��̄ ! ff̄ includes only a small fraction of e+e� pairs.

These searches also probe models which are commonly considered to be the domain of the intensity frontier,
such as extensions of the Standard Model modifying neutrino-quark interactions [111].

Community Planning Study: Snowmass 2013

e
+
e
� ! ttH ! qq̄b qq̄b̄ bb̄

1 TeV

• Particle ID 
Clean identification of e, µ up to highest energies


• PID of hadrons to improve tagging, jets,…
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The Linear Collider Detector Design - Main Features

• A large-volume solenoid 3.5 - 5 T, enclosing 
calorimeters and tracking

• Highly granular calorimeter systems, optimised 
for particle flow reconstruction, best jet energy 
resolution [Si, Scint + SiPMs, RPCs]

• Low-mass main tracker, for excellent momentum 
resolution at high energies [Si, TPC + Si]

• Forward calorimeters, for low-angle electron 
measurements, luminosity [Si, GaAs]

• Vertex detector, lowest possible mass, smallest 
possible radius [MAPS, thinned hybrid detectors]

• Triggerless readout of main detector systems

47

Focusing on general aspects

mailto:frank.simon@kit.edu


Calorimeter R&D for Higgs Factories - KSETA Workshop, March 2023 Frank Simon (frank.simon@kit.edu)

Linear Collider Conditions

• Linear Colliders operate in bunch trains:

48

… and the consequences for the detector design

• at CLIC: Δtb = 0.5 ns; frep = 50 Hz

• at ILC: Δtb = 554 ns; frep = 5 Hz

Δtb

1/frep
➫ Enables power pulsing of front-end electronics, 

resulting in dramatically reduced power consumption

➫ Eliminates need for active cooling in many areas of 

the detectors: Reduced material, increased 
compactness
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… and the consequences for the detector design

• at CLIC: Δtb = 0.5 ns; frep = 50 Hz

• at ILC: Δtb = 554 ns; frep = 5 Hz

Δtb

1/frep
➫ Enables power pulsing of front-end electronics, 

resulting in dramatically reduced power consumption

➫ Eliminates need for active cooling in many areas of 

the detectors: Reduced material, increased 
compactness

• … and require extreme focusing to achieve 
high luminosity 

e+e- pairs

hadrons
beamstrahlung

➫ Significant beam-induced backgrounds

➫ Constraints on beam pipe geometry, crossing angle 

and vertex detector radius

➫ In-time pile-up of hadronic background:  

sufficient granularity for topological rejection

➫ At CLIC: small Δtb also results in out-of-time pile-up: 

ns-level timing in many detector systems
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Event Reconstruction at Future Colliders

49

The goals of PFA

significance:

directly depends on 
mass resolutionSp

S +B

• More practically:
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Event Reconstruction at Future Colliders
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The goals of PFA

significance:

directly depends on 
mass resolutionSp

S +B

• More practically:

The typical “PR” example: 

Separation of hadronic final states of 
heavy bosons: Requires jet energy 
resolution of ~ 3.5% over a wide 
energy range
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