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CLIC detector and physics study: 

• Physics prospects and simulation studies 

• Detector optimisation and R&D for CLIC detector 

• Aim to produce a series of reports for the European 
Strategy for Particle Physics around 2020. At this point 
seems like a feasible goal

http://clicdp.web.cern.ch

CLICdp Collaboration

CLICdp Collaboration:  
150 members from 28 institutes
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• Lepton Colliders and Future Projects 

• CLIC - The Compact Linear Collider 

• Detector Requirements 

• CLIC Detector Overview - NEW CLICdet model 

• A Staged Physics Program (Higgs, Top, Beyond) 

• Reconstruction of Boosted Top Quarks at High-Energy CLIC 

• Conclusions & Summary

BICEP

Outline
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Fig. 3: Feynman diagrams of the highest cross section Higgs
production processes at CLIC; Higgsstrahlung (top left),
WW-fusion (top right) and ZZ-fusion (bottom).
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Fig. 4: Feynman diagrams of the leading-order processes
at CLIC involving the top Yukawa coupling gHtt (top left),
the Higgs boson trilinear self-coupling l (top right) and the
quartic coupling gHHWW (bottom).

alone), because the cross section rises relatively slowly with1 p
s.2

The polar angle distributions for single Higgs production for3

the CLIC centre-of-mass energies are shown in Figure 5.4

Most Higgs bosons produced at
p

s = 350GeV can be re-5

constructed in the central parts of the detectors while good6

capabilities of the detectors in the forward regions are cru-7

cial at
p

s = 1.4TeV and 3TeV.8

A SM Higgs boson with mass of mH = 126GeV has a wide9

range of decay modes, as listed in Table 2, providing the10

possibility to test the SM predictions for the couplings of11

p
s = 350 GeV 1.4 TeV 3 TeV

Lint 500 fb�1 1.5 ab�1 2 ab�1

s(e+e� ! ZH) 133 fb 8 fb 2 fb
s(e+e� ! Hne ne ) 34 fb 276 fb 477 fb
s(e+e� ! He+e�) 7 fb 28 fb 48 fb
# ZH events 68,000 20,000 11,000
# Hne ne events 17,000 370,000 830,000
# He+e� events 3,700 37,000 84,000

Table 1: The leading-order Higgs unpolarised cross sections
for the Higgsstrahlung, WW-fusion, and ZZ-fusion pro-
cesses for mH = 126GeV at the three centre-of-mass ener-
gies discussed in this document. The quoted cross sections
include the effects of ISR but do not include the effects
of beamstrahlung. Also listed are the numbers of expected
events including the effects of the CLIC beamstrahlung
spectrum and ISR. The cross sections and expected numbers
do not account for the possible enhancements from polarised
beams.
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CLICdp single Higgs production

Fig. 5: Generated Higgs polar angle distributions for sin-
gle Higgs events at

p
s = 350GeV, 1.4TeV and 3TeV, in-

cluding the effects of the CLIC beamstrahlung spectrum and
ISR. Distributions are normalised to unity.

the Higgs to both gauge bosons and to fermions[16]. All the12

modes listed in Table 2 are accessible at CLIC.13

3.1 Motivation for
p

s = 350 GeV CLIC Operation14

The choice of the CLIC energy stages is motivated by the15

desire to pursue a programme of precision Higgs physics16

and to operate the machine above 1TeV at the earliest pos-17

sible time; no CLIC operation is foreseen below the top-18

5

 Protons are compound objects 
 → Initial state not known event-by-event 
 → Limits achievable precision

 Electrons/Positrons are point like 
 → Initial state well defined (energy, polarisation) 
 → High-precision measurements

 High-energy circular colliders feasible  High-energy requires linear colliders

 High rates of QCD backgrounds 
 → Complex triggering schemes 
 → High levels of radiation

 Cleaner experimental environment 
 → Trigger-less readout 
 → Low radiation levels

 High cross-sections for coloured states  Superior sensitivity for electroweak states
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Hadron vs. Lepton Colliders

H ! bb̄ @ LHC ZH ! µ+µ�bb̄ @ e+e-
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• Circular colliders 
• Acceleration of the beams can happen gradually, over many 

revolutions. At the LHC this ramp phase takes around 30-45 min 
(16 (8 per beam) superconducting RF cavities at 5 MV/m) 

• Beams can be reused 

• Synchrotron radiation can be large, in particular for electrons 
(e.g. 2.75 GeV/turn lost at LEP for E = 105 GeV)

Circular vs. Linear e+e- Colliders

5

• Linear colliders 
• Full collision energy must be delivered in one passage through the accelerator. For CLIC this 

means in 70 μs. Requires many high accelerating gradient cavities (150’000 at 100 MV/m) 

• Likewise luminosity goal have to be achieved in a single pass (small beam size and high 
beam power needed). The luminosity of the accelerator scales as the wall-plug-to-beam 
efficiency, i.e. one needs at the same time a high-gradient acceleration and an efficient 
energy transfer

mailto:lars.rickard.stroem@cern.ch?subject=


Rickard Ström - rickard.stroem@cern.ch                                                   

This is an output file created in Illustrator CS3

Colour reproduction
The badge version must only be reproduced on a 
plain white background using the correct blue:
 Pantone: 286
 CMYK: 100  75  0  0 
 RGB: 56  97  170
 Web: #3861AA

Where colour reproduction is not faithful, or the 
background is not plain white, the logo should be 
reproduced in black or white – whichever provides 
the greatest contrast. The outline version of the 
logo may be reproduced in another colour in 
instances of single-colour print.

Clear space
A clear space must be respected around the logo: 
other graphical or text elements must be no closer 
than 25% of the logo’s width.

Placement on a document
Use of the logo at top-left or top-centre of a 
document is reserved for official use.

Minimum size
Print: 10mm
Web: 60px

 
CERN Graphic Charter: use of the outline version of the CERN logo

Proposed Projects - Circular

• HE-LHC High Energy LHC - Proton-proton accelerator in the existing LHC 

tunnel, with centre-of-mass energy up to 30-35 TeV achieved by replacing the 

1232 dipole magnets with new magnets of about 20 T 

• FCC-hh/ee/he Future Circular Collider - hadron/lepton collider in new 80 - 100 

km tunnel around CERN. Lepton collisions (f. TLEP) up to 350 GeV. Proton-

proton collisions up to 100 TeV. Requires 16 T magnets 

• CEPC+SppC Circular Electron Positron Collider +  Super proton-proton 

Collider - Two phase collider in new 100 km tunnel in Qinghuada (?), China. 

First phase is an electron-positron collider (240-250 GeV). Second phase is a 

proton-proton collider with centre-of-mass energy of 50-70 TeV

6

FCC - Future Circular Collider at CERN

Several projects have been proposed for the era beyond LHC (post 2035)
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• ILC International Linear Collider - A 500 GeV electron-positron linear 

collider in Japan, with centre-of-mass energy up to 1 TeV after upgrade. 

Conventional acceleration with superconducting RF cavities 

• CLIC Compact Linear Collider - An electron-positron linear collider at 

CERN, with centre-of-mass energy up to 3 TeV. Two-beam accelerating 

technique with room temperature RF cavities

7

Kitakami - Proposed ILC 
Interaction Point  

(∼20 m below this point,  
shallowest point of the tunnel)

One of the 16’000 niobium-based 
1.3 GHz superconducting RF 

cavities proposed to be used at 
the ILC

Proposed Projects - Linear
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CLIC - Compact Linear Collider - e+e-

Centre-of-mass Length

380 GeV 11.4 km

1.5 TeV 29.0 km

3.0 TeV 50.1 km

8
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• CLIC is a proposed electron-positron linear collider at CERN 

• Two-beam acceleration scheme (drive/main beams) to 

achieve a high accelerating gradient of 100 MV/m 

• About 150’000 room temperature RF cavities 

• Allows a 3 TeV collider to be built in only 50 km (compact) 

• Staged construction optimal for physics:  

• 500 fb-1 at 380 GeV (+100 fb-1 at 350 GeV, ttbar threshold) 

• 1.5 ab-1 at 1.5 TeV 

• 3.0 ab-1 at 3.0 TeV 

• Rich physics programme over ~ 20 years (with 5-7 years at 

each stage)

CLIC - Compact Linear Collider - e+e-

9

One of the 150’000 copper 12 GHz accelerating 
structures to be used at CLIC (L~20 cm)

Photo: R. Ström
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• Particle acceleration is typically carried out using RF cavities 

• RF waves matched to the cavity dimensions can be used to generate standing waves* inside them 

• A longitudinal electric field is produced, accelerating and bunching the incoming particles 

• A compact TeV linear accelerator (~tens of km) requires high acceleration gradient (∼100 MV/m) 

• But the maximum accelerating gradient that can be achieved is limited 

• Ohmic losses in the conductor surface 

• Breakdown (sparks!) 

• These issues can be addressed by moving to higher frequency RF but also requires careful “tuning” 

• Note that superconducting cavities intrinsically limited to ~40 MV/m (depends on coating design, 
material, etc.)

Why do we need two-beam acceleration?

10
*Technically CLIC uses a traveling wave
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Why do we need two-beam acceleration?

•Unfortunately it is not easy/efficient/practical to produce high frequency RF 

•Klystrons generally used for particle acceleration, but drop in efficiency beyond a few GHz 

•CLIC approach is to use a drive beam powered by conventional klystrons to generate high-
frequency RF (12 GHz)

• Further, challenges of the CLIC accelerator complex 
come from the luminosity requirement, where a very 
small and dense beam, 40 nm x 1 nm in the 
transverse plane and 109 particles per bunch, is 
needed to reach high enough statistics for rare 
processes at high energy  

•Constraints on both beam stability and alignment 

•CLIC design has 43,250 quadrupoles in total 

• LHC: 392 quadrupoles

Klystron
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Main beams

Drive beams

Electrons Positrons

The beam of electrons is set to collide with the beam of positrons after acceleration

Detector

The electron drive beams supplies RF power

• Drive beam accelerated to a few GeV using conventional klystrons 

• Frequency increased using a series of delay loops and combiner 
rings 

• Drive beam decelerated through a series of Power Extraction and 
Transfer Structures (PETS) which decelerate the dense beam and 
extract its kinetic energy  

• This energy is fed via an RF field in a waveguide to a second beam, 
which is much less intense. Since there are far fewer particles in this 
‘main beam’, each one is accelerated to higher energy (from 9 GeV 
to 1.5 TeV)

CLIC - Two Beam Acceleration Scheme

• Concept demonstrated at a 
dedicated test facility at CERN 
(incl. step-up in frequency of the 
drive beam, power extraction, and 
acceleration of main beam in 
excess of the required 100 MV/m)

12 GHz

power

Power-Extraction and Transfer Structure (PETS)

Drive beam side

Main beam side
Accelerating structure

quadrupole
quadrupole
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? at 3 TeV 
(only 1 drive beam complex 

needed for first 2 stages)

CLIC - Two Beam Acceleration Scheme
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$
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$
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$5.9$×$1034$cm>2s>1$

Of$which$in$the$1%$most$energeEc$part:$
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$

Most$physics$processes$are$studied$well$above$
producEon$threshold$=>$profit$from$full$luminosity$

3$TeV$
√s$
energy$spectrum$

• The beam (and bunch) structure is rather distinct, with a bunch-to-bunch spacing of 0.5 ns 

• Very small beam size at IP leads to very high EM-fields, i.e. interactions between colliding 
bunches, so-called Beamstrahlung, even in the absence of a ‘hard’ interaction (~1 interesting 
event per bunch train)

CLIC Accelerator Environment

2 CLIC EXPERIMENTAL CONDITIONS AND DETECTOR REQUIREMENTS

coherent process consists of the interaction of the real beamstrahlung photons with the collective elec-
tromagnetic field of the opposite beam. The coherent production of e+e� pairs will increase the total
number of colliding electrons and positrons by about 9%. The production of coherent pairs from the
virtual photons associated with the beam particles (trident pairs) is roughly an order of magnitude lower
than the production of coherent pairs [9]. The incoherent production of pairs arises from the interaction
of both real or virtual photons with individual particles of the other beam. There are three main physical
processes responsible for the production of incoherent pairs: the Breit-Wheeler (BW) process which is
the interaction between two real photons from beamstrahlung; the Bethe-Heitler (BH) process of the
interaction of a real photon and a virtual photon associated with a beam particle; and the Landau-Lifshitz
(LL) process of the interaction between two virtual photons. The GUINEAPIG calculation for the BH
and LL processes uses a Weizsäcker-Williams approach, known as the Equivalent Photon Approximation
(EPA). In the EPA, the equivalent spectrum of virtual photons is convolved with the real photon interac-
tion cross sections. The production of incoherent pairs in GUINEAPIG has been compared to other codes
in [5] and [10].

Most pairs are produced with very small angles along the beam axis. In order to avoid significant
loss of such particles in the detector, a beam exit line with a half-cone opening angle of 10 mrad is
needed, see Figure 3.3. However, depending on the motion of the produced electron and positron with
respect to the electron and positron beams they may either be focused or defocused. The effect of this
electromagnetic beam deflection gives rise to a component of the pair spectrum with sufficient transverse
momentum for it to travel beyond the beam pipe, and thus represent a potential background in the detector
volume. The effect of beam deflection on the coherent pairs is relatively small as they are typically
very high energy particles which are highly boosted along the beam direction. Consequently, whilst
the coherent pair rate is extremely high, 7 · 108 particles per bunch crossing at 3 TeV, almost all of
the coherent pairs are collinear with the outgoing beams and thus do not constitute a major detector
background.

While the number of incoherent pairs is much smaller than that of the coherent pairs (see Ta-
ble 2.1), they can be produced at larger angles and potentially provide a significant source of background
hits, for example, in the inner layers of the vertex detector. The energy and angular distributions of the
pair backgrounds are shown in Figure 2.2. Because of their larger transverse momentum, the incoherent
pairs cause more energy deposits in the detector and are a more relevant background source than the
coherent pairs, despite the much larger number of coherent pairs.
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Fig. 2.2: The distributions of the beam related backgrounds: (left) Fraction of energies for the particles of
each background source. (right) Angular distribution of the produced background particles. Both plots
are for CLIC at

p
s = 3 TeV.
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• Coherent e+e- pairs: 7 x 108 per BX, very forward 

• Incoherent e+e- pairs: 3 x 105 per BX, rather forward, high 
occupancy, impact on detector design 

• 𝛾𝛾 → hadrons: 3.2 events per BX at 3 TeV (1.3 at 1.4 TeV), main 
background in calorimeters and trackers, impact on physics 

• Reduced to manageable level by combined pT and timing cuts in 
the sub-detectors

• Energy losses right at the interaction point leads to luminosity spectrum: 
most processes studied well above production threshold and profit from 
full luminosity, e.g. full luminosity at 3 TeV: 5.9 x 1034 cm-2s-1 (1% most 
energetic 2.0 x 1034 cm-2s-1)

Beam Background Theta

CLIC	accelerator	environment	

7	

Beam-beam	background	at	IP:	
§ 	Small	beams	=>	very	high	E-fields	
	

s 	Beamstrahlung	
s 	Pair-background	

s High	occupancies	
s 	γγ	to	hadrons	

s Energy	deposits	

�/�� q

q�/��

Beamstrahlung	è	important	energy	losses	
right	at	the	interacFon	point	
	

E.g.	full	luminosity	at	3	TeV:		
	5.9	×	1034	cm-2s-1	

Of	which	in	the	1%	most	energeFc	part:	
	2.0	×	1034	cm-2s-1	

	

Most	physics	processes	are	studied	well	above	
producFon	threshold	=>	profit	from	full	luminosity	

3	TeV	
√s	
energy	spectrum	

Lucie	Linssen,	June	8th,	2016	

Detector

@ 3 TeV

14

mailto:lars.rickard.stroem@cern.ch?subject=


Rickard Ström - rickard.stroem@cern.ch                                                   

This is an output file created in Illustrator CS3

Colour reproduction
The badge version must only be reproduced on a 
plain white background using the correct blue:
 Pantone: 286
 CMYK: 100  75  0  0 
 RGB: 56  97  170
 Web: #3861AA

Where colour reproduction is not faithful, or the 
background is not plain white, the logo should be 
reproduced in black or white – whichever provides 
the greatest contrast. The outline version of the 
logo may be reproduced in another colour in 
instances of single-colour print.

Clear space
A clear space must be respected around the logo: 
other graphical or text elements must be no closer 
than 25% of the logo’s width.

Placement on a document
Use of the logo at top-left or top-centre of a 
document is reserved for official use.

Minimum size
Print: 10mm
Web: 60px

 
CERN Graphic Charter: use of the outline version of the CERN logo

15

1.2 TeV background in 
reconstruction time window 

85 GeV background 
after tight cuts 

Cuts depend on particle-
type, pT and detector 

region, protect high-pT 
physics objects 

Combined pT and Timing Cuts

e+e� ! H+H� ! tb̄bt̄ ! 8 jets

Z

e�

e+

H

Z

W

W

e�

e+

ne

H

ne

Z

Z

e�

e+

e�

H

e+

Fig. 3: Feynman diagrams of the highest cross section Higgs
production processes at CLIC; Higgsstrahlung (top left),
WW-fusion (top right) and ZZ-fusion (bottom).
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ne
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Fig. 4: Feynman diagrams of the leading-order processes
at CLIC involving the top Yukawa coupling gHtt (top left),
the Higgs boson trilinear self-coupling l (top right) and the
quartic coupling gHHWW (bottom).

alone), because the cross section rises relatively slowly with1 p
s.2

The polar angle distributions for single Higgs production for3

the CLIC centre-of-mass energies are shown in Figure 5.4

Most Higgs bosons produced at
p

s = 350GeV can be re-5

constructed in the central parts of the detectors while good6

capabilities of the detectors in the forward regions are cru-7

cial at
p

s = 1.4TeV and 3TeV.8

A SM Higgs boson with mass of mH = 126GeV has a wide9

range of decay modes, as listed in Table 2, providing the10

possibility to test the SM predictions for the couplings of11

p
s = 350 GeV 1.4 TeV 3 TeV

Lint 500 fb�1 1.5 ab�1 2 ab�1

s(e+e� ! ZH) 133 fb 8 fb 2 fb
s(e+e� ! Hne ne ) 34 fb 276 fb 477 fb
s(e+e� ! He+e�) 7 fb 28 fb 48 fb
# ZH events 68,000 20,000 11,000
# Hne ne events 17,000 370,000 830,000
# He+e� events 3,700 37,000 84,000

Table 1: The leading-order Higgs unpolarised cross sections
for the Higgsstrahlung, WW-fusion, and ZZ-fusion pro-
cesses for mH = 126GeV at the three centre-of-mass ener-
gies discussed in this document. The quoted cross sections
include the effects of ISR but do not include the effects
of beamstrahlung. Also listed are the numbers of expected
events including the effects of the CLIC beamstrahlung
spectrum and ISR. The cross sections and expected numbers
do not account for the possible enhancements from polarised
beams.

(H) [deg]θ
0 50 100 150

(H
)

θ
/d
σ

 d
σ

1/

0

0.01

0.02

0.03  = 350 GeVs ZH, → -e+e
 = 350 GeVs, eνeν H→ -e+e
 = 1.4 TeVs, eνeν H→ -e+e
 = 3 TeVs, eνeν H→ -e+e

CLICdp single Higgs production

Fig. 5: Generated Higgs polar angle distributions for sin-
gle Higgs events at

p
s = 350GeV, 1.4TeV and 3TeV, in-

cluding the effects of the CLIC beamstrahlung spectrum and
ISR. Distributions are normalised to unity.

the Higgs to both gauge bosons and to fermions[16]. All the12

modes listed in Table 2 are accessible at CLIC.13

3.1 Motivation for
p

s = 350 GeV CLIC Operation14

The choice of the CLIC energy stages is motivated by the15

desire to pursue a programme of precision Higgs physics16

and to operate the machine above 1TeV at the earliest pos-17

sible time; no CLIC operation is foreseen below the top-18

5
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2013 - 2019 Development Phase 

Development of a Project Plan for a 
staged CLIC implementation in line with 
LHC results; technical developments with 
industry, performance studies for 
accelerator parts and systems, detector 
technology demonstrators

2020 - 2025 Preparation Phase 

Finalisation of implementation 
parameters, preparation for industrial 
procurement, Drive Beam Facility and 
other system verifications, Technical 
Proposal of the experiment, site 
authorisation

2025 Construction Start 

Ready for construction; 
start of excavations

2035 First Beams 

Getting ready for data taking by 
the time the LHC programme 
reaches completion

2019 - 2020 Decisions 

Update of the European Strategy for 
Particle Physics; decision towards a next 
CERN project at the energy frontier 
(e.g. CLIC, FCC)

2026 - 2034 Construction Phase 

Construction of the first CLIC 
accelerator stage compatible with 
implementation of further stages; 
construction of the experiment; 
hardware commissioning

CLIC - Timeline
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• The CLIC detector follows the overall design of GPDs at LHC 

• Low mass tracking system with separate vertex detector and 

tracker for momentum measurement 

• Fine grained calorimetry system (ECAL and HCAL) using 

particle flow 

• Enclosed in a 4 T superconducting solenoid magnet            

(Rin = 3.4 m, L = 8.3 m) 

• Iron return yoke instrumented with muon chambers, for muon 

identification 

• Complex forward region: LumiCal (luminosity monitoring), 

BeamCal (extended coverage)

8100 tons!

11.4 m

12
.8

 m
CLIC Detector Overview
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10.5 Impact of the Momentum Resolution
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Figure 10.14: �pT/p2
T resolution of muons depending on the polar angle ✓ and the transverse momentum extracted

from all fully simulated samples (left) and �pT/p2
T resolution in h ! µ+µ� events for di↵erent regions in ✓ (right).
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Figure 10.15: Di-muon invariant mass distribution for di↵erent �pT/p2
T resolutions (left) and relative statistical

uncertainty on the h ! µ+µ� cross section times branching ratio measurement depending on the �pT/p2
T resolu-

tion for an integrated luminosity of 2 and 5 ab�1 (right).

previous sections using the same boosted decision tree. Only the BDT selection cut has been changed
to optimize the significance. The di-muon invariant mass distribution of the signal and background
contributions are fitted to obtain their expected shapes and the cross section times branching ratio is
extracted from 100 toy Monte Carlo experiments. The impact of the �� ! hadrons background is not
included but expected to be similar to the results obtained in Section 10.4.

Fig. 10.15 (right) shows the resulting statistical uncertainty on the cross section times branching ratio
measurement depending on the momentum resolution, assuming a total integrated luminosity of 2 ab�1

and 5 ab�1, respectively. The points corresponding to the result from the full simulation sample obtained
in Section 10.3.3 are consistent with the results obtained from fast simulations. The relative statistical
uncertainty degrades noticeably for momentum resolutions worse than a few times 10�5 GeV�1. The
measurement does not improve for better momentum resolutions because of the intrinsic statistical fluc-
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• Impact parameter resolution - High-resolution pixel detector for flavour tagging 

• Small cell sizes needed for pattern recognition/background rejection (beyond what 
is needed for resolution since high tracker occupancy) 

• Track momentum resolution - σpT / pT
2 ~ 2 x 10-5 GeV-1 

• Need very good jet-energy resolution to distinguish W/Z di-jet decays, to be 
reached with Particle Flow Algorithm (PFA), σE / E ~ 3.5 % for jet energies in the 
range 100 GeV - 1 TeV 

• Interactions between colliding bunches constitute large experimental background 
(𝛾𝛾 → hadrons / e+e- pairs)  

• Overall need for precise timing to suppress background: 

• ~10 ns hit time-stamping in vertex/tracker detector 

• 1 ns accuracy for calorimeter hits 

• Angular coverage - Lepton identification, missing energy, very forward e-tagging

From Physics Aims to Detector Needs
• Momentum resolution:

Higgs recoil, H → µµ or ℓ from BSM
σ(pT )

p2
T

∼ 2 × 10−5 GeV−1

• Jet energy resolution
W /Z/h di-jet separation
σ(E)

E ∼ 3.5 − 5%
for E = 1000 − 50 GeV

• Impact parameter resolution
b/c tagging, Higgs couplings

σrφ =
!

a2 + b2 · GeV/(p2 sin3 θ)
with a = 5 µm and b = 15 µm

• Angular coverage
very forward electron tagging down to θ = 0.6◦

• CLIC beam structure and beam-induced backgrounds
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Marko Petrič (CERN) The New CLIC Detector Model 3/17
3/17

Higgs mass resolution study 

Jet mass resolution study

arXiv:1202.5940

arXiv:1402:2780

H → μ+μ-

mH = 120 GeV

Detector Requirements
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3 cylindrical double 
layers in the barrel

• No material budget for liquid cooling. Cooling is achieved via: 

• Active air cooling strategy that induces a spiral airflow 

• Power-pulsing of the front-end electronics 

• 10 ns time-tagging resolution to reduce beam-induced 
backgrounds

The CLIC Vertex Detector

3 spiral double layers in 
the forward regions

• To reach impact parameter resolution: very thin materials/sensors: 0.2% X0 material per layer (equivalent to 200 μm of Si) 

• Roughly 2 billion pixels, each 25 μm square with a single point resolution of ∼3 μm (needed for efficient flavour tagging)

• Current technology choice assumes 25 
μm square pixels, using hybrid pixel 
technology  

• ASIC thickness 50 μm connected to 50 
μm sensor 

• Slim edge planar sensors and HV-
CMOS both considered
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The CLIC Tracker

• To provide the required track momentum resolution of σpT / pT
2 ~ 2 x 10-5 

GeV-1 build a large Silicon tracking volume in a 4 T magnetic field 

• Single point resolution of ~7 μm 

• Large occupancy from beam-induced background - short strips/long pixels  

• Low material budget 1-2% X0 per layer

~1450

~1250

CLICdp

• Tracker expected to be split into two regions: 

• Inner tracker with 3 barrel layers and 7 forward disks 

• Outer tracker with 3 barrel layers and 4 forward disks 

• Support shell separating inner and outer trackers 

• Integrated CMOS design being considered

Larger radius than CMS tracker, same 
material budget as ALICE 

Mechanically a great challenge
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• ECAL - 40 layers of tungsten absorbers interleaved with 
silicon sensors of 5x5 mm2 (corresponding to 23 X0) 

• Configuration re-optimised to ensure good resolution of 
high energetic photons 

• HCAL - 60 layers of steel absorbers interleaved with 
scintillator tiles of 30x30 mm2 

• The CLICdp collaboration contributes to the CALICE and 
FCAL R&D collaborations, which have constructed and 
tested fine-grained SiW ECALs, a 1m3 prototype ScW HCAL 
and forward calorimeter prototypes 

• Jet energy resolution drives the overall detector design 

• Fine-grained calorimetry + Particle Flow Analysis (PFA)

The CLIC Calorimeter
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  1) √s = 380 GeV (500 fb-1) 
• Higgs/Top precision physics 

• Top mass threshold scan (350 GeV) 

  2) √s = 1.5 TeV (1.5 ab-1) 
• Target: Precision SUSY, BSM reach 

• Higgs/Top precision physics 

• Rare Higgs decays 

• Top Yukawa coupling 

  3) √s = 3 TeV (3.0 ab-1) 
• Target: Precision SUSY, BSM reach 

• Higgs self-coupling 

• Rare Higgs decays

DRAFT

3 CLIC post-CDR accelerator optimisation

Table 7: Proposed CLIC energy staging scenario for optimal physics performance, assuming between
5 and 7 years of running including luminosity ramp-up at each of the three energy stages as
described in Section 4.2.

Stage
p

s (GeV) Lint (fb�1)

1 380 500
350 100

2 1500 1500

3 3000 3000

At the higher CLIC energies, above 1 TeV, Higgs physics and top physics continue to provide guaranteed729

precision physics cases. Profiting from the increased cross sections at higher centre-of-mass energies,730

combined with larger instantaneous luminosities, Higgs production through WW and ZZ fusion yields731

significantly improved statistical accuracies, thereby also giving access to rare Higgs decay modes. The732

measurement of the top Yukawa coupling, through ttH production, provides optimal accuracy in the733

range 1 TeV to 1.5 TeV [43, 44]. The measurement of the Higgs self-coupling profits greatly from734

increasing rates at high
p

s, providing a unique opportunity for CLIC to measure the self coupling down735

to the 10% level at
p

s= 3 TeV. Top pair production at the higher CLIC energies has the potential of being736

a sensitive probe for BSM physics (see Section 2.4). Overall the high energy reach of CLIC provides737

significant potential for studying BSM phenomena, either by allowing for accurate measurements of738

new states previously discovered at LHC or by acting as a discovery machine in its own right. For739

new particles produced in pairs direct detection is possible up to the kinematic limit of
p

s/2. Indirect740

detection through precision observables profits from high
p

s in many cases as well, as illustrated with741

the Z0 and composite Higgs examples of Section 2.5.742

Based on our current knowledge, CLIC has its optimal physics physics potential when constructed and743

operated in three main energy stages: 380 GeV, 1.5 TeV and 3 TeV. Here, the low energy stage is chosen744

as the optimum between Higgs and top physics reach, and 3 TeV is the maximum which can presently745

be envisaged. The choice of the intermediate energy stage at 1.5 TeV is driven by the fact that this is the746

maximum which can be reached with a single CLIC drive-beam complex. Realistically, one can assume747

that CLIC will operate for the equivalent of 125 days per year at 100% efficiency (see Section 4.3). A748

period of luminosity ramp-up will be necessary at each stage of CLIC. Together with the expected peak749

luminosity at the different energies (see Section 4) this results in the integrated luminosities listed in750

Table 7.751

3 CLIC post-CDR accelerator optimisation752

3.1 Overview753

A first optimisation of the parameters for a 3 TeV CLIC accelerator complex was performed as early as754

2008, based on performance and cost models developed at that time. During the years leading to the755

CDR in 2012 [3], a large number of simulation studies and R&D tests validated most aspects of the756

CLIC design. In parallel, more detailed models on power consumption and cost of a 3 TeV CLIC facility757

were developed for the CDR. The results of those studies, together with physics scenarios envisaged758

at the time, provided the basis for the proposal to build CLIC in energy stages. In Volume 3 of the759

CDR [5], an example of the implementation and operation of CLIC in three energy stages is described.760

During the past years more high-gradient tests of the main linac accelerating structures have been made,761

which allows a review of the performance limitations which are used in the optimisation. The gradient762

Draft: 19.05.2016 – 03:01 25

CLIC Integrated luminosity

Each stage corresponds to 5-7 years

Physics at CLIC - A Staged Programme

• To fully exploit physics case we need several energy stages going 
up to multi-TeV energies - defined by physics case w. 
considerations for technical constraints 

• 380 GeV / 1.5 TeV / 3.0 TeV 
• Incl. 100 fb-1 at 350 GeV for top mass threshold scan
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Physics at CLIC - A Staged Programme

s-channel thresholds: 
160 WW, 215 HZ, 340 HHZ,  
350 tt, 500 ttH

Processes that will be there 
•Standard Model 
•Z, W, H, t production 
•Understanding, “bookkeeping”

Slow rise for t-channel processes: 
e+e- → Hνν, He+e- , HHνν, WWνν

Top/Higgs measurements have exquisite 
discovery potential, often more than 
your favourite “bump hunt”!
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WW-fusion (top right) and ZZ-fusion (bottom).
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at CLIC involving the top Yukawa coupling gHtt (top left),
the Higgs boson trilinear self-coupling l (top right) and the
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alone), because the cross section rises relatively slowly with1 p
s.2

The polar angle distributions for single Higgs production for3

the CLIC centre-of-mass energies are shown in Figure 5.4

Most Higgs bosons produced at
p

s = 350GeV can be re-5

constructed in the central parts of the detectors while good6

capabilities of the detectors in the forward regions are cru-7

cial at
p

s = 1.4TeV and 3TeV.8

A SM Higgs boson with mass of mH = 126GeV has a wide9

range of decay modes, as listed in Table 2, providing the10

possibility to test the SM predictions for the couplings of11

p
s = 350 GeV 1.4 TeV 3 TeV

Lint 500 fb�1 1.5 ab�1 2 ab�1

s(e+e� ! ZH) 133 fb 8 fb 2 fb
s(e+e� ! Hne ne ) 34 fb 276 fb 477 fb
s(e+e� ! He+e�) 7 fb 28 fb 48 fb
# ZH events 68,000 20,000 11,000
# Hne ne events 17,000 370,000 830,000
# He+e� events 3,700 37,000 84,000

Table 1: The leading-order Higgs unpolarised cross sections
for the Higgsstrahlung, WW-fusion, and ZZ-fusion pro-
cesses for mH = 126GeV at the three centre-of-mass ener-
gies discussed in this document. The quoted cross sections
include the effects of ISR but do not include the effects
of beamstrahlung. Also listed are the numbers of expected
events including the effects of the CLIC beamstrahlung
spectrum and ISR. The cross sections and expected numbers
do not account for the possible enhancements from polarised
beams.
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Fig. 5: Generated Higgs polar angle distributions for sin-
gle Higgs events at

p
s = 350GeV, 1.4TeV and 3TeV, in-

cluding the effects of the CLIC beamstrahlung spectrum and
ISR. Distributions are normalised to unity.

the Higgs to both gauge bosons and to fermions[16]. All the12

modes listed in Table 2 are accessible at CLIC.13

3.1 Motivation for
p

s = 350 GeV CLIC Operation14

The choice of the CLIC energy stages is motivated by the15

desire to pursue a programme of precision Higgs physics16

and to operate the machine above 1TeV at the earliest pos-17

sible time; no CLIC operation is foreseen below the top-18

5

Higgsstrahlung e+e- → ZH 

σ~1/s, Higgs id. from Z recoil

Vector-boson fusion 

σ~log(s), large statistics at high energy
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Table 1: The leading-order Higgs unpolarised cross sections
for the Higgsstrahlung, WW-fusion, and ZZ-fusion pro-
cesses for mH = 126GeV at the three centre-of-mass ener-
gies discussed in this document. The quoted cross sections
include the effects of ISR but do not include the effects
of beamstrahlung. Also listed are the numbers of expected
events including the effects of the CLIC beamstrahlung
spectrum and ISR. The cross sections and expected numbers
do not account for the possible enhancements from polarised
beams.
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s = 350 GeV CLIC Operation14
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desire to pursue a programme of precision Higgs physics16

and to operate the machine above 1TeV at the earliest pos-17

sible time; no CLIC operation is foreseen below the top-18
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• Any deviation from SM Higgs couplings and its properties 
represents evidence for new physics 

• Precision Higgs/top physics is the main motivation for CLIC 
operation at 380 GeV 

• To fully exploit physics case we need several energy stages 
going up to multi-TeV energies 

• CLIC covers several Higgs production processes, Higgs factory! 

• Model-independent Higgsstrahlung process unique to lepton 
colliders 

• Higgs couplings can be determined with a sub-percent statistical 
uncertainty

Higgs Physics at CLIC
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Fig. 6: Reconstructed recoil mass distributions of e+e� ! ZH events at
p

s = 350GeV, where ZH ! µ+µ�X (a) and
ZH ! e+e�X with bremstrahlung recovery (b). All distributions are normalised to an integrated luminosity of 500fb�1.

cision on the ZH cross section is:1

Ds(ZH)

s(ZH)
= 3.8% .2

3

Channel Quantity Precision

µ+µ�X
mH 122 MeV

s(ZH) 4.72 %

e+e�X
mH 278 MeV

s(ZH) 7.21 %
e+e�X mH 359 MeV

+ bremstrahlung recovery s(ZH) 6.60 %

Table 5: Summary of measurement precisions from the lep-
tonic recoil mass analyses in the µ+µ�X and e+e�X chan-
nels for an integrated luminosity of 500fb�1 at 350GeV.

5.1.2 Invisible Higgs Decays4

The above recoil mass analysis of leptonic decays of the5

Z boson in e+e� ! ZH events provides a measurement of6

the Higgsstrahlung cross section, independent of the Higgs7

boson decay model. The recoil mass technique can also be8

used to search for BSM decay modes of the Higgs boson9

into long-lived neutral “invisible” final states. At an e+e�10

collider a search for invisible Higgs decays is possible by11

identification of e+e� ! ZH events with a visible Z ! qq12

decay and missing energy. Such events would typically pro-13

duce a clear two-jet topology with invariant mass consistent14

with mZ, significant missing energy and a recoil mass corre-15

sponding to the Higgs mass.16

To identify candidate invisible Higgs decays, a loose pre-17

selection is imposed requiring: i) a clear two-jet topology,18

defined by log10(y23)<�2.0 and log10(y34)<�3.0, where19

the y-cut variables are defined in Section 4.2; ii) a di-jet in-20

variant mass consistent with the Z mass, 84GeV < mqq <21

104GeV; and iii) the reconstructed momentum of the candi-22

date Z boson pointing away from the beam direction, |cosqZ |<23

0.7. After the preselection, a BDT multivariate analysis tech-24

nique was applied using the TMVA package [40] to further25

separate the invisible Higgs signal from the SM background.26

In addition to mqq , |cosqZ | and log10(y23), four other dis-27

criminating variables were employed: mrec, the recoil mass28

of the invisible system recoiling against the observed Z bo-29

son; |cosqq |, the decay angle of one of the quarks in the Z30

rest frame, relative to the direction of flight of the Z boson;31

pT, the magnitude of the transverse momentum of the Z bo-32

son; Evis, the visible energy in the event. As an example,33

Figure 7 shows the recoil mass distribution for the simu-34

lated invisible Higgs decays and the total SM background.35

The cut applied on the BDT output was chosen such that it36

minimises the statistical uncertainty on the cross section for37

invisible Higgs decays.38

In the case where the branching ratio to BSM invisible final39

states is zero (or very small), the uncertainty on the invisible40

branching ratio is determined by the statistical fluctuations41

on the background after the event selection:42

DBR(H ! invis.) =
p

b
s(100%)

,43

11

• Sets the absolute scale for all model-independent Higgs coupling measurements  

• Model-independent measurements of Higgs properties from Z-recoil mass 

• Independent of the Higgs decay mode  

• Combined analysis (Z→e+e-, Z→µ+µ-, Z→qq): 

• Absolute coupling of the H boson to the Z boson, Δ(gHZZ) = 0.8 % (stat.) 

• Unique sensitivity to invisible decay modes: 𝛤invis/𝛤H < 1 % at 90 % C.L. 

• High flavour-tagging efficiencies → H branching fractions 

• 6.3 % (stat.) precision on the total Higgs decay width
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the Higgs boson trilinear self-coupling l (top right) and the
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alone), because the cross section rises relatively slowly with1 p
s.2

The polar angle distributions for single Higgs production for3

the CLIC centre-of-mass energies are shown in Figure 5.4

Most Higgs bosons produced at
p

s = 350GeV can be re-5

constructed in the central parts of the detectors while good6

capabilities of the detectors in the forward regions are cru-7

cial at
p

s = 1.4TeV and 3TeV.8

A SM Higgs boson with mass of mH = 126GeV has a wide9

range of decay modes, as listed in Table 2, providing the10

possibility to test the SM predictions for the couplings of11

p
s = 350 GeV 1.4 TeV 3 TeV

Lint 500 fb�1 1.5 ab�1 2 ab�1

s(e+e� ! ZH) 133 fb 8 fb 2 fb
s(e+e� ! Hne ne ) 34 fb 276 fb 477 fb
s(e+e� ! He+e�) 7 fb 28 fb 48 fb
# ZH events 68,000 20,000 11,000
# Hne ne events 17,000 370,000 830,000
# He+e� events 3,700 37,000 84,000

Table 1: The leading-order Higgs unpolarised cross sections
for the Higgsstrahlung, WW-fusion, and ZZ-fusion pro-
cesses for mH = 126GeV at the three centre-of-mass ener-
gies discussed in this document. The quoted cross sections
include the effects of ISR but do not include the effects
of beamstrahlung. Also listed are the numbers of expected
events including the effects of the CLIC beamstrahlung
spectrum and ISR. The cross sections and expected numbers
do not account for the possible enhancements from polarised
beams.
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gle Higgs events at

p
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cluding the effects of the CLIC beamstrahlung spectrum and
ISR. Distributions are normalised to unity.

the Higgs to both gauge bosons and to fermions[16]. All the12

modes listed in Table 2 are accessible at CLIC.13

3.1 Motivation for
p

s = 350 GeV CLIC Operation14

The choice of the CLIC energy stages is motivated by the15

desire to pursue a programme of precision Higgs physics16

and to operate the machine above 1TeV at the earliest pos-17

sible time; no CLIC operation is foreseen below the top-18
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Higgsstrahlung e+e- → ZH

Z → μ+μ- recoil
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Double Higgs Production - Very high precision for CLIC 
• High luminosity and high energy crucial for e+e− → HHνeνe 

• Only 225 (1200) HHνeνe events at 1.4 (3) TeV 

• Simultaneous extraction of tri-linear self-coupling and quartic 
coupling, direct probe of the Higgs potential 

• Self-coupling: Δ(λ) = 11 % for 1.4 TeV and 3 TeV operation 
combined (HL-LHC: ~50 %) 

• Quartic coupling gHHWW: ∼3 %
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Fig. 3: Feynman diagrams of the highest cross section Higgs
production processes at CLIC; Higgsstrahlung (top left),
WW-fusion (top right) and ZZ-fusion (bottom).
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Fig. 4: Feynman diagrams of the leading-order processes
at CLIC involving the top Yukawa coupling gHtt (top left),
the Higgs boson trilinear self-coupling l (top right) and the
quartic coupling gHHWW (bottom).

alone), because the cross section rises relatively slowly with1 p
s.2

The polar angle distributions for single Higgs production for3

the CLIC centre-of-mass energies are shown in Figure 5.4

Most Higgs bosons produced at
p

s = 350GeV can be re-5

constructed in the central parts of the detectors while good6

capabilities of the detectors in the forward regions are cru-7

cial at
p

s = 1.4TeV and 3TeV.8

A SM Higgs boson with mass of mH = 126GeV has a wide9

range of decay modes, as listed in Table 2, providing the10

possibility to test the SM predictions for the couplings of11

p
s = 350 GeV 1.4 TeV 3 TeV

Lint 500 fb�1 1.5 ab�1 2 ab�1

s(e+e� ! ZH) 133 fb 8 fb 2 fb
s(e+e� ! Hne ne ) 34 fb 276 fb 477 fb
s(e+e� ! He+e�) 7 fb 28 fb 48 fb
# ZH events 68,000 20,000 11,000
# Hne ne events 17,000 370,000 830,000
# He+e� events 3,700 37,000 84,000

Table 1: The leading-order Higgs unpolarised cross sections
for the Higgsstrahlung, WW-fusion, and ZZ-fusion pro-
cesses for mH = 126GeV at the three centre-of-mass ener-
gies discussed in this document. The quoted cross sections
include the effects of ISR but do not include the effects
of beamstrahlung. Also listed are the numbers of expected
events including the effects of the CLIC beamstrahlung
spectrum and ISR. The cross sections and expected numbers
do not account for the possible enhancements from polarised
beams.
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ISR. Distributions are normalised to unity.

the Higgs to both gauge bosons and to fermions[16]. All the12

modes listed in Table 2 are accessible at CLIC.13

3.1 Motivation for
p

s = 350 GeV CLIC Operation14

The choice of the CLIC energy stages is motivated by the15

desire to pursue a programme of precision Higgs physics16

and to operate the machine above 1TeV at the earliest pos-17

sible time; no CLIC operation is foreseen below the top-18
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for the Higgsstrahlung, WW-fusion, and ZZ-fusion pro-
cesses for mH = 126GeV at the three centre-of-mass ener-
gies discussed in this document. The quoted cross sections
include the effects of ISR but do not include the effects
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events including the effects of the CLIC beamstrahlung
spectrum and ISR. The cross sections and expected numbers
do not account for the possible enhancements from polarised
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ttH production: e+e- → ttH 
• Extraction of top Yukawa coupling 

• Best at centre-of-mass energy above 700 GeV 

• Δ(gHtt) = 4-5% (stat.) at 1.4 TeV 

• HL-LHC: 7-10 % (stat.) per experiment
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Table 1: The leading-order Higgs unpolarised cross sections
for the Higgsstrahlung, WW-fusion, and ZZ-fusion pro-
cesses for mH = 126GeV at the three centre-of-mass ener-
gies discussed in this document. The quoted cross sections
include the effects of ISR but do not include the effects
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events including the effects of the CLIC beamstrahlung
spectrum and ISR. The cross sections and expected numbers
do not account for the possible enhancements from polarised
beams.
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CLICdp single Higgs production

Fig. 5: Generated Higgs polar angle distributions for sin-
gle Higgs events at

p
s = 350GeV, 1.4TeV and 3TeV, in-

cluding the effects of the CLIC beamstrahlung spectrum and
ISR. Distributions are normalised to unity.

the Higgs to both gauge bosons and to fermions[16]. All the12

modes listed in Table 2 are accessible at CLIC.13

3.1 Motivation for
p

s = 350 GeV CLIC Operation14

The choice of the CLIC energy stages is motivated by the15

desire to pursue a programme of precision Higgs physics16

and to operate the machine above 1TeV at the earliest pos-17

sible time; no CLIC operation is foreseen below the top-18

5
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account. Each new stage also includes all measurements of1

the previous stages. Table 30 summarises the results. They2

are graphically illustrated in Figure 26. Since the model-3

independence of the analysis hinges on the absolute mea-4

surement of s(ZH) at 350GeV, which provides the cou-5

pling gHZZ, the precision of all other couplings is ultimately6

limited by this uncertainty.7

11.2 Model-dependent Fit8

For the model-dependent fit, it is assumed that the Higgs9

decay properties can be described by ten independent pa-10

rameters kHZZ, kHWW, kHbb , kHcc , kHtt , kHµµ , kHtt , kHgg ,11

kHg g and kHZg . These factors are defined by the ratio of the12

Higgs partial width divided by the partial width expected in13

the Standard Model as:14

k2
i = Gi/G SM

i .15

In this scenario, the total width is given by the sum of the ten16

partial widths considered, which is equivalent to assuming17

no invisible Higgs decays. The variation of the total width18

from its SM value is thus given by:19

GH,md = Â
i

k2
i BRi, (3)20

where BRi is the SM branching fraction for the respective fi-21

nal state and the subscript “md” stands for “model-dependent”.22

To obtain these branching fractions, a fixed value for the23

Higgs mass has to be imposed. For the purpose of this study,24

126GeV is assumed. The branching ratios are taken from the25

LHC Higgs cross section working group, ignoring theoreti-26

cal uncertainties. To exclude effects from numerical round-27

ing errors, the total sum of BR’s is normalised to unity.28

With these definitions, the Ci’s in the c2 take the following29

forms: for the total e+e� ! ZH cross section:30

CZH = k2
HZZ;31

while for specific final states such as e+e� ! ZH; H ! bb32

and e+e� ! Hnene ; H ! bb:33

CZH,H!bb =
k2

HZZk2
Hbb

GH,md
34

and:35

CHne ne ,H!bb =
k2

HWWk2
Hbb

GH,md
,36

respectively.37
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Fig. 27: Illustration of the precision of the Higgs couplings
of the three-stage CLIC programme determined in a model-
dependent fit.

Since at the first energy stage of CLIC no significant mea-38

surements of the H ! µ+µ� and H ! g g decays are possi-39

ble, the fit is reduced to six free parameters (the coupling to40

top is also not constrained, but this is without effect on the41

total width) with an appropriate rescaling of the branching42

ratios used in the total width for 350GeV.43

Parameter Relative precision

350GeV + 1.4TeV + 3TeV
500fb�1 + 1.5ab�1 + 2ab�1

kHZZ 0.57 % 0.37 % 0.34 %
kHWW 1.1 % 0.21 % 0.14 %
kHbb 2.0 % 0.41 % 0.24 %
kHcc 5.9 % 2.2 % 1.68 %
kHtt 3.9 % 1.5 % 1.1 %
kHµµ � 14.1 % 7.8 %
kHtt � 4.0 % 4.0 %
kHgg 3.2 % 1.6 % 1.2 %
kHg g � 5.6 % 3.1 %
kHZg � 15.6 % 9.1 %

GH,md,derived 1.6 % 0.41 % 0.28 %

Table 31: Results of the model-dependent fit. Values marked
"�" can not be measured with sufficient precision at the
given energy. For gHtt , the 3TeV case has not yet been stud-
ied, but is not expected to result in substantial improvement
due to the significantly reduced cross section at high energy.
The uncertainty of the total width is calculated from the fit
results following Equation 3, taking the parameter correla-
tions into account.

35

Full CLIC programme: 
~5 years of running at each stage 
incl. e- polarisation above 1 TeV 
• MI: down to ~2 % for most couplings 

(only at lepton colliders) 

• MD: ~0.1-1 % for most couplings 

• Accuracy on Higgs width:  

• ~3.6 % (MI) 

• ~0.3 % (MD, derived) 

• Higgs mass with 24 MeV precision for 

1.4 TeV and 3 TeV operation combined 

(HL-LHC: ~50 MeV per experiment)

= Accuracy significantly better than HL-
LHC or not possible at hadron colliders

⇤H,md =
X

i

�i

�i|SM
BRi

Higgs width is a free parameter allows for 
additional non-SM decays.

Constraining “LHC-style”, assuming no 
invisible Higgs decays (model-dep.), fit to 

deviations from SM BR’s
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cross section s in the case of the measurement of e+e� !1

ZH via the recoil mass technique or cross section ⇥ branch-2

ing ratio s ⇥BR for specific Higgs production modes and3

decays. To obtain the expected sensitivity for CLIC it is as-4

sumed that for all measurements the value expected in the5

SM has been measured, so only the statistical uncertainties6

of each measurement are used in the c2 calculation. The c2
7

for one individual measurement is then given by:8

c2
i =

(Ci/CSM
i �1)2

DF2
i

,9

where Ci is fitted value of the relevant combination of rele-10

vant Higgs couplings (and total width) describing the partic-11

ular measurement, CSM
i is the SM expectation, and DFi is the12

statistical uncertainty of the measurement of the considered13

process. The full c2 then is given by:14

c2 = Â
i

(Ci/CSM
i �1)2

DF2
i

.15

The Ci’s depend on the particular measurements and on the16

type of fit (model-independent or model-dependent), given17

in detail below. In addition, correlations between measure-18

ments are taken into account in cases where they are ex-19

pected to be large. This applies to the measurements of s ⇥20

BR for H ! bb ,cc ,gg in Higgsstrahlung and WW-fusion21

events at 350 GeV, which are extracted in a combined fitting22

procedure.23

11.1 Model-independent Fit24

The model-independent fit makes minimal assumptions, such25

as the narrow width approximation, to provide the descrip-26

tion of the individual measurements in terms of Higgs cou-27

plings and of the total width, GH. Here, the total cross section28

of e+e� ! ZH depends on:29

CZH = g2
HZZ ,30

while for specific final states such as e+e� ! ZH; H ! bb31

and e+e� ! Hnene ; H ! bb:32

CZH,H!bb =
g2

HZZg2
Hbb

GH
33

and:34

CHne ne ,H!bb =
g2

HWWg2
Hbb

GH
,35

respectively.36

The fit is performed with 11 free parameters: gHZZ, gHWW,37

gHbb , gHcc , gHtt , gHµµ , gHtt and GH, as well as the three38
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Fig. 26: Illustration of the precision of the Higgs couplings
of the three-stage CLIC programme determined in a model-
independent fit.

effective couplings g†
Hgg , g†

Hg g and g†
HZg . The latter three39

parameters are treated in the same way as the physical Higgs40

couplings in the fit.41

Parameter Relative precision

350GeV + 1.4TeV + 3TeV
500fb�1 + 1.5ab�1 + 2ab�1

gHZZ 0.8 % 0.8 % 0.8 %
gHWW 1.3 % 0.9 % 0.9 %
gHbb 2.8 % 1.0 % 0.9 %
gHcc 6.0 % 2.3 % 1.9 %
gHtt 4.2 % 1.7 % 1.4 %
gHµµ � 14.1 % 7.8 %
gHtt � 4.1 % 4.1 %

g†
Hgg 3.6 % 1.8 % 1.4 %

g†
Hg g � 5.7 % 3.2 %

g†
HZg � 15.6 % 9.1 %

GH 6.4 % 3.7 % 3.6 %

Table 30: Results of the model-independent fit. Values
marked "�" can not be measured with sufficient precision at
the given energy. For gHtt , the 3TeV case has not yet been
studied, but is not expected to result in substantial improve-
ment due to the significantly reduced cross section at high
energy. The three effective couplings g†

Hgg , g†
Hg g and g†

HZg
are also included in the fit.

The fit is performed in three stages, taking the statistical42

uncertainties obtainable from CLIC at the three considered43

energy stages (350GeV, 1.4TeV, 3TeV) successively into44

34

Model-independent (MI) global fits Model-dependent (MD) global fits

Note the 
different scales

= Accuracy comparable to HL-LHC

Combined CLIC Higgs Results
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• The top quark is of particular interest - couples strongly to the Higgs field, key to 

understanding EWSB, relation to SM gauge bosons, compositeness 

• Decays before hadronizing: the only naked quark - test ground for QCD - full advantage 

of the spin information 

• Contributes via loops to processes that can be studied with high precision → Sensitive to 

BSM scenarios - may be first place a new particle shows up 

• Top quark mass and the top quark couplings to Z and 𝛾 with high precision are among 

the main focuses of the initial stage of CLIC 

• Ongoing effort to extend these studies to higher energy stages 

• Competitive limits on rare decays such as t → cH and t → c𝛾

Top Physics at CLIC
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DRAFT

2 CLIC physics at various centre-of-mass energies
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Figure 7: a: tt cross section as a function of centre-of-mass energy for tt production simulated in a scan
of ten data points of 10 fb�1 each in steps around

p
s = 350GeV [34]. b: Correlation between

the top mass mt and the strong coupling constant as extracted from the threshold scan [34].

Theoretical evaluations of the evolution of the top pair production cross section close to the threshold are588

available to high orders (next-to-next-to leading order, NNLO) allowing for a clean extraction of the top589

mass in the theoretically well-defined 1S mass scheme. The 1S mass is here the first resonance of the tt590

system (from 1S, 2S et cetera) for the case that it would build a quark-antiquark bound state. As the top591

quark decays before building a bound state, its resonances are smeared out.592

Using a two-dimensional template fit to the threshold, the 1S mass of the top quark and the strong593

coupling constant as can be extracted simultaneously (see Figure 7(b)). The statistical uncertainty on the594

measured top mass using this method is 33 MeV. The total uncertainty of the top mass in the threshold595

scan approach, including also the theoretical uncertainty and systematic uncertainties on the beam energy,596

the luminosity spectrum and the background subtraction, amounts to approximately 50 MeV.597

Using as, the 1S mass of the top quark extracted in this threshold scan can be transformed into the MS598

mass scheme commonly used in electroweak precision calculations. Using the current world average of599

the as uncertainty, this results in additional theory uncertainties of the order of 40-100 MeV. It however600

is expected that the theoretical as well as the experimental as uncertainties can be reduced in the near601

future, such that these additional mass uncertainties can be further reduced to approximately 10 MeV.602

Invariant mass technique The invariant mass measurement of the top quark has been studied in terms603

of a CLIC collider at
p

s = 500GeV, for an integrated luminosity of 100 fb�1. With a top pair production604

cross section of 530 fb at
p

s = 500GeV this results in 53000 tt events allowing for a precision meas-605

urement. By using maximum likelihood fits to the reconstructed invariant mass distributions, shown in606

Figure 8 as example for fully-hadronic events, and by comparing the measured invariant mass distribu-607

tion with that predicted by leading order (LO) event generators, a top mass compatible with the input608

value can be extracted, with a statistical precision of 80 MeV [34].609

Relevant systematic uncertainties, for instance including the uncertainty of jet energy scale, are limited610

to a similar level as the statistical uncertainty. The extracted top width is compatible with the input value611

and it has a statistical uncertainty of 220 MeV.612

An advantage of the top quark invariant mass measurement is that it can be performed at any centre-of-613

mass energy above the top pair production threshold. A disadvantage is, however, that currently the top614

mass is obtained only in the context of the LO event generator used in the comparison to data. Next-to615

Draft: 17.05.2016 – 03:02 20

Top Physics at CLIC

Seidel, Simon, Tesar, Poss, 
EPJ C73 (2013)

To
p 

qu
ar

k 
m

as
s 

th
re

sh
ol

d 
sc

an

Top mass measurements (run at 350 GeV with 100 fb-1) 
• Threshold scan (analogous to the LEP2 WW mass scan) 

• Shape (position, slope) depends strongly on mass and width 

• Normalisation sensitive to αS and top Yukawa coupling 

• Significant cross section smearing due to luminosity spectra and ISR 

• Extraction of the theoretically well-defined 1S top mass with a statistical 
accuracy of about 20 MeV 

• At this level of precision we expect experimental and theoretical systematic 
uncertainties to become important or even dominant 

• Two main contributions:  

• The uncertainty in the NNNLO description of the threshold shape 

• The conversion of the threshold mass to the MS-bar scheme  

• A total uncertainty on the top quark mass of about 50 MeV seems feasible 

• Order of magnitude beyond the capabilities of HL-LHC
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12CLICdp overview, CERN, january 2016

Top quark physics

Top quark pair production

- ttZ coupling is a sensitive probe that may

present sizeable deviations for BSM at 10-30 TeV

 

LC prospects are an order of magnitude better than LHC
500 GeV: larger boost and smaller theory uncertainty

+top mass to 50 MeV, t → cH to 10-5

Coordinated effort towards a top paper
See talk by I. Garcia

• Close to maximum of tt production cross section 

• Determining top form factors through measurement of total cross-
section, forward-backward asymmetry and helicity angle distribution  
for different polarisations 

• In many BSM models top EW couplings substantially modified 

• CLIC at initial stage (solid green) already an order of magnitude 
better than HL-LHC (red) 

• Further, the fact that the top quark decays before it hadronizes allows 
access to its polarisation by measuring the angular distributions of 
the decay products. Sensitive probe for CP violation in the top sector.

Top Physics at CLIC

Assume production is dominated by SM and NP scale is beyond direct reach, 
express in terms of form factors in general Lagrangian:
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CP-violation
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• The clean collision environment CLIC is particularly suited to study non-
colored TeV-scale particles such as e.g. sleptons, gauginos, and neutralinos  

• These might be hidden in the large QCD backgrounds at the LHC 

• A small selection of the BSM benchmark analyses are highlighted on the 
following slides (constructed to show the CLIC detector capability) 

• In general always able to measure the mass and production cross-sections 
to order of 1 %

3CLICdp overview, CERN, january 2016

CLIC physics

sparticles in SUSY example 
(not excluded by LHC results)

Indirect searches through precision observables 

• Allow discovery of BSM signals beyond the 
centre-of-mass energy of the collider 

• For example Z’ model and Higgs 
compositeness models can be probed up to 
scales of tens of TeV

BSM Physics at CLIC

Direct production of new particles  

• Possible up to the kinematic limit 
(√s/2 for pair production) 

• Precision measurements of new 
particle masses and couplings 

• Complements the HL-LHC program 
to measure heavy SUSY partners

Direct searches

Indirect searches
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• Leptons and missing energy 

• The slepton and gauginos masses are extracted from 

the position of the kinematic edges of energy spectra 

• Slepton mass precision Δm/m ≤ 1 % for sleptonsProspects for BSM Physics at CLIC
Sleptons and Gauginos

• Slepton signature very clean: leptons
and missing energy

e+e− → !µ+
R !µ−

R → µ+µ− !χ0
1 !χ0

1
• Endpoint of spectra → mass
• Slepton mass precision < 1% for

sleptons below 1 TeV

• Chargino and neutralino → 4 jets
and EMiss

e+e− → !χ+
1 !χ−

1 → !χ0
1 !χ0

1W +W −

e+e− → !χ0
2 !χ0

2 → !χ0
1 !χ0

1h+h−

e+e− → !χ0
2 !χ0

2 → !χ0
1 !χ0

1Zh
• Gaugino mass precision 1 − 1.5%
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Marko Petrič (CERN) Overview of the CLIC detector and its physics potential 13/21
13/21

CLIC 3 TeV

Prospects for BSM Physics at CLIC
Heavy Higgs Bosons

• Degenerate in mass → complex final state, heavy flavour jets
e+e− → HA → bbbb
e+e− → H+H− → tbbt

• Separation requires heavy-flavour tagging (benchmark for
detector optimisation)

• Precision of 0.3% on heavy Higgs masses
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Marko Petrič (CERN) Overview of the CLIC detector and its physics potential 14/21
14/21

CLIC 3 TeV  
(2 ab-1)

• Mass precision, Δm/m = 0.3 % 
• H0, A0, H+/- almost degenerate in 

mass, separation requires heavy-
flavour tagging

• Reconstruct W/Z/H in hadronic decays (4j + missing ET) 

• Precision on the measured gaugino masses (few 

hundred GeV): Δm/m = 1 - 1.5%

Slepton masses 1.0-1.1 TeV 

arXiv:1202.5940

(82 %)

(17 %)

BSM Physics at CLIC - Direct Searches

Slepton production at CLIC very clean Di-jet masses - gauginos at 3 TeV

Heavy Higgs bosons
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Precision study of e+e- → μ+μ-

• Hypothetical gauge boson arising from extensions of the 
electroweak symmetry of the SM 

• High-precision measurement of the properties of the SM Z boson 
→ model-dependence through Z’ and Z mixing  (cross-section, 
forward-backward asymmetry, left-right asymmetry) 

• Minimal anomaly-free Z’ (AFZ’) model: Discovery up to tens of TeV 
(HL-LHC reaches ~8 TeV with 3ab-1) (depending on the couplings) 

• Precision measurement of effective couplings, if LHC discovers 
Z’ (e.g. for MZ’ = 5 TeV)

C. Fleper, ECFA LC2016

1 sigma exclusion contours and 
90% exclusion sensitivity 

arXiv:1208.1148

BSM Physics at CLIC - Indirect Searches

• Vector boson scattering is sensitive to new 

physics in the Higgs sector 

• Search for additional resonances or anomalous 

couplings 

• At first glance, CLIC at 3 (1.5) TeV roughly two 

(one) orders of magnitude more precise than 

LHC at 8 TeV, for anomalous couplings

Vector boson scatteringZ’ from fermion 
pair production
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Reconstruction of Boosted Top Quarks at High-Energy CLIC

34

• Relative contribution from new physics may increase 

with centre-of-mass energy  

• At high-energy CLIC operation, an increased boost 
leads to separation between the decay product of 

the two top quarks  

• Top quark mass and the top quark couplings to Z 

and 𝛾 with high precision are among the main 

focuses of the initial stage of CLIC - plan to extend 

the top coupling study to high energy

Drawing by I. Garcia
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SM Asymmetries

35
 3

● The measured value of Afb for b-quarks has the highest tension
with Standard Model expectation

Motivation
LE
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• The measured value of Afb for b-quarks has the highest tension with 
SM expectations - An indication of new physics? 

• If so, t-asymmetry might show even larger deviation 

• Determining top quark couplings through measurement of cross-
sections and forward-backward and left-right asymmetries 

• Sub-percent precision on anomalous EW couplings yields sensitivity 
to new physics at scales well beyond the direct reach 

• Study of top quark couplings: form-factors or effective operators 

At

FB

=
N(0 < ✓

top

 ⇡/2)�N(⇡/2 < ✓
top

 ⇡)

N(0 < ✓
top

 ⇡/2) +N(⇡/2 < ✓
top

 ⇡)
Experimentally:

Measure 2 observables for 2 beam polarizations:

LCWS16, Morioka, Japan, Dec. 2015 Nacho Garcia, Martin Perello & Marcel Vos

Form-factors status

Assume production is dominated by SM and NP scale is beyond direct reach.

IFIC - LAL Collaboration

/g

Measure 2 observables for 2 beam polarizations at 
ILC500 and CLIC380 (full-simulation): 

arXiv:1505.06020

mailto:lars.rickard.stroem@cern.ch?subject=


Rickard Ström - rickard.stroem@cern.ch                                                   

This is an output file created in Illustrator CS3

Colour reproduction
The badge version must only be reproduced on a 
plain white background using the correct blue:
 Pantone: 286
 CMYK: 100  75  0  0 
 RGB: 56  97  170
 Web: #3861AA

Where colour reproduction is not faithful, or the 
background is not plain white, the logo should be 
reproduced in black or white – whichever provides 
the greatest contrast. The outline version of the 
logo may be reproduced in another colour in 
instances of single-colour print.

Clear space
A clear space must be respected around the logo: 
other graphical or text elements must be no closer 
than 25% of the logo’s width.

Placement on a document
Use of the logo at top-left or top-centre of a 
document is reserved for official use.

Minimum size
Print: 10mm
Web: 60px

 
CERN Graphic Charter: use of the outline version of the CERN logo

SM Asymmetries

36

Describe BSM effect through effective D6 operators:  

“4-fermion contact” operators 
- represent a massive, new 
mediator beyond direct reach

”2-fermion vertex” operators

from Marcel Vos’ talk ‘Top quark physics’ 
at ECFA LC2016, Santander

(multi-) TeV operation provides better 
sensitivity to “4-fermion” operators!
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Top Tagging
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• Top tagging is a powerful method to identity top quarks, in particular for boosted tops where the jet decay structure 
is complex (collimated collections of particles that look like single jets) 

• Following the method from Kaplan et al. DOI: 10.1103/PhysRevLett.101.142001 

• First attempt at using a top tagging algorithm with CLIC 

• Distinguish boosted top jets from light-quark and gluon jets using jet substructure: 

• Parsing jet cluster + Imposing kinematic constraints
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1) PFO objects are clustered into jets of size R (large jet) - any algorithm  
• Iteratively merge 4-vector pairs with closest                                         until 

2) Iteratively decluster each resulting jet (reversing each step in the jet clustering) to search for subjets 
• Split into two parts, reject softest if   ……………………………………………………………………..….. 
• Declustering continues on the harder object until: 

3)  If an original jet declusters into two subjets - step 2 is repeated on those subjets 
• Results in 1 (original jet), 2, 3, or 4 (additional soft gluon emission) subjets 

   
4)  Additional kinematic cuts (make sure the resulting subjets are consistent with top mass, and that 2 are 

consistent with W mass)

�R =
p

(�⌘)2 + (��)2 �R < R

psubjetT

pjetT

< �p

Top Tagging Algorithm

Both subjets are softer than 

Both subjets are harder than ✔ ✗

✗pjetT · �p

Both subjets are too close pjetT · �p |�⌘|+ |��| < �r

✗
1
2
3
4{
✔
✔

✗
Recover by other means?

✗ = irreducible
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Top Tagging Efficiency

background example: 
e+e- →qq

ttbar signal example: 
e+e- →dduyyu (y=d, s, b)
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y VLC jet clustering algorithm (R=1.5, β=1, 𝛄=1)
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CLICdp preliminary
CLICdp preliminary
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Analysis Strategy - 1.4 TeV

BICEP• Boosted analysis (large R-jets/fat-jets) 

• Standard top-quark identification techniques may not work: 

• b-tagging difficult since tracks are crowded and unresolvable 

• W decay products not isolated from each other or b-jet 

• Identify prongy structure that would be a signature of a top decay 

• Looking at t → W±b: 

• Fully hadronic decays W± → qq (vertex charge challenging) 

• Semi-leptonic decays W± → lν

Boosted 
√s’ > 1350 GeV

1.4 TeV
• Analysis concept studied at benchmark energy 1.4 TeV using the CLIC-ILD detector 

• Using Default Selected Pandora PFO collection 

• Resolved analysis 

• Production near threshold (events with lower effective centre-of-mass due to ISR, 

beamstrahlung, and/or luminosity spectrum) 

• Use b-tagging, search for W, or 3 jets with a combined invariant mass near mt

2 x mt

Resolved
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Analysis - Results for P(e-) = -80%

• Technical cut: Boosted (√s’>1350 GeV) 

• The following cuts are applied: 

• 1 isolated lepton (electron or muon), incl. 

cuts on track energy, impact parameter, 

calorimeter information, and cone isolation 

• Jet clustering including trimming 

• 1 top tagged jet (VLC R=1.5,       = 0.05,               

ddd= 0.05), about 35 % signal efficiency 

• Lepton charge can be used to reconstruct the 

charge of the top/anti-top 

• Do same for P(e-) = +80%

psubjetT

pjetT

< �p
|�⌘|+ |��| < �r
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CLICdp preliminary
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• Plot shows e+e-→tt→qqqqvl signal (light red) and 
backgrounds, all shown after cuts on previous slide 
have been applied 

• Not including all backgrounds yet, e.g. missing 
γe→qqqqe (forward)  

• Further, event recovery possible if top tagger fails / 
b-tagging 

• Preliminary results on forward-background 
asymmetry for the semi-leptonic ttbar decay 
channel to be expected soon!

Stacked

CLICdp preliminary

Signal [no. of events] Bkg [no. of events]

No cut 140169 2,42446×107

Boosted 32114 5,12606×106

Boosted + 1Lep 25807 1,59256×106

Boosted + 1Lep + 1 Top 8942 7093
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Analysis - Results for P(e-) = -80%
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• CLIC is a proposal for a future e+e- collider at CERN in the post-LHC era. It is the only mature option for 
an electron-positron multi-TeV accelerator with improved precision of many observables and access to 
rare Higgs decays + discovery machine for BSM physics at the energy 

• Feasibility demonstrated through extensive simulation and prototyping, accelerator and detector R&D 

• The vertex R&D is well advanced, with several custom ASICs. Power consumption, cooling scheme and 
material budget constraints all seem feasible, single hit resolution still to be reached. Tracker R&D 
ramping up with realistic mechanical concepts. First tests on different silicon technologies (HV-CMOS, 
SOI). No time to mention the developments in software, simulation, etc. 

• CLICdp has a well-established physics program that spans over several decades with a three-stage 
implementation - Current focus on top and BSM physics at high-energy CLIC stages 

• Results from the LHC provide an important input for the CLIC physics program, a strategy that can be 
adapted to potential LHC/ HL-LHC discoveries

Conclusions and Summary
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Don’t miss our latest papers! 
• Staging baseline document - ‘Updated baseline for a staged Compact Linear Collider’ (arXiv:1608.07537) 

• Higgs physics paper - ‘Higgs Physics at the CLIC Electron-Positron Linear Collider’ (arXiv:1608.07538)

Conclusions and Summary

http://clic-study.web.cern.ch

https://clicdp.web.cern.ch

Find more information:

mailto:lars.rickard.stroem@cern.ch?subject=
http://clic-study.web.cern.ch
https://clicdp.web.cern.ch


Rickard Ström 
EP-LCD Group, CERN 

rickard.stroem@cern.ch 
Uppsala University Seminar, 15 Dec. 2016

On behalf of the: CLICdp Collaboration: 

Thank you for your 
attention!
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Backup Slides

mailto:lars.rickard.stroem@cern.ch?subject=


Rickard Ström - rickard.stroem@cern.ch                                                   

This is an output file created in Illustrator CS3

Colour reproduction
The badge version must only be reproduced on a 
plain white background using the correct blue:
 Pantone: 286
 CMYK: 100  75  0  0 
 RGB: 56  97  170
 Web: #3861AA

Where colour reproduction is not faithful, or the 
background is not plain white, the logo should be 
reproduced in black or white – whichever provides 
the greatest contrast. The outline version of the 
logo may be reproduced in another colour in 
instances of single-colour print.

Clear space
A clear space must be respected around the logo: 
other graphical or text elements must be no closer 
than 25% of the logo’s width.

Placement on a document
Use of the logo at top-left or top-centre of a 
document is reserved for official use.

Minimum size
Print: 10mm
Web: 60px

 
CERN Graphic Charter: use of the outline version of the CERN logo

47

• Key stages of the CLIC acceleration 
demonstrated at CTF3 

• Two-beam acceleration module in 
CTF3 (according to latest CLIC design) 

• First two-beam tests stand reached 
145 MV/m (2012)

Drive beam
Main beam

CTF3 - Two-beam Acceleration Module

Waveguides

CLEX = CLIC EXperimental Area 
TBTS = Two-Beam Test Stand (TBTS) 
TBL = Test Beam Line (TBL)
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Why do we need two-beam acceleration?

One cell of a CLIC 12 GHz structure and 
results of ongoing X-band module tests

48
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Drive Beam Complex - Phase Coding and Bunch Folding

Electron gun 
(Thermionic) 

Initial RF system  
Bunches in 0.5 GHz + Phase Coding 
(SHB fast phase-switch) 

LINAC  
1 GHz klystrons, final energy reached

Delay Loop (x2) 
Gap creation, pulse compression  
& frequency multiplication

2nd Combiner Ring (x4) 
Pulse compression & 
frequency multiplication

1st Combiner Ring (x3) 
Pulse compression &  
frequency multiplication

Turn-around loop 
+ Final bunch compression

Drive Beam Decelerator Section - PETS 
(Resonant Power Extraction and Transfer Structures)

Total folding x24

Transverse RF Deflector

Path length 
tuning chicanes

Accelerating 
structures

0.5 GHz

0.5 GHz

1.0 GHz

1.0 GHz
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How much will CLIC cost? 
• The first stage of the accelerator is estimated to cost about 50% more 

than the cost for the LHC, ~6700 MCHF (~60 miljarder SEK). Most of 

this cost is in excavating the tunnels and caverns, and in the two-

beam modules.  

• The detector for CLIC is estimated to cost approximately the same as 

each of the LHC experiments ATLAS or CMS, ~500 MCHF (~4.5 

miljarder SEK). Most of the detector cost is in the calorimeters, the 

superconducting coil and the yoke.

How much power will CLIC use? 
• Designed to be a high luminosity, high energy linear collider, CLIC will inevitably need high power. 

• Low power consumption in stand-by or “waiting-for-beam” mode compared to superconducting technology. 

• A preliminary analysis of the overall CLIC energy consumption per year: 

• The first stage would be similar to LHC, and the second stage similar to the total CERN energy consumption. Work is on-going to 

further reduce the anticipated power consumption of CLIC.
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CLIC Cost and Power
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ILC and CLIC Accelerator Parameters

Waveguides
• Parameters of the 

proposed CLIC staging 
scenario 

• Can be adapted to 
changes in the physics 
landscape (e.g. LHC 
observations) 

• Power estimates scaled 
from CDR, with room for 
improvement
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• The beam (and bunch) structure is rather distinct  

• The spacing in between individual bunches is only 0.5 ns 

• A train of 312 bunches collides with a repetition rate of 50 Hz

The CLIC Accelerator Environment

20 ms gaps

CLIC beam structure

156 ns

0.5 ns

 (not to scale) 

2 CLIC EXPERIMENTAL CONDITIONS AND DETECTOR REQUIREMENTS

coherent process consists of the interaction of the real beamstrahlung photons with the collective elec-
tromagnetic field of the opposite beam. The coherent production of e+e� pairs will increase the total
number of colliding electrons and positrons by about 9%. The production of coherent pairs from the
virtual photons associated with the beam particles (trident pairs) is roughly an order of magnitude lower
than the production of coherent pairs [9]. The incoherent production of pairs arises from the interaction
of both real or virtual photons with individual particles of the other beam. There are three main physical
processes responsible for the production of incoherent pairs: the Breit-Wheeler (BW) process which is
the interaction between two real photons from beamstrahlung; the Bethe-Heitler (BH) process of the
interaction of a real photon and a virtual photon associated with a beam particle; and the Landau-Lifshitz
(LL) process of the interaction between two virtual photons. The GUINEAPIG calculation for the BH
and LL processes uses a Weizsäcker-Williams approach, known as the Equivalent Photon Approximation
(EPA). In the EPA, the equivalent spectrum of virtual photons is convolved with the real photon interac-
tion cross sections. The production of incoherent pairs in GUINEAPIG has been compared to other codes
in [5] and [10].

Most pairs are produced with very small angles along the beam axis. In order to avoid significant
loss of such particles in the detector, a beam exit line with a half-cone opening angle of 10 mrad is
needed, see Figure 3.3. However, depending on the motion of the produced electron and positron with
respect to the electron and positron beams they may either be focused or defocused. The effect of this
electromagnetic beam deflection gives rise to a component of the pair spectrum with sufficient transverse
momentum for it to travel beyond the beam pipe, and thus represent a potential background in the detector
volume. The effect of beam deflection on the coherent pairs is relatively small as they are typically
very high energy particles which are highly boosted along the beam direction. Consequently, whilst
the coherent pair rate is extremely high, 7 · 108 particles per bunch crossing at 3 TeV, almost all of
the coherent pairs are collinear with the outgoing beams and thus do not constitute a major detector
background.

While the number of incoherent pairs is much smaller than that of the coherent pairs (see Ta-
ble 2.1), they can be produced at larger angles and potentially provide a significant source of background
hits, for example, in the inner layers of the vertex detector. The energy and angular distributions of the
pair backgrounds are shown in Figure 2.2. Because of their larger transverse momentum, the incoherent
pairs cause more energy deposits in the detector and are a more relevant background source than the
coherent pairs, despite the much larger number of coherent pairs.
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Fig. 2.2: The distributions of the beam related backgrounds: (left) Fraction of energies for the particles of
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Most pairs are produced with very small angles along the beam axis. In order to avoid significant
loss of such particles in the detector, a beam exit line with a half-cone opening angle of 10 mrad is
needed, see Figure 3.3. However, depending on the motion of the produced electron and positron with
respect to the electron and positron beams they may either be focused or defocused. The effect of this
electromagnetic beam deflection gives rise to a component of the pair spectrum with sufficient transverse
momentum for it to travel beyond the beam pipe, and thus represent a potential background in the detector
volume. The effect of beam deflection on the coherent pairs is relatively small as they are typically
very high energy particles which are highly boosted along the beam direction. Consequently, whilst
the coherent pair rate is extremely high, 7 · 108 particles per bunch crossing at 3 TeV, almost all of
the coherent pairs are collinear with the outgoing beams and thus do not constitute a major detector
background.

While the number of incoherent pairs is much smaller than that of the coherent pairs (see Ta-
ble 2.1), they can be produced at larger angles and potentially provide a significant source of background
hits, for example, in the inner layers of the vertex detector. The energy and angular distributions of the
pair backgrounds are shown in Figure 2.2. Because of their larger transverse momentum, the incoherent
pairs cause more energy deposits in the detector and are a more relevant background source than the
coherent pairs, despite the much larger number of coherent pairs.
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Spiral Air Flow

Waveguides

! Finite element simulations carried 
out to estimate what forced-air 
cooling might look like in practice
" Velocity profile throughout the 

detector 
" Temperature profiles for a given 

power dissipation

! But once you simulate, you should 
check if it really worked…
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Waveguides

September 30th, 2016 VERTEX 2016

Tracker mechanics

28

! One of the largest challenges in the tracker is holding it all 
together without large increases in the material budget
" Space frame proposed - significant saving (~factor 10) in 

material budget compared to filled foam sandwich
" First simulation results for deformations (assuming       

92 kg outer modules, 60 kg inner modules) give static 
deformation of < 70 µm, total mass of the support 
structure 0.125% X0

" Prototype constructed for comparison with simulations

Tracker Mechanics

• One of the largest challenges in the tracker is holding it all together without a large increase in the material budget 

• Space frame proposed - signifiant savings (~factor 10) in material budget compared to filled foam sandwich 

• First simulation results for deformations (assuming 92 kg outer modules, 60 kg inner modules) give static 

deformation of < 70 μm, total mass of the support structure 0.125% X0 

• Prototype constructed for comparison with simulations

September 30th, 2016 VERTEX 2016

Tracker mechanics

29
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CLIC BSM Discovery Reach

Waveguides

• CLIC discovery reach for 
BSM phenomena 

• Studied for 2 ab-1 at 3 TeV 

• Depending on the exact 
models used, quoted 
values generally extend 
significantly beyond the 
HL-LHC reach 

mailto:lars.rickard.stroem@cern.ch?subject=


Rickard Ström - rickard.stroem@cern.ch                                                   

This is an output file created in Illustrator CS3

Colour reproduction
The badge version must only be reproduced on a 
plain white background using the correct blue:
 Pantone: 286
 CMYK: 100  75  0  0 
 RGB: 56  97  170
 Web: #3861AA

Where colour reproduction is not faithful, or the 
background is not plain white, the logo should be 
reproduced in black or white – whichever provides 
the greatest contrast. The outline version of the 
logo may be reproduced in another colour in 
instances of single-colour print.

Clear space
A clear space must be respected around the logo: 
other graphical or text elements must be no closer 
than 25% of the logo’s width.

Placement on a document
Use of the logo at top-left or top-centre of a 
document is reserved for official use.

Minimum size
Print: 10mm
Web: 60px

 
CERN Graphic Charter: use of the outline version of the CERN logo

56

CLIC Conceptual Design Report

Waveguides

CDR - 3 volumes CLIC conceptual design report

Volume 1 "A multi TeV Linear Collider 
based on CLIC Technology"

Volume 2 “Physics and Detectors at CLIC” Volume 3 "The CLIC Programme: towards a staged 
e+e- Linear Collider exploring the Terascale"  
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Background Suppression at CLIC

Trigger-less readout of full train

t0 physics event (offline)

• Full event reconstruction + PFA analysis with background overlaid 

• Provide physics objects with precise pT and cluster time information 

• Time corrected for shower development 

• Then apply cluster-based timing cuts 

• Cuts depend on particle-type, pT and detector region 

• Allows to protect high-pT physics objects 

• Use well-adapted jet clustering algorithms
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• Typical jets contains 60 % charged hadrons, 30 % photons and 10 % neutral hadrons 

• Intrinsically “poor” HCAL energy resolution typically limits jet energy resolution 

• Identify contributions which come from charged hadrons and use information from 
the whole detector (charged particles most accurately measured in the tracker, etc.) 

• Most popular algorithm ‘PandoraPFA’ developed at Cambridge, initially for use at 
linear collider 

• The particle-flow approach yields optimal jet energy resolution 

• CLIC will have very fine-grained calorimeters, allowing for the separation of 
individual particles in showers 

• CMS successfully uses particle flow, though with less refinement as the CMS 
calorimeter cells are not small enough for a complete particle separation 

• Particle flow algorithms (PFA) not a new concept → first used by ALEPH

Particle Flow Calorimetry
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Higgs Couplings

CERN COURIER, Jan 27, 2015, “CMS: final Run I results on the Higgs boson”

Linear Collider factor 5-10 better!

Higgs Couplings - LHC run 1 Legacy
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Purpose: make sure the resulting subjets are consistent with top 

mass, and that 2 are consistent with W mass  

The following kinematic cuts are applied: 
• Total invariant mass of 3-4 subjet system close to mt: 

• 145 GeV ≤ mt ≤ 205 GeV 

• Two subjects which reconstruct the W mass within: 

• 65 GeV ≤ mW ≤ 95 GeV 

• W helicity angle consistent with top decay, angle < 0.7 

General: 

• Boosted events: Effective centre-of-mass > 1350 GeV 

• |η| < 2.5 

• Top tagger parameter optimisation (R,        ,                               ) W
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Reconstruction after Top Tagging
To

p 
re
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ns

tr
uc

tio
n Reconstructed top mass position:  

• Each point represents a gaussian fit 
to the reconstructed top mass 
(independent of the number of 
events) 

• Using default (Selected) PFO 
collection gives a too high value of 
the top mass, can be overcome by 
by using tighter PFO selection or 
so-called jet trimming

Note the flipped axis!δP δR

CLICdp preliminary

VLC jet clustering algorithm (R=1.5, β=1, 𝛄=1)
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Jet Trimming

η3− 2− 1− 0 1 2 3
φ

3−
2−

1−
0

1
2

3
0

20

40

60

80

100

Transverse momentum (GeV)Transverse momentum (GeV)

ZoomFull phi-eta space 
fully-hadronic ttbar event 

Tr
an

sv
er

se
 m

om
en

tu
m

 [G
eV

]

BEFORE TRIMMING

Zoom

AFTER TRIMMING

• Trimming of the jets is an alternative/complementary way to 
reduce the impact from the beamstrahlung background 

• Pre-clustering into so-called microjets 
• Inclusive pre-clustering of PFO objects into microjets 
• Algorithm used: ee generalised kt 
• Optimisation of: 

• Microjet energy threshold Eth 
• Jet radius Rmicro
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• Pushes the reconstructed mass towards mt  

• Additional Background rejection

Tagged Mass [GeV]
0 100 200 300 400 500

Ev
en

ts
 (N

or
m

al
iz

ed
 to

 u
ni

ty
)

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16
Long. Inv. Kt R=1 + Trimming

Long. Inv. Kt R=1

=1 + Trimmingβ=1 γVLC R=1.5 

=1β=1 γVLC R=1.5 

Martín Perelló, IFIC CLICdp WG Analysis Meeting 20/09/2016 CERN

Trimming optimal parameters
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Jet algorithm for trimming:  ee generalised kt
Microjets energy threshold: E = 5 GeV

Microjets radius: R = 0.4
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Boosted tops: 
• mtt > 1 TeV

tt selection: 
• 2 b quarks
• Truth level: 168 GeV < M(bjj) < 178 GeV for the two tops.

Forward cut: 
• 30º < theta < 150º

Optimisation of 
microjet parameters

Trimming effect on 
top mass position

CLICdp preliminary
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CLICdp preliminary

Jet Trimming Results
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Optimal values: 

• Eth = 5 GeV 

• Rmicro = 0.4 
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• Mass resolution in the order of 7.5% 
• Final optimisation still pending 
• Incl. trimming (mass peak position shift to 173.7 GeV, mass resolution in the order of 5%)

Different scales
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NOTE: 2 Excl. jets per 
event, i.e. 2 entries per 

event in histograms
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