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Compact Linear Collider 
Proposed e+e- linear collider 
•  Two beam acceleration scheme 
•  High acceleration gradient (100 MV/m) 
•  Staged construction up to 3 TeV 

–  High precision physics 
–  Higgs, top, BSM 
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Detector design driven by physics and 
experimental constraints 

50 km length at 3 TeV 

CLIC Accelerator talk #203 by P Skowronski  
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CLIC beam environment 
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Low duty cycle àpower pulsing 
High luminosity 
Very small bunch size at IP 
Very strong electromagnetic field from opposite 
beam àBeamstrahlung 
•  Coherent and trident e+e- pairs very forward 
•  Contribution from incoherent e+e- pairs (3x105 

per BX) in detector region 
•  Main background in calorimeters and tracker 

from γγàhadrons (3.2 evts per BX at 3 TeV) 
àbeam background reduced by pT and timing cuts 
 

Not to scale 

σx/y: 40/1 nm 
σz: 44 µm 

20 ms 

312 bunches, 156 ns 

\ 

0.5 ns 

~ 1 hard interaction per bunch train 

à detector 
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Example: Beamstrahlung background reduction 
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Backup: Forward WW 

Mark Thomson LCWS 2011, Granada 42 

No background 

Forward WW, no background 

Backup: Forward WW 

Mark Thomson LCWS 2011, Granada 42 

No background 

with background in reconstuction 
time window ~1.2 TeV 

Backup: Forward WW 

Mark Thomson LCWS 2011, Granada 42 

No background 

after timing and pT cuts: ~ 100 GeV remain 
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CLICdet 

5 

11.4 m 
12

.8
 m

 

Final focusing magnet 
outside of detector 

Return yoke and muon chambers  

4T solenoid (Rin = 3.4 m) 

Fine grain calorimeters (HCAL) 
and (ECAL) for particle flow 
reconstuction 

Forward EM Calorimeters 
(LumiCal & BeamCal) 

Ultra light Tracker and Vertex 

Power pulsed operation (switch 
off between bunch trains) 
Trigger less readout 

CLICdp-Note-2017-001
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CLICdet: physics requirements 
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Vertex: excellent identification of 
secondary vertices for b/c-tagging à 
excellent impact parameter resolution  
 
Tracker: excellent momentum resolution 
for high pT tracks 
 (> 100 GeV), e.g. for Higgs couplings to 
muons 
 

CLIC�physics aims�=>�detector�needs

Lucie�Linssen,�January�20st�2015 22

� impact parameter resolution:
e.g.�c/bͲtagging,�Higgs BR

� jet energy resolution:
e.g.�W/Z/h�diͲjet�mass separation

� angular�coverage,�very forward electron tagging

� momentum resolution:
e.g.�Smuon endpoint

Higgs recoil mass,�Higgs coupling to muons

WͲZ
jet�reco

smuon
end�point

(for�highͲ
E�jets)

+�requirements�from�CLIC�beam�structure�and�beamͲinduced�background

Physics programme and detector requirements Linear colliders

Linear collider detector needs

Momentum resolution

Higgs recoil mass, smuon endpoint,
Higgs coupling to muons

! �pT/p
2
T ⇠ 2⇥ 10�5GeV�1

Impact parameter resolution

c/b-tagging, Higgs branching ratios

! �r' ⇠ 5� 15/(p[GeV] sin
3
2 q)µm

Jet energy resolution

Separation of W/Z/H di-jets
! �E/E ⇠ 3.5% for jets at 50-1000GeV

Angular coverage

Very forward electron tagging
! Down to q = 10mrad

+ Requirements from beam structure and
beam-induced background

Di-muon invariant mass [GeV]
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/m = 1%mσ
/m = 2.5%mσ
/m = 5%mσ
/m = 10%mσ

Example: H! µµ

Example: W/Z separation

Eva Sicking (CERN) Detector challenges for high-energy e+e� colliders May 22, 2017 19 / 54

H→µµ 

O(10) better than LHC experiments 

J. S. Marshall Towards a new CLIC detector model 2

Detector Requirements

• Expect interesting physics processes to have multi-
jet final states, with charged leptons or missing pT 

- Reconstruction of invariant masses of two+ jets 
important for event reconstruction and event id.

- Impact of Beamstrahlung on kinematic fits means 
rely on intrinsic jet energy resolution of detector.

From the perspective of the likely physics measurements at CLIC, the requirements are:  

• Jet energy resolution !E / E ≲ 3.5−5 % for jet energies in the range 50 GeV−1 TeV 

• Track momentum resolution !pT / pT ≲ 2·10-5 GeV-1 

• Impact parameter resolution !d0 ≲ 5 ⊕ 15 / (p [GeV] sin3/2") μm 

• Lepton identification efficiency > 95% over full range of energies 

• Detector coverage for electrons down to very low angles

2

• Aim: discriminate between W and Z hadronic decays

• Require: !E / E ≲ 3.5%, providing 2.5σ W/Z separation

Allows separation of W and Z masses in 
dijets 
 

ECAL: excellent photon resolution below 
1% for photons at 1.5 TeV 
 
Calorimeters  (ECAL+HCAL): Excellent 
jet energy resolution O(10-1500 GeV)  
 
 
 

�E

E
⇠ 5� 3.5%
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Tracker optimization

I Tracker design is outcome of optimization
studies in fast and full detector simulations

I Requirement on momentum resolution for
high momentum tracks lead to B = 4 T,
R = 1.5 m and single point resolution
‡

rÏ = 7 µm
I Good agreement between fast and full

simulation
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A. Nürnberg:

A vertex and tracking detector system for CLIC

24. 05. 2017 8

at least eight recorded hits per track 
down to polar angles of 8 degrees 

Vertex & Tracker optimisation 

7 

pT resolution for different tracker 
plane resolutions 

3 double Vertex layers with spiral geometry to allow air flow for cooling + power pulsing 
•  Ultra light and ultra-thin (0.2%X0 per detection layer, 10x less than CMS) with 

25x25µm2  pixels (24x finer than CMS) à achieve single point resolution of 3 µm 
Very light tracker with 1-1.5 % X0 per layer, liquid cooling 
Elongated pixels/short strips so achieve single point resolution of 7 µm, occupancies from 
beam-beam interactions define readout granularity with 1-10 mm maximum strip length 

Flavor tagging performance 
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ECAL optimisation 
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ECAL optimised to for best performance in 
isolated photon energy resolution 
•  Test several configuration of absorber layer 

thicknesses à uniform 40 layer configuration 
best at higher photon energies 

•  Increased number of layers slight 
improvement on jet energy resolution 

à  40 SiW layers with 22 X0 and cell size of  
     5x5 mm2 
      
  [GeV]γ
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Photon energy 
resolution vs layers 

Jet energy resolution 

vs # of layers vs cell size 
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HCAL optimisation 
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Physics performance for different HCAL EC radii HCAL optimization using jet observables 
•  Tungsten and steel show a similar performance 

à use steel as absorber 
•  Reduce inner HCAL endcap radius from 36 to 

24 cm 
Small calorimeter cell size to minimize confusion 
 
 

Overlap of mZ and mZ measurements 
 

ECAL cell size: 5×5mm2   
à crystal front face 22x22cm (EB)  
HCAL cell size: 30×30mm2   
à Δφ×Δη = 0.087x0.087×0.0015 

~ 20x finer than CMS 

~ 3000x finer than CMS 

Pandora LC Reconstruction 21

Pandora JER Studies

S. 
G

re
en

• With adoption of a clear calibration scheme, able to investigate jet energy resolutions for a 
range of digitisation and detector configurations, and perform detector optimisation studies.

• Studies performed very carefully and fully described in S. Green’s talk: Sim/Reco, 13:30, Wed.

• iLCSo'_v01_17_07	
-PandoraPFA	v02-00-00	

• Digi9sa9on:	ILDCaloDigi	
-Realis9c	ECal	and	HCal	op9ons	
-100	ns	ECAL	and	HCAL	Timing	Cuts	

• 1	GeV	HCAL	cell	EHAD	trunca9on	

• PandoraAnalysis	Calibra9on	Tools

�jet =
q
�2
trk + �2

ECAL + �2
HCAL + �2

conf

Confusion term from wrong 
identification in pattern 
recognition dominates for 
high energetic jets  

- Pandora PFA 
- Perfect Pandora 
- Confusion 
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4 
m

m
 

Vertex detector R&D 
Vertex-detector requirements:  

•  Ultra-thin (50 µm active silicon) 
•  High spatial resolution (~3 µm à ~25x25 µm2 

pitch) 
•  Precise timing (~10 ns) 

• Broad R&D program on sensors, readout, powering, 
interconnects, mechanical integration and cooling 

• Beam tests of 65 nm readout ASICs with ultra-thin 
fine-pitch active-edge and HV-CMOS sensors 

• Prototypes of Light-weight mechanical supports 
and air cooling 

• Second generation of sensors and r/o ASICs with 
improved performance currently under test 

• Most challenging: position-resolution target 

CLICpix with 50 µm sensor CLICpix2 

C3PD thinned to 50 µm 

3.2 mm 

Glue-assembly metrology 

EP-DT cross-section lab 

25 µm 

CLICpix 

CCPDv3 

glue 

1:1 scale air cooling thermal test setup 

60 cm 

CLICpix 
CCPDv3 

Capacitively coupled assembly 

active 
edge 

TCAD simulation 

10 
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Tracker R&D 
August 2016 test-beam setup in SPS-H6 

ALICE Investigator 

7 Timepix3 telescope planes 

Cracow SOI SPS beam 

Tracker requirements:  
•  Material budget 1-1.5% X0 / layer 
•  Spatial resolution ~7 µm 
•  fast timing (~10 ns) 
•  Has to cover ~100 m2 surface area 
à integrated sensors w. large pixels (≲ 30 µm × 1 mm) 

• Evaluating prototypes in different technologies:  
SOI; depleted monolithic CMOS 

• Collaboration with HL-LHC tracker upgrade projects 
• Most challenging: maintain efficiency and good timing, 

despite large pixel area 
 

• Mechanical integration and cooling concept for full tracker  
•  Prototypes for support frames constructed 

Prototype of outer barrel tracker support structure 

AGH SOI test chip ALICE Investigator 

11 
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Calorimetry R&D: CALICE 
ECAL/HCAL R&D for CLIC performed within the CALICE collaboration with a comprehensive 
comparison of various technologies 
Silicon-Tungsten ECAL 
•  Finalizing analysis of 1st generation prototypes, 2nd generation under construction with improved r/o 

technologies 
Scintillator sampling analogue HCAL with high granularity, optimized for PFA reconstruction 

•  easy mass assembly: SiPM-on-tile technology 
•  integrated readout electronics  
•  scalable to linear collider detector 

Recent developments: 
•  Construction and testing of large 2nd generation prototypes  
•  larger ~1m3 prototypes under construction with low noise low cross-talk SiPM 

3 GeV electron hits in  
SiW ECAL 

CALICE talk #779 by G. Grenier   12 

AHCAL: 
SiPM-on-tile technology 

good single particle energy resolution, 
improved by software compensation (SC) 
techniques 

beam 
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40-100 mrad 

10-45  mrad 

    Forward detector R&D 
Forward calorimetry R&D for CLIC performed 
within the FCAL collaboration 
•  LumiCAL for measurement of luminosity  

( to a few permille as goal) 
•  BeamCAL for very forward e or γ tagging 

• Evaluating different r/o technologies 
•  Radiation hardness 
•  Beam tests  

13 

FCAL talk #1023 by I. Levy 

LumiCAL prototype 
5 GeV electron test beam 

LumiCAL module 

LumiCAL test beam prototype 
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Summary 

ALICE Investigator 

7 Timepix3 telescope planes 

Cracow SOI SPS beam 

The CLIC accelerator provides a unique potential for precision measurements and 
potential of new discoveries at the TeV scale 
 
New post CDR CLIC detector model CLICdet is proposed, optimised to achieve 
highest precision over a center of mass energy range from a few hundred GeV up to 3 
TeV in a challenging experimental environment 
 
Broad efforts of ongoing R&D on detector technologies meeting the requirements for 
linear colliders 

14 
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ALICE Investigator 

7 Timepix3 telescope planes 

Cracow SOI SPS beam 

BACKUP 

15 
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CLIC related contributions at EPS 

ALICE Investigator 

7 Timepix3 telescope planes 

Cracow SOI SPS beam 

•  P. Skowronski: Lessons from CTF3 (talk #203, accelerator studies) 
•  J. Roberts: Energy-staging of the Compact Linear Collider (poster #443) 
•  G. Milutinovic-Dumbelovic: Higgs and BSM physics at CLIC (talk #401) 
•  M. Weber: Electroweak precision measurements at CLIC (poster #400) 
•  N. van der Kolk: Toward Precision Top Quark Measurements in e+e- collisions (talk 

#468) 
•  G. Grenier: Technological Prototypes and Result Highlights of Highly Granular 

(talk #779) 
•  I. Levy: Measurement of shower development and its Molière radius with a four-

plane LumiCal test set-up (talk #1023) 

16 
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CLIC layout at √s = 380 GeV 

 

 
 
 
 

17 
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CLIC project timeline 

ALICE Investigator 

7 Timepix3 telescope planes 

Cracow SOI SPS beam 

 

18 
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Previous CLIC detector models (CDR) 

19 

Former CDR models of CLIC inspired by ILC detectors (CLIC_SID and CLIC_ILD) 

CLICdet 

CLIC_SID 
CDR CLIC_ILD 

CDR 
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Physics programme and detector requirements Linear colliders

Linear collider detector needs

Momentum resolution

Higgs recoil mass, smuon endpoint,
Higgs coupling to muons

! �pT/p
2
T ⇠ 2⇥ 10�5GeV�1

Impact parameter resolution

c/b-tagging, Higgs branching ratios

! �r' ⇠ 5� 15/(p[GeV] sin
3
2 q)µm

Jet energy resolution

Separation of W/Z/H di-jets
! �E/E ⇠ 3.5% for jets at 50-1000GeV

Angular coverage

Very forward electron tagging
! Down to q = 10mrad

+ Requirements from beam structure and
beam-induced background

Di-muon invariant mass [GeV]
116 118 120 122 124

E
ve

nt
s 

/ 0
.0

5 
G

eV
1

10

210

310

410
T
2) / p

T
 p∆(σ

-1 GeV-610
-1 GeV-510
-1 GeV-410
-1 GeV-310

Mass [GeV]
60 70 80 90 100 110 120

A
rb

itr
ar

y 
U

ni
ts

0

2

4

6

/m = 1%mσ
/m = 2.5%mσ
/m = 5%mσ
/m = 10%mσ

Example: H! µµ

Example: W/Z separation

Eva Sicking (CERN) Detector challenges for high-energy e+e� colliders May 22, 2017 19 / 54

H→µµ 

CLIC inner detector requirements 

ALICE Investigator 

7 Timepix3 telescope planes 

Cracow SOI SPS beam 

Vertex detector physics aim: excellent identification of secondary vertices for b/c-
tagging à excellent impact parameter resolution  
 
 

20 

�(d0) = 5� 15/(p[GeV ]sin
3
2 ✓)µm

Affected by single point 
resolution à 3µm 

Affected by multiple scattering 
à 0.2% X0 by detection layer 

Tracker detector physics aim: excellent momentum resolution for high pT tracks 
 (> 100 GeV), e.g. for Higgs couplings to muons 
 

CLIC�physics aims�=>�detector�needs

Lucie�Linssen,�January�20st�2015 22

� impact parameter resolution:
e.g.�c/bͲtagging,�Higgs BR

� jet energy resolution:
e.g.�W/Z/h�diͲjet�mass separation

� angular�coverage,�very forward electron tagging

� momentum resolution:
e.g.�Smuon endpoint

Higgs recoil mass,�Higgs coupling to muons

WͲZ
jet�reco

smuon
end�point

(for�highͲ
E�jets)

+�requirements�from�CLIC�beam�structure�and�beamͲinduced�background

O(10) better than LHC experiments 

�pT
pT

/ � · pT
B · L2

· 1p
N + 4

�pT
pT

/ 1

B · L ·
r

X
tot

X0

Multiple 
Scattering 

Position 
Resolution 

Large and light tracker with good single 
point resolution, high B Field 
àσRϕ ~ 7µm, ~1-2%X0 per layer 
 



Matthias Weber 
CERN 

Detectors and data handling session 
EPS-HEP 2017, July 8 

] 

CLIC calorimeter requirements 

ALICE Investigator 

7 Timepix3 telescope planes 

Cracow SOI 

Good Photon energy resolution O(10-1500 GeV)  
 
 

21 

ATLAS JER <~ 5% 
for pT

jet > 1 TeV  
Allows separation of W and Z masses in dijets 
 

�E

E
⇠ 4� 0.4% Similar to ATLAS 
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Fig. 16: Reconstructed di-photon invariant mass distribu-
tion of preselected signal H ! g g events at

p
s = 1.4TeV.

The distribution is normalised to an integrated luminosity
of 1.5ab�1. The statistical uncertainties correspond to the
size of the simulated event sample. The line shows the fit
described in the text.

s(e+e� ! Hnene)⇥BR(H ! Zg) at CLIC has been stud-
ied at

p
s = 1.4TeV with the CLIC_SiD detector model,

where 585 H ! Zg events would be expected in 1.5 ab�1

of data [54]. For the purpose of the event selection, only
Z ! qq and Z ! l+l� (with l = e,µ) are useful, giving
small event samples of 409 qqg , 21 e+e�g and 21 µ+µ�g
events from H ! Zg in 1.5 ab�1 at

p
s = 1.4TeV. A typical

event display is shown in Figure 17.

The visible final states of the signal channels qqg or l+l�g
are also produced in several background processes, some of
which have much larger cross sections than the signal. In
addition to background with photons from the hard process,
e+e� ! qq or e+e� ! l+l� events with a FSR or ISR pho-
ton can mimic the signal.

The H ! Zg event selection requires at least one identified
high-pT photon and either two electrons, muons or quarks
consistent with a Z decay. The reconstructed photon with
the highest energy in the event is identified. Events are then
considered as either e+e�g , µ+µ�g or qqg candidates. In
the case where a e+e� or µ+µ� pair is found, photons nearly
collinear with the lepton trajectories (within 0.3�) are com-
bined with the leptons under the assumption that these pho-
tons originate from bremsstrahlung. If neither a e+e� nor a
µ+µ� pair is found, all reconstructed particles except for the
photon of highest energy are clustered into two jets assum-
ing that the Z decayed into two quarks, using a jet radius of
R = 1.2. In all cases, the selected Z decay candidate and the

Fig. 17: Event display of a H ! Zg ! qqg event at
p

s =
1.4TeV in the CLIC_SiD detector. Both jets are visible. The
photon creates a cluster in the central part of the electromag-
netic calorimeter (blue).

highest energy photon are combined to form the H candi-
date.

In order to reduce the number of background process events,
two selection steps are performed. First, preselection cuts
are applied: the Higgs candidate daughter photon and jets,
electrons, or muons are only accepted if they have an en-
ergy of E > 20GeV and pT > 15GeV. In the qqg channel,
only jets with at least 5 particles are considered in order to
suppress hadronic t decays. In addition, the reconstructed
Z and H masses in the event are required to be consistent
with a H ! Zg decay. The second step in the event selec-
tion is three BDT selections (one for each signal final state).
The input variables are the properties of the reconstructed
H, Z, and g such as mass, energy, momentum, and polar an-
gle, event shapes such as sphericity and aplanarity, as well
as missing energy distributions and particle multiplicity dis-
tributions.

For the optimal BDT cuts expected statistical significances
of 2.2, 0.54 and 0.78 are found for the qqg , e+e�g and
µ+µ�g channels respectively. The signal selection efficien-
cies and contributions from the most important backgrounds
are summarised in Table 24. When the results from all three
channels are combined, the achieved statistical precision atp

s = 1.4TeV for an integrated luminosity of 1.5 ab�1 is:

D [s(Hnene)⇥BR(H ! Zg)]
s(Hnene)⇥BR(H ! Zg)

= 42% .

With electron and/or positron polarisation the statistical pre-
cision can be increased, for example with �80% electron
polarisation, D [s(e+e� ! Hnene)⇥BR(H ! Zg)]⇡ 31%.
Further gains are expected from going to higher centre-of-
mass energies, as the Higgs production cross section at

p
s=

3TeV is 70 % higher than at 1.4 TeV.

27

H→γγ 
Excellent jet energy resolution O(10-1500 GeV)  
 
 

�E

E
⇠ 5� 3.5%

J. S. Marshall Towards a new CLIC detector model 2

Detector Requirements

• Expect interesting physics processes to have multi-
jet final states, with charged leptons or missing pT 

- Reconstruction of invariant masses of two+ jets 
important for event reconstruction and event id.

- Impact of Beamstrahlung on kinematic fits means 
rely on intrinsic jet energy resolution of detector.

From the perspective of the likely physics measurements at CLIC, the requirements are:  

• Jet energy resolution !E / E ≲ 3.5−5 % for jet energies in the range 50 GeV−1 TeV 

• Track momentum resolution !pT / pT ≲ 2·10-5 GeV-1 

• Impact parameter resolution !d0 ≲ 5 ⊕ 15 / (p [GeV] sin3/2") μm 

• Lepton identification efficiency > 95% over full range of energies 

• Detector coverage for electrons down to very low angles

2

• Aim: discriminate between W and Z hadronic decays

• Require: !E / E ≲ 3.5%, providing 2.5σ W/Z separation

03/06/2016 Philipp Roloff BSM at √s > 500 GeV 6

Reconstruction of SUSY particles
Endpoints of energy spectra:

Complex final states:

e+e- → HA → bbbb
e+e- → H+H- → tbbt

≈ 0.3% precision on 
heavy Higgs masses

Jet reconstruction

Precision on the 
measured gaugino 
masses 
(few hundred GeV):
1 - 1.5%

CLIC
3 TeV

CLIC
3TeV

CLIC
3 TeV

CLIC
3 TeV

slepton masses:
1.0 - 1.1 TeV

Large Coverage 
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•  Tracker overall size and B field 
–  Acceptance |θ| > 7°  à |η| >  2.8 
–  B = 4 T 
–  4.4 m x 3 m tracker 

Tracker optimization

I Tracker design is outcome of optimization
studies in fast and full detector simulations

I Requirement on momentum resolution for
high momentum tracks lead to B = 4 T,
R = 1.5 m and single point resolution
‡

rÏ = 7 µm
I Good agreement between fast and full

simulation
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Increasing B 

Tracker Optimisation 
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Photon Performance 
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Particle flow calorimeters 
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Particle flow algorithms: Pandora 
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CLIC detector & physics collaboration 

• CLICdp collaboration addresses detector and physics issues for CLIC 
• CERN acts as host laboratory 
• Currently 29 institutes from 18 countries, ~180 members   
   http://clicdp.web.cern.ch/ 
• Close connection to ILC detector concepts, CALICE, FCAL, AIDA-2020 
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Example: Beamstrahlung background reduction 
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Backup: Forward WW 

Mark Thomson LCWS 2011, Granada 42 

No background 

Forward WW, no background 

Backup: Forward WW 

Mark Thomson LCWS 2011, Granada 42 

No background 

with background in reconstuction 
time window ~1.2 TeV 

Backup: Forward WW 

Mark Thomson LCWS 2011, Granada 42 

No background 

after timing and pT cuts: ~ 100 GeV remain: 
•  Remove neutral hadrons with pT < 0.5 GeV 
•  Remove photons with pT < 0.2 GeV 
•  For charged hadrons with pT < 1 GeV, cut on 

cluster time between -0.25 to 1 ns window  (tof 
corrected) 

•  For neutral hadrons with pT < 8 GeV cut on 
cluster time window of 0 to 2.5 ns 

•  For photons with pT < 4 GeV time window of 0 
to 1 ns 

à Other particles accepted for default 
reconstruction time window 


