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Resources"

CLIC physics & detector Conceptual Design Report"
•  Carried out within a broad international effort"
"
Have compared with ATLAS & CMS – at nominal 14 TeV."
Info from:"
•  Froidevaux and Sphicas, Rev. Nucl. Part. Sci. 2006: �

General purpose detectors for the large hadron collider"
•  2008 JINST 3 S08003:�

The ATLAS Experiment at the CERN Large Hadron Collider"
•  2008 JINST 3 S08004: �

The CMS experiment at the CERN LHC"
•  TDRs"

Thanks to:"
•  Angela, Benoit, Christian,  …  & Pippa Wells!"
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Outline"

•  CLIC – Compact Linear e+e- Collider physics goals"
"

•  CLIC accelerator"
–  Experimental conditions"

•  Detector designs and �
examples of R&D efforts "

•  Reconstruction strategy �
with Particle Flow Analysis"
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CLIC e+e- physics"

Precision measurements of 
SM and new particles:"
• Higgs, NP, …"
• Discrimination between�

competing models"
"
As a lepton collider, 
discover new physics in 
Electro-Weak states at �
TeV scale not accessible �
by LHC.�
"

CERN Detector Seminar 12 oct '12"Erik van der Kraaij, CERN LCD" 4"

e+e- collisions up to √s = 3 TeV"
•  Built in stages, lower energies can be studied first."
 

hZ"

Z → μ+μ-"

susy Sparticles"              
       

ttbar" hνν"



CLIC acceleration"
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Main beam for physics"
•   high energy (9 GeV – 1.5 TeV)"
•   current 1.2 A"

Two Beam Scheme:!
Drive Beam supplies RF power"
•   low energy (2.4 GeV - 240 MeV)"
•   high current (100A)"

Accelerating gradient: "
100 MV/m"



7 STRATEGY AND OBJECTIVES FOR THE CLIC PROGRAMME
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Fig. 7.2: CLIC footprints near CERN, showing various implementation stages [5].
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Possible staged construction"
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•  Lower energy machine can operate during construction of next stage."
•  Choice for energy stages has to be motived by physics input (LHC). "
"

IP, caverns and surface"
 installations at CERN Prevessin"



Beam structure"
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CLIC"

156 ns" 20 ms (50 Hz)"

Low duty cycle at CLIC:"
•  312 BXs per train; all BXs read out in-between bunch trains. No trigger."
•  All subdetectors will implement power pulsing schemes at 50 Hz, to reduce 

needed cooling systems"

CLIC 3 TeV! LHC 14 TeV (nominal)!

Bunch crossing separation [ns]! 0.5" 25"

Crossing angle! 20 mrad" 200 μrad"
Instantaneous luminosity 
[cm-2s-1]! 6×1034" 1×1034"



Beam-induced backgrounds at 3 TeV"
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Main backgrounds in detector:"
•  incoherent e+e- pairs: 19k particles / train"
•  γγ¦hadrons: " "   17k particles / train�
"

Need to: "
Ø  Include overlapping beam-induced 

background in simulation"
Ø  Reject pile-up in offline reconstruction."

"
"
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Luminosity "
"
   "
30% in “1% highest energy”"
"
Ø  √s is not known per event"
Ø  Much like the Initial State Radiation, need 

to fold in luminosity spectrum in 
reconstruction"

"



Pile up at interaction point"

Pile up of:"
•  LHC: 23 minimum bias over triggered event, each 25 ns."

–  Interaction Points smeared over 5 cm."
•  CLIC with 312 BXs / train: "

–  Overlapping beam-induced background, all at one interaction point."

•  At CLIC the IP-spot can be used as constraint in track-reconstruction, �
at LHC it cannot."
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CLIC 3 TeV! LHC 14 TeV (ATLAS)!

IP size in x / y / z direction!
45 nm / 1 nm /"

 40 μm"
15 μm / 15 μm / "

~5 cm  "

ATLAS "
"



Readout challenge"

CLIC frequency of interesting events < ~ 1/train."
•  In high occupancy regions, need multi-hit storage/readout �

With accurate time stamping"
•  Electronics do not need trigger"
•  Offline background suppression "

"
"
LHC:"
•  Major challenge in the (multiple levels of) trigger"
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CLIC 3 TeV! LHC 14 TeV (ATLAS)!

Trigger !
[#selected events : #total events]!

1 : 1" 200 : 109"

Total data rate after trigger �
 [GBytes/sec]! 200" 0.3"



CLIC Detector Requirements"

•  High-resolution pixel detector for flavor tagging �
p = 1 GeV: " "  σd0~20 μm " "(CMS: 90 μm) �
p = 100 GeV: " " σd0~5 μm " "(CMS: ~10μm)  �
"

•  momentum resolution for high energy lepton final states �
�
p = 100 GeV: " "σ(pT)/pT = 0.2% "(CMS: 1.5%) �
"

•  Need very good jet-energy resolution �
to distinguish W / Z dijet decays"�
(to be reached with PFA)�
"
" "E " = "102 "   –  103 GeV:�
"σ(Ej)/Ej  ~ "5.0%  –  3.5% �
"ATLAS " ~ "8.0%  –  4.0%�

"

•  �
"
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Particle Flow Principle"

EJET = EECAL + EHCAL"

n
π+"

γ

EJET = ETRACK + Eγ + En "

Reconstruct each particle inside a jet  by:"
•  Measuring  charged particle energies (60% of jet) in tracker."
•  Measuring  photon energies (30%) in ECAL�

" " " " " " " " "σE/E < 20%/√E(GeV)"
•  Measuring only neutral hadron energies (10%) in HCAL�

" " " " " " " " "σE/E > 50%/√E(GeV)"
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Particle Flow Principle"

EJET = ETRACK + Eγ + En "

CERN Detector Seminar 12 oct '12"Erik van der Kraaij, CERN LCD" 13"

energy is carried by charged particles (mainly hadrons),43

whilst 27 % is carried by photons, 10 % by long-lived44

neutral hadrons and 1.5 % by neutrinos. In a tradi-45

tional approach to calorimetry, the jet energy would46

be obtained from the energies deposited in the electro-47

magnetic and hadronic calorimeters (ECAL and HCAL48

respectively). This means that 72 % of the energy49

of a typical jet would be measured with a precision50

limited by the relatively poor HCAL resolution of51

& 55%/
p

E/GeV.52

The particle flow approach to calorimetry aims to im-53

prove jet energy measurements by reconstructing the54

four-vectors of all visible particles in an event. The re-55

constructed jet energy is then the sum of the energies56

of the individual particles in the jet. At LEP, ALEPH57

used particle flow techniques [8] to improve the energy58

resolution for hadronic events. However, due to the rel-59

atively low granularity of the calorimeters, energy de-60

positions from neutral hadrons still had to be identified61

as significant excesses of calorimetric energy compared62

to the associated charged particle tracks. Particle flow63

techniques are also being used by CMS [9] at the LHC.64

The linear collider detector concepts extend the par-65

ticle flow approach by using fine-granularity calorime-66

ters and sophisticated software algorithms to accurately67

trace the individual paths of particles through the de-68

tector. The energy and momentum for each particle69

can then be determined from the detector subsystem in70

which the measurements are the most accurate. Charged71

particle momenta are measured in the inner detector72

tracker, whilst photon energy measurements are ex-73

tracted from the energy deposited in the ECAL, with74

typical resolution < 20%/
p

E/GeV. The HCAL is75

used to measure only the 10 % of jet energy carried76

by long-lived neutral hadrons. Particle flow calorimetry77

can therefore offer a significant improvement to jet en-78

ergy measurements, compared to traditional calorime-79

try. For jet energies above about 100 GeV, the jet energy80

resolution is limited by the mistakes in the assignment81

of the energies to the different reconstructed particles,82

termed confusion, rather than the intrinsic resolution of83

the calorimeters.84

3. Particle Flow Implementation85

Figure 1 shows the typical topology of a simulated86

250 GeV jet in the CLIC ILD detector concept, with la-87

bels identifying a number of the constituent particles.88

The Figure shows inner detector tracks, representing89

the paths of charged particles in the Time Projection90

Chamber (TPC). These tracks can be extrapolated by91

eye and associated with clusters of calorimeter energy92






















Figure 1: A typical simulated 250 GeV jet in
CLIC ILD, with labels identifying constituent particles.

deposits in the fine granularity ECAL and HCAL. Pho-93

tons produce energy deposits with characteristic longi-94

tudinal and transverse profiles in the ECAL and can be95

cleanly resolved by eye, due to their small transverse96

spread. HCAL clusters that cannot be associated with97

TPC tracks represent neutral hadrons. The challenge is98

to develop software algorithms to automate the recon-99

struction of the individual particles from the tracks and100

energy deposits in the calorimeters.101

Particle flow calorimetry demands high performance102

software. The final jet energy resolution is strongly103

dependent on both the detector granularity and the104

quality of the particle flow reconstruction algorithms.105

These algorithms must be able to exploit the granu-106

larity to merge together energy deposits from individ-107

ual particles, with minimal confusion. A logical ap-108

proach is to implement a series of decoupled pattern-109

recognition algorithms, each designed to carefully re-110

construct a specific particle topology. The implemen-111

tation of a large number of efficient pattern-recognition112

algorithms drives the need for a central software frame-113

work, which can take care of memory-management114

and book-keeping issues. Such a framework helps to115

keep each algorithm simple and focused on its specific116

pattern-recognition task.117

The PandoraPFA C++ Software Development Kit118

(SDK) [10] for particle flow calorimetry is a robust and119

efficient framework for developing and running algo-120

rithms for particle flow reconstruction. It consists of121

a single framework library and a number of carefully122

2

250 GeV jet"

•  Need calorimeters with very high 
granularity and pattern recognition�
à Imaging calorimeters"



Outline"

"
•  CLIC – Compact Linear e+e- Collider physics goals"

–  Precision measurements of new particles"
–  Discovery of new physics at TeV scale"

•  CLIC accelerator "
–  Experimental conditions"

•  Detector designs and �
examples of R&D efforts "

•  Reconstruction strategy �
with Particle Flow Analysis"
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Two general purpose CLIC detector concepts"

•  Difference in tracking systems"
•  Both have Tungsten in the barrel HCAL, to have a highest possible 

density and keep the coil radius limited."

   ¼ views:" CLIC_ILD"

Fe YokeFe Yoke

CLIC_SiD"

2.
7 

m
"

3.
4 

m
"

Fe Yoke



Very Forward Region"
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QD0"Kicker"

BPM"
Spent beam"

Beamcal"

Lumical"

ECAL"

4.7 m"

•  Including instrumentation and final focusing quadrupole."

IP"



Overall sizes"
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Ø  For CLIC the design resembles CMS"
Ø Calorimeters to be placed inside the solenoid for �

accurate PFA analysis"
Ø  CLIC detectors are much shorter than CMS"
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CLIC_ILD! CLIC_SiD! CMS! ATLAS !

Full detector height & 
length [m]!

H: 14 
L: 14 

H: 14 
L: 14 

H: 15 
L: 20 

H: 22 
L: 46 

Magnetic field [T]! 4 " 5" 3.8"
2.0  (solenoid)"

0.5 – 1.0  (toroid)"

Solenoid inner radius  �
+ thickness  [m]! 3.4 + 0.7 2.7 + 0.8 3.0 + 0.6 1.2 + 0.2 



Overall sizes"
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CLIC_ILD! CLIC_SiD! CMS! ATLAS !

Full detector height & 
length [m]!

H: 14 
L: 14 

H: 14 
L: 14 

H: 15 
L: 20 

H: 22 
L: 46 

Magnetic field [T]! 4 " 5" 3.8"
2.0  (solenoid)"

0.5 – 1.0  (toroid)"

Solenoid inner radius  �
+ thickness  [m]! 3.4 + 0.7 2.7 + 0.8 3.0 + 0.6 1.2 + 0.2 

Yoke inner radius �
+ thickness [m]! 4.5 + 2.7" 3.8 + 2.9" 4 + 3" HCAL: 2.3 + 1.6"

Yoke mass – !
Detector mass [103 tons]!

10 – 12" 11 – 12.5" 10 – 12.5" 4 –  7"

Ø  For CLIC the design resembles CMS"
Ø Calorimeters to be placed inside the solenoid for �

accurate PFA analysis"
Ø  CLIC detectors are much shorter than CMS"



Vertex detector"

CERN Detector Seminar 12 oct '12"

R&D  aims at "
•  Low material budget: X ⪅ 0.2% X0 / layer"

–  Corresponds to ~200 μm Si, including supports, cables, cooling"
•  Low-power ASICs (~50 mW/cm2) + air-flow cooling"

•  Maintaining high granularity and precise time stamping (~10 ns)"
""
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CLIC! ATLAS ! CMS!
     σrφ  [μm] !
                      ‘b’!
                      ‘a’!
!
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CLIC_SiD vertex detector"

CERN Detector Seminar 12 oct '12"Erik van der Kraaij, CERN LCD" 20"

CLIC_SiD! CMS!

Material X/X0 (90o) ~1.1% (5 layer) ~10% (3 layer) 

Power/pixel <~0.2 μW 28 μW 

Pixel size 20 x 20 μm2 100 x 150 μm2 

# pixels 2.76 G  66 M 

Time stamping 5-10 ns <~25 ns 

0
2738
51

64
77

169
185

0 100 120 160 200 240 280 500 830 869 894

CLIC_SiD"

 1
70

 m
m
"

 830 mm"

Beampipe"
"

4 mm Fe"
.5 mm Be"

•  Low power is achieved by power pulsing (Pavg ~ 1/50 x Pcont.) "
•  To date: no technology option available fulfilling all requirements"



Beam induced background constraints"

CLIC! ATLAS!

Occupancy in 1st vertex det. barrel layer 
[#particles / mm2 ]!   1.9 / train" 0.05 / BX"

Maximum pixel occupancy ! 2% / train" ~0.1% / BX"

NIEL in innermost layer   [neq cm-2 y-1]!  < 1011 ! 1014 – 1015"

Total ionizing dose [Gy/yr]! 200" > ~105"

Ø  For LHC a major issue is radiation hardness; minor concern at CLIC.  "
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analog pixel:"

14 μm"

CLICPix 65 nm demonstrator chip"

•  Demonstrator chip designed with�
fully functional 64 by 64 pixel matrix"

•  Submission November 2012�
in Multi-Project Wafer run"

•  65 nm CMOS"
•  Small pixel pitch (25 μm) "

•  Simultaneous 4-bit TOA and TOT per pixel"
–  Front-end time slicing < 10 ns "

•  Selectable zero suppression:"
–  pixel-, cluster- or column-based."

•  Panalog~2 W/cm2 (peak)"
–  power pulsing  à Pavg< 50 mW/cm2" Leakage compensation�

"
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CLICPix power pulsing scheme"

•  Estimation of CLICPix power consumption based on 
measurements with 65 nm test-chip & from current TimePix"

•  Power pulsing with On/Idle/Off states"
–  Very small duty cycle for analog power�
"
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Bunch 

ON# OFF# ON#Sleep#Analog C[0:N] 
ON# Idle# ON#Sleep#Digital C[0] ReadOut#
ON# Idle# ON#Sleep#Digital C[1] ReadOut#Idle#

ON# ON#Sleep#Digital C[N] ReadOut#Idle#

20ms 

Pixel&Analog& ON#
Pixel&Digital& ON#
Periphery&Analog& ON#
Periphery&Digital& ON#
IO&LVDS&Pads& OFF#

Bunch&Train&(3.0&W/cm2)&

Pixel&Analog& OFF#
Pixel&Digital& ON#
Periphery&Analog& OFF#
Periphery&Digital& ON#
IO&LVDS&Pads& ON#

Chip&Readout&&(360&mW/cm2)&

Pixel&Analog& OFF#
Pixel&Digital& Idle#
Periphery&Analog& OFF#
Periphery&Digital& ON#
IO&LVDS&Pads& OFF#

Idle&(7.8&mW/cm2)&

Readout Time 

Not to scale! 



Low-mass air flow cooling   (P ~ 500W in VTX)"
ANSYS finite element simulation"
•  Spiral disk geometry for air 

flow into barrel"

F. Duarte Ramos"
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Low-mass air flow cooling   (P ~ 500W in VTX)"

Mass Flow: 20.1 g/s"
Average velocity:"
@ inlet: 11.0 m/s"
@ z=0: 5.2 m/s"
@ outlet: 6.3 m/s"

• Temperature < 30oC"
• Except barrel layer 2 (40oC)"
• Conduction not �

taken into account"

ANSYS finite element simulation"
•  Spiral disk geometry for air 

flow into barrel"
•  Sufficient heat removal"
•  Temperature gradient between �

two endcaps of ~15oC"

F. Duarte Ramos"
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Trackers"
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CLIC_ILD: "
TPC + silicon tracker in 4 T field"

•  Drift time 
of 30 μs."

•  MPGD 
readout"

1.3 m"

CLIC_SiD:"
all-silicon tracker in 5 T field"

chip on 
sensor"
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Each layer:"
Total < 0.8% X0"



Track momentum resolutions"
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CLIC_ILD! ATLAS ! CMS!

Inner Detector �
 (at 90°)  ! 0.2%  " 3.8%" 1.5%"

Incl. muon sys. !
 (at 90°) !

2%  " 10.4%" 4.5%"

Incl. muon sys. !
 (~ θ = 15°)      

10%  " 4.4%" 7.0%"

"
•  CMS tracker, with high point resolution,�

is very accurate in strong magnetic field"
•  Large ATLAS air-core muon spectrometer 

results in better momentum reconstruction 
in the forward region."

•  CLIC muon system is not used for 
momentum measurement. "
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EM calorimetry"
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MC

CLIC CDR Review Felix Sefkow     Manchester, October 19, 2011

Tungsten engineering

• market survey; use non-mag alloy 
with Ni, Cu, not as brittle as pure 
W

• engineering study (FEM)for HCAL 
absorber with steel support
– minimal dead mazterial
– no structural show stopper
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6 CALORIMETRY

Propositions
A. Box Design

18/09/2009 LCD - HCal Mechanics 16

Plates bolted together using 

washers to provide gap for 

detecting layer

• 18 symmetrical sectors

• 3 “boxes” per sector

Width: 1007 mm

Height:

445 mm

Lattice

Sector

Box

Fig. 6.20: Tungsten HCAL "box design", showing a sector made from 3 trapezoidal boxes of stainless
steel. The sector is shown with installed tungsten plates [26].

diameter of 2.8 m and a length of 3.5 m, is formed by 18 wedge shaped sectors. The support structure
for the absorber and detector planes is made from stainless. This way, the required absorber plates have
maximum size of 1 m ⇥ 3.5 m, which can be manufactured with modern production techniques.

Two alternative construction principles for the steel structure have been compared in preliminary
analyses and gave similar results. Figure 6.20 shows a "box design", in which the sectors are made by
three trapezoidal boxes. The tungsten absorber and detector layers are installed inside the boxes. The
tungsten absorber plates participate in the structural behaviour of the sector, since the plates are bolted
to the steel support. The total weight of the model detector is some 670 tons, of which the major part
(610 tons) is due to the weight of the tungsten absorber plates. The model includes a 75-ton ECAL
suspended from the HCAL. Finite element analysis indicates that both designs, under this load, show
only relatively small deformations in the range of 1-2 mm. For the calculations the support of the detector
barrel has been assumed at the 3 and 9 o’clock positions. The stress levels in the steel lattice remain also
below the material limits, respecting the standard safety factors. Therefore the design and construction
of a fine-segmented HCAL with a tungsten absorber can be considered conceivable from the mechanical
point of view.

6.4 Calorimeter Performance under CLIC Conditions
Detailed GEANT4 based simulation studies have been undertaken in order to demonstrate that the con-
ceived calorimeter systems can meet the physics performance requirements at CLIC. This was done
by building upon the tools developed in the ILC context. However, dedicated efforts were necessary in
order to realistically take the conditions at CLIC into account. First, the extension of the particle flow
reconstruction approach to multi-TeV energies was driving the development of the PANDORAPFA algo-
rithm towards optimising its particle separation power in dense and energetic jets. Second, to quantify
the effects of background pile-up, a software framework was developed to overlay events [27], taking
detector sampling times into account, and investigate the effects on the signal quality. Details on the
detector performances are given in Chapter 12.

6.4.1 ECAL Performance for High Energy Electrons
Simulation studies to evaluate the performance requirements and the performance of the existing ECAL
designs for electrons in the CLIC energy range are still ongoing. Results for decay products of heavy
bosons are expected to be similar to those obtained in the ILC context. The most stringent requirements

128
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Technological Prototype – Design  

FEV5

 Gaps (slab integration) : 500 µm 

 Heat Shield: 500 µm  

 PCB : ~1200 µm

 Thickness of Glue : 100 µm

 Thickness of SiWafer : 325 µm 

 Kapton® film HV : 100 µm  

 Thickness of W : 2100/4200 µm  (± 80 µm) 

                      

HCAL barrel sectorEUDET ECAL W structure

MC
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Technology: ECAL

• Key issues: 
• micro-electronics 

integration
• ultra-low power
• ILD: chip-on 

board

• SiD approach:

20

6 CALORIMETRY

Tungsten

Tungsten

Silicon Detector

KPiX

Gap ≤ 1 mm

Metallization on detector 
from KPiX to cable Bump Bonds

Thermal conductive adhesive

Kapton 
data cable

Kapton

Fig. 6.5: Sandwich layout of the SiD ECAL.
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Fig. 6.6: Energy distribution of particles in ECAL for different jet energies.

6.2.1 ECAL Readout Technologies
The two detector concepts, for both ILC and CLIC, utilise tungsten for the ECAL absorber. CLIC_SiD
has one and CLIC_ILD has two options for the sensors. One is common for ILD and SiD: the silicon pad
sensor, with 5⇥5 mm2 segmentation for ILD, or hexagonal pads for SiD with an area of 13 mm2. The
second choice of sensitive material for ILD is scintillator strips coupled to photon sensors for detecting
the scintillation light. In addition, though in an early stage of development, a silicon pixel sensor based
technology, INMAPS [12], is also being considered for ECAL. The readout concept for all options is
to embed the electronics in the sensitive layers, as shown in Figure 6.5 for SiD. The ECAL integration
design of ILD is presented in [13].

The signals are processed close to the sensors in custom designed ASICs. There are two activities
for developing such ASICs in the ILC context, namely SPIROC [14] and SKIROC [15] in Europe, and
KPiX in the USA [3]. In order to assess the dynamic range needed in the ECAL at CLIC, particle energy
distributions for different jet energies are compared in Figure 6.6. It is shown that the maximum energies
of the particles is indeed higher, which must be reflected in the dynamic range of the readout electronics.
Moreover, multi-hit and timing capabilities are necessary at CLIC due to the background conditions. A
possible electronics concept is discussed in Section 10.2.
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● 64 Channels

● Vss split :
– Inputs
– Analogue part
– Mixed part
– Digital part

● 250 pads
– 3 NC
– 17 for test purpose only

● Enhanced Power control
– Full power pulsing capability
– Each stage can be forced ON/OFF

● Die size 
– 7229 µm x 8650 µm

The Ecal ASIC - SKIROC

LCWS 2011
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The next step FEV8 with COB – Chip on board

- Circuits wire bonded inside cavities

- Ultra thin 
  9 layer board with max. 1.2mm thickness

- Ultra 8at 
  Deviation from total 8atness max. 0.5mm
  Compare with industrial standard ~3mm 

- Circuits need to be encapsulated with
  resine 
  Non trivial to realise 
  Long term e=ects of chips and wire bonds?

Mastering of these technological
challenges is essential to meet
LC detector design goals
-> A number of open points!!!

              Example – SiD approach:"

ß below 1 X0 "
ß below Moliere radius "

2.1 mm"

Need fine transverse and longitudinal segmentation "

ECAL! CLIC_ILD, B = 4 T 

Absorber/Active element" Tungsten / Si pads 

Sampling layers" 20x 2.1 mm, 10x 4.2 mm 

Cell size" 5.1 × 5.1  mm2  
X0 and λI" 24 and 1 

< 1 mm"



EM Calorimeter (barrel, at 90°)"
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CLIC 3 TeV! ATLAS ! CMS!

Technology! Tungsten / Si pads" Lead / LAr " Lead tungstate 
crystals"

#longitud. readout segments! 30" 4" 1"

Readout segment size [cm3] �
(longitudinal × ‘tilesize’)  

    0.3 x 0.5 x 0.5"
For first 19 layers"

   47 x 4 x 4"
(main layer)" 23  x 2.2 x 2.2"

Depth (radiation length) [X0]! 24" 22" 26"

Note: "

•  ECAL #channels  at ATLAS: 0.2  M �
                                at CLIC:    100 M     "

•  Silicon surface in CMS tracker is " " " "200 m2 �
" " " " " CLIC_ILD ECAL has " "2600 m2.   �
" " " " " CLIC_SiD ECAL has " "1100 m2. "

"



EM Calorimeter (barrel, at 90°)"
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CLIC 3 TeV! ATLAS ! CMS!

Intrinsic energy resolution !
σE / E = a / √E   ⊕  b!

a  = 17%  
b = 1%   

a = 10% 
b = 0.2% 

a = 3% 
b = 0.5% 

The resolution of the CLIC ECAL is worse than at LHC. "

•  Intrinsic resolution less important for jets. �
à Want to ‘track’ the particles inside shower for optimal jet resolution."

•  Granularity is more important to distinguish depositions by different particles�
à Electron energies come from the tracking.�
à Only photons are measured with CLIC ECAL resolution.�
"
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Based on stand-alone test-beam measurements:"



MC

CLIC CDR Review Felix Sefkow     Manchester, October 19, 2011

Technolgical prototypes: HCAL

• compact, embedded design
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6.3 HADRONIC CALORIMETER

Fig. 6.9: Schematic view of a CALICE AHCAL technological prototype module [19].

Fig. 6.10: Detailed schematics of the components in the AHCAL technological prototype.

in conjunction with the ECAL prototypes. This calorimeter is non-compensating and the resolution is
affected by fluctuations in the electromagnetic fraction of hadronic showers. Due to the high granularity
of the calorimeter, it is possible to apply individual weighting of the shower components, in order to com-
pensate for differences between the hadronic and electromagnetic response as well as for the "invisible"
energy depositions. This approach, known as "software compensation", yields a significant improvement
in the fitted combined resolution as shown in Figure 6.11 [22].

The measurement of the energy of a neutral particle in the calorimeter can be degraded by the
presence of nearby charged particle(s). This issue, often referred to as "confusion", was investigated
using test beam data [23]. Figure 6.12 shows the results of a study in which two test beam pion-induced
events were superimposed, with one event having its incoming track removed to simulate a neutral par-
ticle. The figure shows the probability of PANDORAPFA correctly resolving the situation, within three
standard deviations of the true energy, as a function of the distance between the two shower axes. The
data are compared with GEANT4 using two different physics lists and are found to be well described by
the QGSP_BERT list. This corroborates the confidence in the GEANT4 based predictions of the overall
detector performance for jet final states, here in the case of an HCAL with steel absorbers.
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HBU2 plus SPIROC2b in action and working fine!

Benjamin currently investigates channel-wise 

auto-trigger behaviour

Global threshold shifted by individual 

thresholds...

Oskar will start with calibration system tests

Mainz starts LDA/CCC re-invention

450 tiles arrive in the next days and will be 

tested at DESY (?)

Cut requirements easily met

Next step of DAQ development ongoing to

use more than 2 chips simultaneously

use more than 1 HBU2

HCAL lab ready to be used in 1-2 weeks

Duplicate setups for Benjamin and Oskar

Summary and outlook6.3 HADRONIC CALORIMETER

Fig. 6.9: Schematic view of a CALICE AHCAL technological prototype module [19].

Fig. 6.10: Detailed schematics of the components in the AHCAL technological prototype.

in conjunction with the ECAL prototypes. This calorimeter is non-compensating and the resolution is
affected by fluctuations in the electromagnetic fraction of hadronic showers. Due to the high granularity
of the calorimeter, it is possible to apply individual weighting of the shower components, in order to com-
pensate for differences between the hadronic and electromagnetic response as well as for the "invisible"
energy depositions. This approach, known as "software compensation", yields a significant improvement
in the fitted combined resolution as shown in Figure 6.11 [22].

The measurement of the energy of a neutral particle in the calorimeter can be degraded by the
presence of nearby charged particle(s). This issue, often referred to as "confusion", was investigated
using test beam data [23]. Figure 6.12 shows the results of a study in which two test beam pion-induced
events were superimposed, with one event having its incoming track removed to simulate a neutral par-
ticle. The figure shows the probability of PANDORAPFA correctly resolving the situation, within three
standard deviations of the true energy, as a function of the distance between the two shower axes. The
data are compared with GEANT4 using two different physics lists and are found to be well described by
the QGSP_BERT list. This corroborates the confidence in the GEANT4 based predictions of the overall
detector performance for jet final states, here in the case of an HCAL with steel absorbers.
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Hadronic calorimetry"
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HCAL! CLIC_ILD    &    
CLIC_SiD!

Absorber (Barrel/F)" Tungsten / Steel"
Sampling layers (B/F)" 75x10 mm / 60x 20 mm"
Cell size" 30 × 30 mm2  �

(analog, Scint.)"
λI " 7.5"

ß 10 × 10  mm2  �
     (digital, e.g. RPC)"

energy is carried by charged particles (mainly hadrons),43

whilst 27 % is carried by photons, 10 % by long-lived44

neutral hadrons and 1.5 % by neutrinos. In a tradi-45

tional approach to calorimetry, the jet energy would46

be obtained from the energies deposited in the electro-47

magnetic and hadronic calorimeters (ECAL and HCAL48

respectively). This means that 72 % of the energy49

of a typical jet would be measured with a precision50

limited by the relatively poor HCAL resolution of51

& 55%/
p

E/GeV.52

The particle flow approach to calorimetry aims to im-53

prove jet energy measurements by reconstructing the54

four-vectors of all visible particles in an event. The re-55

constructed jet energy is then the sum of the energies56

of the individual particles in the jet. At LEP, ALEPH57

used particle flow techniques [8] to improve the energy58

resolution for hadronic events. However, due to the rel-59

atively low granularity of the calorimeters, energy de-60

positions from neutral hadrons still had to be identified61

as significant excesses of calorimetric energy compared62

to the associated charged particle tracks. Particle flow63

techniques are also being used by CMS [9] at the LHC.64

The linear collider detector concepts extend the par-65

ticle flow approach by using fine-granularity calorime-66

ters and sophisticated software algorithms to accurately67

trace the individual paths of particles through the de-68

tector. The energy and momentum for each particle69

can then be determined from the detector subsystem in70

which the measurements are the most accurate. Charged71

particle momenta are measured in the inner detector72

tracker, whilst photon energy measurements are ex-73

tracted from the energy deposited in the ECAL, with74

typical resolution < 20%/
p

E/GeV. The HCAL is75

used to measure only the 10 % of jet energy carried76

by long-lived neutral hadrons. Particle flow calorimetry77

can therefore offer a significant improvement to jet en-78

ergy measurements, compared to traditional calorime-79

try. For jet energies above about 100 GeV, the jet energy80

resolution is limited by the mistakes in the assignment81

of the energies to the different reconstructed particles,82

termed confusion, rather than the intrinsic resolution of83

the calorimeters.84

3. Particle Flow Implementation85

Figure 1 shows the typical topology of a simulated86

250 GeV jet in the CLIC ILD detector concept, with la-87

bels identifying a number of the constituent particles.88

The Figure shows inner detector tracks, representing89

the paths of charged particles in the Time Projection90

Chamber (TPC). These tracks can be extrapolated by91

eye and associated with clusters of calorimeter energy92






















Figure 1: A typical simulated 250 GeV jet in
CLIC ILD, with labels identifying constituent particles.

deposits in the fine granularity ECAL and HCAL. Pho-93

tons produce energy deposits with characteristic longi-94

tudinal and transverse profiles in the ECAL and can be95

cleanly resolved by eye, due to their small transverse96

spread. HCAL clusters that cannot be associated with97

TPC tracks represent neutral hadrons. The challenge is98

to develop software algorithms to automate the recon-99

struction of the individual particles from the tracks and100

energy deposits in the calorimeters.101

Particle flow calorimetry demands high performance102

software. The final jet energy resolution is strongly103

dependent on both the detector granularity and the104

quality of the particle flow reconstruction algorithms.105

These algorithms must be able to exploit the granu-106

larity to merge together energy deposits from individ-107

ual particles, with minimal confusion. A logical ap-108

proach is to implement a series of decoupled pattern-109

recognition algorithms, each designed to carefully re-110

construct a specific particle topology. The implemen-111

tation of a large number of efficient pattern-recognition112

algorithms drives the need for a central software frame-113

work, which can take care of memory-management114

and book-keeping issues. Such a framework helps to115

keep each algorithm simple and focused on its specific116

pattern-recognition task.117

The PandoraPFA C++ Software Development Kit118

(SDK) [10] for particle flow calorimetry is a robust and119

efficient framework for developing and running algo-120

rithms for particle flow reconstruction. It consists of121

a single framework library and a number of carefully122
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250 GeV jet"

ß 0.1 λI "
 "



Hadronic calorimeter  (barrel, at 90°)"
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CLIC 3 TeV! ATLAS ! CMS!

Technology! Tungsten / scint." Iron / scint." Brass / scint."

#longitud. readout segments! 75" 3" 1"

Readout segment size [cm3] �
(longitudinal × ‘tilesize’)     1.7 x 3.0 x 3.0"   ~ 20 x 20 x 20 "

For the first layer" 96 x 20 x 20"

Interaction length [λI]! 7.5 (+1 for ECAL)" ~7.5" ~5.5   (+3 for �
coil & tailcatcher)"

Erik van der Kraaij, CERN LCD" 32"

•  Where ATLAS has 20k channels, CLIC_ILD has 10M channels. "
•  CLIC & CMS coil sizes are similar, yet HCAL depth at CLIC is higher, 

due to the different absorber materials used"
•  LHC calorimeters are ϕ-η segmented, for CLIC it will be one-size tiles."



Hadronic calorimeter  (barrel, at 90°)"
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CLIC 3 TeV! ATLAS ! CMS!

Intrinsic energy resolution  
σE / E = a / √E ⊕ b!

a = ~60% 
b = ~2.5% 

a = 45% 
b = 1.3% 

a = 100% 
b = 7% 

Jet energy               p = 45 GeV�
σE / E                      p = 0.5 TeV!

5%"
 3.5% "

15%"
 4% "

 19%, PFA à 12%"
 5% "

Erik van der Kraaij, CERN LCD" 33"

ATLAS has higher segmentation and more λI than CMS. The nominal 
resolutions are therefore better. "
•  CMS results with PFA are preliminary."

Based on stand-alone test-beam measurements:"



Analog HCAL: 2010/11 at PS/SPS!
•  Scintillator tiles 3x3 cm2 (in centre)"
•  Read out by SiPM"

Tungsten HCAL prototypes"
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Main purpose: Validation of Geant4 simulation of 
hadronic shower development in tungsten"
"

Digital HCAL: 2012 at PS/SPS!
•  Gaseous glass RPCs "
•  With 1x1 cm2 readout pads"

Two prototypes in W-HCAL test beam so far. "
Alternatives are: MicroMegas, GEMs, … "
 



Imaging calorimetry – analog HCAL"
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6.3 HADRONIC CALORIMETER

Fig. 6.13: (Left) Tungsten-scintillator module at the test beam. (Right) An example of a pion shower in
the 30-layer calorimeter stack.
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Fig. 6.14: Pion response in the tungsten-scintillator test calorimeter. The peak at the lowest energy is
the muon response.

reflecting the lower sampling ratio relative to X0. Finally, the e/p response ratio appears to vary little
with the energy. Additional data were taken at pion energies up to 300 GeV in a beam test in 2011, using
an extended stack of 38 tungsten-scintillator layers. This data is currently being analysed. Preparations
are made to replace the scintillator readout in the tungsten HCAL prototype by RPCs as active layers.

6.3.3.3 DHCAL Test Beam Results using Steel Absorbers
The novel concept of a digital hadron calorimeter with RPCs as active medium is being developed by the
CALICE collaboration as well. In order to study the characteristics of such a device, to gain experience
with an RPC-based calorimeter and to measure hadronic showers with high spatial resolution, a large
prototype, the DHCAL, was assembled with 52 active layers and close to 5 · 105 individual readout
channels. Due to the choice of 1⇥1 cm2 pads, the calorimeter is compensating in the 6 to 10 GeV energy
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10 GeV pion:"
"
2010 data

Compared data with simulation
models including the high precision
(HP) package, which describes
neutron interactions with
E < 20 MeV

At low beam energies, the energy
available for deposition in
calorimeter is important:
π : Eavailable =

√

p2
beam + m2

π

QGSP BERT HP is found to give
very good agreement for both pions
and protons (better than 97% for
most of the studied variables)
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CALICE meeting, Cambridge - 17 September 2012 3/22

QGSP_BERT_HP is found to give 
very good agreement for both pions 

and protons"
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Imaging calorimetry – digital HCAL"

Digital HCAL at SPS:!
•  210 GeV pion event display"

! ! ! ! !#channels!
ATLAS ! ! ! !    20k!
DHCAL in testbeam !    450k!



Outline"

•  CLIC physics goals"
–  Precision measurements of new particles"
–  Discovery of new physics at TeV scale"

"
•  CLIC – Compact Linear e+e- Collider "

–  Experimental conditions"

•  Detector designs and �
examples of R&D efforts"

•  Reconstruction strategy with Particle Flow Analysis"
–  Filter interesting events out of beam induced background"
–  Obtain required jet energy resolution"
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Time development in hadronic showers"

•  In steel 90% of the energy is recorded within 6 ns (corrected 
for time-of-flight). "

•  In tungsten this takes almost ~100 ns. "
–  Response is slower due to the much larger component of the 

energy in slow neutrons. "
Ø  Need to integrate over ~100 ns in reconstruction, keeping 

out pile-up hits…"

"
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2.5 TIMING REQUIREMENTS AT CLIC
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Fig. 2.11: Fraction of total calorimetric energy recorded as a function of time for 25 GeV neutral
hadrons as a function in the CLIC_ILD detector (left) for steel and (right) for tungsten HCAL absorbers.
The results are based on GEANT4 with the QGSP_BERT_HP physics list. Hit times are corrected for
the straight-line time-of-flight prior to the cut. In the case of tungsten the plots are also shown for
QGSP_BERT.

Table 2.4: Assumed time windows used for the event reconstruction and the required single hit time
resolutions.

Subdetector Reconstruction window hit resolution

ECAL 10 ns 1 ns
HCAL Endcaps 10 ns 1 ns
HCAL Barrel 100 ns 1 ns
Silicon Detectors 10 ns 10/

p
12 ns

TPC entire bunch train n/a

detector concepts, including background from gg ! hadrons overlaid on the physics events. Full track
and particle flow reconstruction starting from the digitised hits in the time windows given in Table 2.4
is performed. Monte Carlo information is used at no stage in the reconstruction. Figure 2.12 shows the
reconstructed particle flow objects for a simulated e+e� ! H+H� ! tbbt event at

p
s = 3 TeV. At the

reconstruction level, the background from gg ! hadrons produces an average energy of approximately
1.2 TeV per event, mostly in the form of relatively low pT particles at relatively low angles to the beam
axis. The level of gg ! hadrons background is roughly 1/15 of that for the entire bunch train (Table 2.3),
commensurate with integrating over 10 ns from the total 156 ns. The background can be further reduced
by applying tighter timing cuts based on the reconstructed calorimeter cluster time. The cluster time
is obtained from a truncated mean of the energy-weighted hit times constituting the cluster. In a fine
grained particle flow detector many hits contribute to a single cluster and cluster time resolutions of
<1 ns are easily achievable. Efficient background rejection is achieved by using tight cuts in the range
of 1.0–2.5 ns on the clusters (depending on the type of reconstructed particle and its pT). This proce-
dure is applied to both neutral particle flow objects and to charged objects where the time of the cluster
associated to the track, corrected by the helical propagation time, is used. These additional timing cuts
are applied to only relatively low pT particle flow objects. The details of the cuts used are discussed in
Section 12.1.4. As a result of the cluster-based timing cuts the average background level can be reduced
to approximately 100 GeV with negligible impact on the underlying hard interaction. The use of hadron-
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Reconstruction timing strategy"

Assume can identify t0 of physics event in offline event filter"
•  define “reconstruction” window around t0 "
•  All hits and tracks in window are passed to reconstruction."

"
Currently in the CLIC PFA:"

 "
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Achievable in the 
calorimeters with a 

sampling each �
~25 ns"

…." …."

Subdetector Reco Window Hit Resolution 

ECAL 10 ns 1 ns 

HCAL Endcap 10 ns 1 ns 

HCAL Barrel 100 ns 1 ns 

Silicon Detectors 10 ns 10/√12 ns 

TPC (CLIC_ILD) Entire train n/a 



Reconstruction timing strategy"

Assume can identify t0 of physics event in offline event filter"
•  define “reconstruction” window around t0 "
•  All hits and tracks in window are passed to reconstruction."

 "
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…." …."

tCluster"

•  Calculate energy weighted mean time of each cluster"
Ø  Obtain sub-ns resolution"
Ø  Use to reject out-of-time�

clusters and associated tracks�
"



Impact of filters"

CERN Detector Seminar 12 oct '12"Erik van der Kraaij, CERN LCD" 41"

8 jet final state, √s = 3 TeV,"

85 GeV"1.2 TeV background"

Excellent performance:"
Ø  Reject 93 % of background energy and < 1% of physics event �
"

e+e-  →  H+H-  →  tbbt"
+ 60 BX γγ → hadrons "



Jet Energy Resolution"
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CLIC: At higher energies, particle separation becomes more difficult: "
•  Confusion term dominates energy resolution, particle flow can 

become energy flow. "
 

Barrel region |cos θ| < 0.7. �
PFA, without background: 



Test of di-jet mass reconstruction"
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Summary & conclusion"
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•  CLIC physics requirements and accelerator environment pose challenging 
conditions"
–  Require detectors with high granularity in space and time "

•  Showed current conceptual design of some sub-detectors"
•  Showed examples of ongoing R&D"

–  Funded, among others, by the EU FP7 AIDA project stimulating 
infrastructures for detector development "

•  CLIC Conceptual Design Report is published: "
–  Detector & Physics CDR " "http://arxiv.org/abs/1202.5940"

–  Strategic summary " " " "http://arxiv.org/abs/1209.2543"

–  Accelerator CDR CERN-2012-007  "https://edms.cern.ch/document/1234244"

•  With CDR proven that we can achieve the required high precision physics 
with CLIC."
"
"

"


