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CLICdp Collaboration

CLICdp focuses on CLIC-specific studies of
I Physics prospects and simulation studies
I Detector optimisation and hardware R&D

for CLIC
I Together with CALICE and FCal

collaborations

CLIC collaboration developing the accelerator
technology

CLIC detector and physics (CLICdp): 30
institutes from 18 countries

50 µm thick silicon wafer CLICpix2 + C3PD glue assembly LumiCal Sensor Calorimeter Test Beam Scintillator Tile
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CLIC Accelerator

The Compact Linear Collider (CLIC) is a multi-TeV electron–positron collider

I Large gradients (100MV/m) given by room
temperature copper cavities with two-beam
acceleration

I Efficient continuous acceleration of a drive
beam, “combined” into short pulses,
shown in CTF3

I The drive beam is decelerated to transfer the
energy into the main beam

I Main beam comes in 150 ns trains with 50 Hz
156 ns 20 ms

0.5 ns
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Construction and Running Scenario

I First stage around 380 GeV for top-threshold scan, top-quark and Higgs physics
I Second stage at 1.5 TeV possible with single CLIC drive beam
I 3 TeV stage with one drive beam complex for each beam
I updated staged construction and running of CLIC over 25–30 years∗

TA

BC2

delay loop
2.5 km

decelerator, 4 sectors of 878 m

446 klystrons
20 MW, 48 µs

CR2

CR1

circumferences
delay loop 73 m
CR1 293 m
CR2 439 m

BDS
1.9 km

IP
TA

BC2 BDS
1.9 km

11 km
CR     combiner ring
TA      turnaround
DR     damping ring
PDR   predamping ring
BC     bunch compressor
BDS   beam delivery system
IP       interaction point
           dump 

BC1

drive beam accelerator
2.0 GeV, 1.0 GHz

time delay line

e+ injector
2.86 GeV

e+ 
PDR 

389 m

e+ 
DR 

427 m

booster linac 
  2.86 to 9 GeV

e+ main linac

e– injector
2.86 GeV

e– 
DR 

427 m

e– main linac, 12 GHz, 72 MV/m, 3.5 km (c)FT

Main Beam

Drive Beam

Year  
0 5 10 15 20 25

]
-1

In
te

gr
at

ed
 lu

m
in

os
ity

 [a
b

0

2

4

6
Integrated luminosity

Total
1% peak

0.38 TeV 1.5 TeV 3 TeV

∗Not all analyses updated for this scenario yet
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Luminosity and Beam-Beam Effects

I Large luminosities require high bunch
charge N and small beams σx/y/z (given
the other constraints from the accelerator)

L ∝ N2

σx σy

I Leads to large electromagnetic fields
during bunch crossing B ∝ γN

σz (σx +σy )

I Use flat beams σy � σx

Par. Unit 380 GeV 3 TeV

N 5.2 ·109 3.72 ·109

σx nm ≈ 149 ≈ 45
σy nm ≈ 2.9 ≈ 1
σz µm 70 44
L 1/cm2s1 1.5 ·1034 5.9 ·1034

L0.01 1/cm2s1 0.9 ·1034 2.0 ·1034

I The bunch particles are strongly deflected
by the fields and radiate Beamstrahlung
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Beam-induced Backgrounds

I Beamstrahlung photons
collide with beam particles or other photons

I Incoherent e+e− pairs
I qq pairs in γγ→ Hadron events

I Backgrounds strongly depend on
centre-of-mass energy

I Incoherent pairs have largest
concentration at small angles, and small
transverse momentum

I Detector acceptance starts at 10 mrad
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Detector for CLIC

Layout
Performance
Background Mitigation
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Detector for CLIC

General purpose detector for Particle Particle Flow reconstruction

I Steel–Scintillator HCal
with 3 cm cell-size

I Silicon–Tungsten ECal
with 5 mm cell-size

I Silicon Tracker
I Vertex Detector with

25 µm pixels

6 m

I Superconducting
Solenoid of 4 T

I Iron Yoke with RPCs for
Muon ID

I End-coils
I Forward calorimeters

for EM coverage down
to 10 mrad
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Detector Performance

From full simulation and reconstruction studies
with γγ→ hadron backgrounds

I Momentum resolution of 2×10−5/GeV
for central high momentum tracks

I High tracking efficiency
I Jet energy resolution better than 5% for

jets above 200 GeV
I Separation of W and Z Jets
I Good c and b-tagging performance
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I High tracking efficiency
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I Separation of W and Z Jets
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CLICdp Collaboration Meeting, August 29 2018, Emilia Leogrande, emilia.leogrande@cern.ch !16

Where are we now? Current status
Efficiencies are not disrupted - in some cases more “realistic”
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CLICdp-Note-2014-002
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Background Mitigation

I Read out full bunch train and identify time of physics
event

I Select hits around the event using the time
resolution of the sub-detectors

I Calculate average cluster time and
correct for time-of-flight

I Accept reconstructed particles depending on particle
type, cluster time, and transverse momentum

I Selection cuts reduce background from 1.2 TeV to
100 GeV.

I Further background reduction through jet-clustering
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I Read out full bunch train and identify time of physics
event

I Select hits around the event using the time
resolution of the sub-detectors

I Calculate average cluster time and
correct for time-of-flight

I Accept reconstructed particles depending on particle
type, cluster time, and transverse momentum

I Selection cuts reduce background from 1.2 TeV
to 100 GeV.

I Further background reduction through jet-clustering e−e+→ HH with γγ→ hadron
background overlaid before and after

timing selection cuts.
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Physics at CLIC

Higgs
Top Quark
Beyond Standard Model
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Higgs Processes

I Higgsstrahlung dominates at smaller centre-of-mass
energy: ∝ 1/s

I chose working point at
√

s = 380 GeV
I Trade-off between cross-section, luminosity, and jet

topology, more-boosted jets simplify separation
I Can also do top physics at this energy

I WW-fusion dominates at larger energies: ∝ log(s)

I Rarer decays more available at higher energy
I Triple Higgs coupling in HHνeνe benefits from

highest energy
I All studies summarised in a comprehensive paper [1]

 [GeV]s
0 1000 2000 3000

 H
X

) 
[fb

]
→ - e+

(eσ

2−10

1−10

1

10

210

eνeνH

-e+He

ZH

ZHH

Htt

eνeνHH

Z

e−

e+

H

Z

W

W

e−

e+

νe

H

νe

W

W

H

e−

e+

νe

H

H

νe

A. Sailer CLIC Project and Physics Potential - Corfu Summer Inst., Sept. 2, 2018 14 / 29

mailto:andre.philippe.sailer@cern.ch?subject=CLIC Project and Physics Potential
https://clic.cern
https://home.cern


Selected Analysis

I H→ bb requires good flavour
tagging and jet energy
resolution.

I Higgs to charm, bottom and
gluon coupling measurement
H→ bb, H→ cc, H→ gg

I H→ µ+µ− visible thanks to
excellent momentum resolution
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Selected Analysis

I H→ bb requires good flavour
tagging and jet energy resolution.

I Higgs to charm, bottom and
gluon coupling measurement
H→ bb, H→ cc, H→ gg

I H→ µ+µ− visible thanks to
excellent momentum
resolution
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Double Higgs Production

I Studies of double Higgs production require
highest energy and large luminosities

I Small cross-section and high background
rates, complex final states

I With updated running scenario, combining
1.5 TeV and 3 TeV
∆gHHH/gHHH ≈ 10% reachable

W
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νe

H

H
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All Higgs Results

Statistical precision

Chan. Measurement Observable 350GeV

500fb−1

ZH Recoil mass distribution mH 110MeV

ZH σ(ZH)×BR(H → invisible) Γinv 0.6%

ZH σ(ZH)×BR(Z → l+ l−) g2
HZZ 3.8%

ZH σ(ZH)×BR(Z → qq ) g2
HZZ 1.8%

ZH σ(ZH)×BR(H → bb ) g2
HZZ g2

Hbb /ΓH 0.86%

ZH σ(ZH)×BR(H → cc ) g2
HZZ g2

Hcc /ΓH 14%

ZH σ(ZH)×BR(H → gg) 6.1%

ZH σ(ZH)×BR(H → τ+τ−) g2
HZZ g2

Hττ /ΓH 6.2%

ZH σ(ZH)×BR(H →WW∗) g2
HZZ g2

HWW /ΓH 5.1%

Hνe νe σ(Hνe νe )×BR(H → bb ) g2
HWW g2

Hbb /ΓH 1.9%

Hνe νe σ(Hνe νe )×BR(H → cc ) g2
HWW g2

Hcc /ΓH 26%

Hνe νe σ(Hνe νe )×BR(H → gg) 10%

Statistical precision

Chan. Measurement Observable 1.4TeV 3TeV

1.5ab−1 2.0ab−1

Hνe νe H → bb mass distribution mH 47MeV 44MeV

Hνe νe σ(Hνe νe )×BR(H → bb ) g2
HWW g2

Hbb /ΓH 0.4% 0.3%

Hνe νe σ(Hνe νe )×BR(H → cc ) g2
HWW g2

Hcc /ΓH 6.1% 6.9%

Hνe νe σ(Hνe νe )×BR(H → gg) 5.0% 4.3%

Hνe νe σ(Hνe νe )×BR(H → τ+τ−) g2
HWW g2

Hττ /ΓH 4.2% 4.4%

Hνe νe σ(Hνe νe )×BR(H → µ+µ−) g2
HWW g2

Hµµ /ΓH 38% 25%

Hνe νe σ(Hνe νe )×BR(H → γγ) 15% 10%
∗

Hνe νe σ(Hνe νe )×BR(H → Zγ) 42% 30%
∗

Hνe νe σ(Hνe νe )×BR(H →WW∗) g4
HWW /ΓH 1.0% 0.7%

∗

Hνe νe σ(Hνe νe )×BR(H → ZZ∗) g2
HWW g2

HZZ /ΓH 5.6% 3.9%
∗

He+e− σ(He+e−)×BR(H → bb ) g2
HZZ g2

Hbb /ΓH 1.8% 2.3%
∗

t t H σ(t t H)×BR(H → bb ) g2
Htt g2

Hbb /ΓH 8% −
HHνe νe σ(HHνe νe ) λ 54% 29%

HHνe νe with −80% e− polarisation λ 40% 22%
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Model Independent Extraction of Higgs Couplings

I Global χ2 fit of the measured cross-section
and cross-section times branching ratios
with SM expectations to extract the Higgs
couplings gHxx and total width ΓH

χ2
i =

(Ci/CSM
i −1)
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Model Dependent Extraction of Higgs Couplings

I Global χ2 fit of the measured cross-section
and cross-section times branching ratios
(BR) with SM expectations to extract the
Higgs couplings gHxx

I Assumption that the total width is sum
partial widths

ΓH,md

ΓSM
H

= ∑
i

κ2
i BRi with κ2

i = Γi/ΓSM
i

I Higher precision than HL-LHC
expectations [2]
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Model Dependent Extraction of Higgs Couplings

I Global χ2 fit of the measured cross-section
and cross-section times branching ratios
(BR) with SM expectations to extract the
Higgs couplings gHxx

I Assumption that the total width is sum
partial widths

ΓH,md

ΓSM
H

= ∑
i

κ2
i BRi with κ2

i = Γi/ΓSM
i

I Higher precision than HL-LHC
expectations [2]
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Top Quark Studies

I 350 GeV and 380 GeV
I Threshold scan around 350 GeV
I Top-quark mass from radiative events
I Flavour-changing neutral current top-quark decays
I Direct reconstruction of the top quark

I 1.4 TeV and 3 TeV
I Vector boson fusion production of top pairs
I Top Yukawa coupling

I Kinematic studies of top-pair production at all stages
I Summarised in comprehensive paper [3]
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Top Threshold Scan

I 10 points with 10 fb−1 from 340 GeV
to 349 GeV

I Expected uncertainty on the top-mass
σmt
≈ 50 MeV

I Multi parameter extractions benefit
from improved luminosity spectrum
from low bunch charge
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Flavour Changing Neutral Current

I Flavour Changing neutral current events could be
observed in rare top-quark decays

I top decaying to charm, where the charm tagging
capability at CLIC can be exploited

I Results: 95% C.L. limits (500 fb−1 @ 380 GeV)
I BR(t→ cγ ) < 4.7 ·10−5

HL-LHC[4]: BR(t→ cγ ) < 7.4 ·10−5

I BR(t→ cH)×BR(H→ bb) < 1.2 ·10−4

HL-LHC[5]: BR(t→ cH) < 2 ·10−4

I t→ cE/: depends on invisible mass, BDTs trained for
different masses

t→ cγ
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BSM Examples

Direct searches can find particles up to 1.5 TeV
I Smuon and Neutralino masses from fit

to di-muon + missing energy search

Indirect
I Deviation from Standard Model

observables (muon pair production and
asymmetries) can point to BSM scales of
several tens of TeV

Comprehensive report on BSM – direct
searches, precision measurements/EFT
interpretations, flavour physics – under works
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Summary
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Summary

I CLIC is an excellent option for a future electron–positron collider
I Rich precision physics program for Higgs and top physics beyond HL-LHC precision
I Discovery potential for New Physics
I Ongoing hardware R&D, physics and detector optimisation studies

=⇒ clic.cern⇐=
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I Academic training lectures: https://indico.cern.ch/event/668147/
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Jet Clustering

I γγ→ hadron background and longitudinal
boost due to Beamstrahlung make LEP jet
algorithms unsuited for CLIC

I Use hadron collider jet algorithm features
I Cluster forward particles into beam jets
I Benefit from longitudinal invariance.

Particle distance measure using
∆R2 = ∆η2 + ∆φ2

I Specialised VLC jet algorithm [6]
I Reconstruction parameters can and have

to be tuned to specific analyses, see the
presentation on the physics studies

 144 Page 6 of 16 Eur. Phys. J. C   (2018) 78:144 

Fig. 3 The area or footprint of
jets reconstructed with R = 0.5
with the three major families of
sequential recombination
algorithms. The two shaded
areas in each column correspond
to a jet in the central detector
(θ = π/2) and to a forward jet
(θ = 7π/8). The jet axis is
indicated with a cross
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Fig. 4 Diagram of the parameter space spanned by exponents β and
γ of the VLC algorithm. On the y-axis generalisations with beam jets
of the LEP/SLD algorithms are found, with the Cambridge algorithm
with angular ordering at the origin and the Durham or kt algorithm at
β = 1. Choosing β = -1 yields reverses the clustering order (like in
anti-kt algorithm [38]). Choosing non-zero and positive values for γ

yields robust algorithms with a shrinking jet area in the forward region

slower decrease of the area when the polar angle goes to 0 or
π .

For γ = 0, diB = E2β
i and we retrieve the generalised

e+e− algorithms with constant angular opening: the gener-
alised Cambridge algorithm [17] for β = 0 and generalised kt

or Durham [18] for β = 1. Choosing β = -1 yields an e+e−
variant of the anti-kt algorithm [38]. A schematic overview
of the algorithms in (β, γ ) space is given in Fig. 4.

4 Jet energy corrections

Before we turn to a detailed simulation including overlaid
backgrounds and a model for the detector response, we study
the perturbative and non-perturbative jet energy corrections
of the algorithms. Both types of corrections are closely con-
nected to the jet area [39]. In this section we quantify their
impact, following the analysis of Ref. [39]. This first explo-
ration of the stability of the algorithms should be extended in
future work to quantify the impact of next-to-leading cor-
rection, as performed for instance in Ref. [40]. Also the
robustness of the conclusions for a variety of different sets
of parameters (tunes) of the Monte Carlo simulation merits
further study.

4.1 Monte Carlo setup

The Monte Carlo simulation chain uses the MadGraph5_
aMC@NLO package [23] to generate the matrix elements
of the hard scattering 2 → 2 event. Several processes are
studied, but results in this Section focus on e+e− → qq̄
at

√
s = 250 GeV and e+e− → t t̄ with fully hadronic top

decays at
√
s = 3 TeV. The four-vectors of the outgoing

quarks are fed into Pythia 8.180 [24], with the default tune
to LEP data, that performs the simulation of top-quark and
W boson decays, the parton shower and hadronisation. No
detector simulation is performed and initial-state radiation
and beam energy spread are not included in the simulation.
Particles or partons from the Pythia event record are clustered
using FastJet 3.0.6 [33] exclusive clustering with N = 2.
The default (“E-scheme”) recombination algorithm is used
to merge (pseudo-) jets.

123

Jet areas obtained from different types of jet
clustering algorithm
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