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Overview

2

• Brief recap of LC Detector design “philosophy” 

• Ideas beyond the baseline - based on discussions last night
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Key Drivers for Detector Design

Physics 
• 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 
• Small cross-section: High luminosity required, Statistics is precious: 

Excellent reconstruction of all final states

3

Physics & Experimental Conditions

LC energy range
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Physics & Experimental Conditions

LC energy range

e+e- pairs

hadrons
beamstrahlung

Δtb

1/frep

Experimental conditions 
• Extreme focussing: Beamstrahlung - tails in the luminosity 

spectrum, background from two-photon processes 
• Pulsed operation in “bunch trains”: 

O(10 Hz) bunch train rate 
0.5 /~550 ns bx separation 
➫ Enables power pulsing of detectors
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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

4

Motivated by key physics signatures
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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
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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-
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σ(d0) ∼ [5 ⊕ (10 − 15)/psin3/2θ] μm

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

5

Motivated by key physics signatures

e
+
e
� ! ttH ! qq̄b qq̄b̄ bb̄

1 TeV
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• Particle ID 
Moderate capabilities, not overly emphasised 
in original design (with the exception of e, µ)
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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 
Moderate capabilities, not overly emphasised 
in original design (with the exception of e, µ)
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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

6

Variations in terms of size, field and tracker / calorimeter details
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Ideas Beyond The Baseline

7

• Evolution of the current designs:  
Technological advances, reduction in cost, … 

• Additional Capabilities:  
Particle ID, additional dimensions in reconstruction, … 

• Revolutionising the current designs: 
Different approaches to key elements

Just first thoughts and discussion starters

Based on “flash talks” in session N2*, 
and open discussion - thanks to all 
who participated!

*session organizers: Sarah Eno, Philipp Roloff, FS  
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Evolution of the current design

• A central theme: semiconductor technology evolution

8

Technology evolution, cost, scalability

• CMOS sensors for vertex, tracker, em calorimetry 
• industrial process with high throughput:  

scalable, cost advantage wrt high-resistivity Si 
• integration of “intelligence” - reduced complexity

An important element: power consumption 
Eliminating the need for power pulsing in some detector regions 
may have significant benefits for stability, system design

Towards a common 
technology for all Si 
systems?
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Technology evolution, cost, scalability

• CMOS sensors for vertex, tracker, em calorimetry 
• industrial process with high throughput:  

scalable, cost advantage wrt high-resistivity Si 
• integration of “intelligence” - reduced complexity

An important element: power consumption 
Eliminating the need for power pulsing in some detector regions 
may have significant benefits for stability, system design

Towards a common 
technology for all Si 
systems?

• Pixelated readout planes 
for TPC endplates: 
highest possible 
granularity for gaseous 
detectors 

• GaAs sensors with traces: 
reduced complexity, 
further compactness for 
forward calorimeters
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Evolution of the current design

• Mechanical systems: Ultra-light materials, additive 
manufacturing - reducing material, increasing 
stability, reducing cost? 

9

Its not only sensors
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Its not only sensors

• Alternatives for data transmission: 
wireless in regions with extreme space constraints?
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Its not only sensors

• Alternatives for data transmission: 
wireless in regions with extreme space constraints?

• Detector design and reconstruction tools form a 
symbiosis - Particle Flow paradigm a great example 
For best results: 
• Careful integration and optimisation of all 

components together (hard- and software) 
➫ Design for “understanding”: a uniform and 

understood response may ultimately be a more 
important figure of merit for many 
measurements than the ultimate resolution
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Adding Capabilities

• Timing detectors with few 10 ps resolution now feasible - pioneered for HL-LHC upgrades

10

The main trend: Timing

Optical:  
Fast scintillators, SiPMs
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Adding Capabilities

• Timing detectors with few 10 ps resolution now feasible - pioneered for HL-LHC upgrades

10

The main trend: Timing

Optical:  
Fast scintillators, SiPMs

Silicon:  
LGADs and variants

Newer ideas: AC-coupled LGADs, 
deep-junction, trenches, …  
Potential for fine pixilation 

➫ Dedicated timing systems, but also potential in trackers, calorimeters, …

Also here: interesting optimisation questions: A balance between time 
resolution, spatial resolution, data rate and power consumption
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Adding Capabilities

• Timing: What would we need? 
(note: Bgd rejection at LCs needs ~ns - level only)

11

Additional Dimensions: Timing and others

• A clear use case: PID via time-of-flight. 
In the focus: π/K separation - important 
for example for flavour tagging. 
• Typical momenta in the ~ 5 GeV 

region - depending on collision energy

• Resolutions today:  < 10 ps with multiple layers 
- but system challenges to scale this up are 
formidable 
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Additional Dimensions: Timing and others

• A clear use case: PID via time-of-flight. 
In the focus: π/K separation - important 
for example for flavour tagging. 
• Typical momenta in the ~ 5 GeV 

region - depending on collision energy

• Resolutions today:  < 10 ps with multiple layers 
- but system challenges to scale this up are 
formidable 

• Can provide an additional dimension in 
calorimetry: Separation of electromagnetic and 
hadronic processes based on time evolution

• Also: Dual readout - signal-based separation of em and 
hadronic components - now moving towards high granularity
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Revolution of the current design

• The fundamental design choices for the current LC detector concepts were made ~15 years ago 
• The sequence of energy stages has changed - at least for ILC: Now a first phase at 250 GeV  

(and below)

12

Is it worth revisiting established choices?

➫ For some speculation on experiment staging, see Karsten Büsser this morning
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Revolution of the current design

• The fundamental design choices for the current LC detector concepts were made ~15 years ago 
• The sequence of energy stages has changed - at least for ILC: Now a first phase at 250 GeV  

(and below)

12

Is it worth revisiting established choices?

➫ For some speculation on experiment staging, see Karsten Büsser this morning

New ideas in jet reconstruction - emphasising electromagnetic resolution:

A fresh look at 
high-resolution 
ECALs?

Also other areas - technology of gaseous 
tracking (TPCs vs DCs) as an example. 
In general: many parameters to consider - 
no straight-forward answers
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Summary

• The current LC detector concepts are well-established - and have been studied in realistic simulations, in 
many areas validated by testbeam measurements of realistic prototypes 

• Technology has evolved, enabling reduction of cost and complexity, and the addition of new capabilities

13

… and Outlook

• Evolution of concepts has started, using advances of silicon technology and others 
• Additional Capabilities are studied - first and foremost the use of precision timing ( << 100 ps) - 

benefits and technological and system-based boundary conditions still need to be understood 
• Revolutionising of designs is not excluded - New ideas studied in the context of circular colliders 

may also have merits for LCs.
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… and Outlook

The time is right for this process: Technological solutions are becoming available, and final 
technology choices are still a while off.

This will be exciting - In many cases no immediately obvious answers - and many “dimensions” to consider 
from technological aspects to running and staging scenarios and sociological aspects. 

To be continued… In October in Tsukuba - hopefully in person!

• Evolution of concepts has started, using advances of silicon technology and others 
• Additional Capabilities are studied - first and foremost the use of precision timing ( << 100 ps) - 

benefits and technological and system-based boundary conditions still need to be understood 
• Revolutionising of designs is not excluded - New ideas studied in the context of circular colliders 

may also have merits for LCs.
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Extras
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The Time Line for ILC Detectors

15

To provide some background

From Hitoshi Murayama, 
yesterday

Bottom line  
(my interpretation): 
• 2023: Detector 

concepts 
• 2025: Technical layout 

with options 
• 2027: Proceed to 

TDRs, final technology 
choices

There is (some) time 
to explore new ideas! 


