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Outline

• The CLIC Physics and Detector CDR chapter on 
calorimetry was edited by Tohru Takeshita (Japan), 
Andy White (USA), and FS 

• A particle flow calorimeter for CLIC

• ECAL and HCAL technologies and tests

• Performance at CLIC 

• Calorimeter R&D for CLIC
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« In a typical jet :  
s  60 % of jet energy in charged hadrons
s  30 % in photons  (mainly from                  )                       
s  10 % in neutral hadrons (mainly      and        )

« Traditional calorimetric approach:
s  Measure all components of jet energy in ECAL/HCAL !
s  ~70 % of energy measured in HCAL: 
s  Intrinsically “poor” HCAL resolution limits jet energy resolution

« Particle Flow Calorimetry paradigm:
s  charged particles measured in tracker  (essentially perfectly)
s  Photons in ECAL:                                    
s  Neutral hadrons (ONLY) in HCAL
s  Only 10 % of jet energy from HCAL 

EJET = EECAL + EHCAL EJET = ETRACK + Eγ + En 

much improved resolution

n
π+

γ

Particle Flow Calorimetry
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Particle Flow Reconstruction

Mark Thomson 9

Reconstruction of a Particle Flow Calorimeter:
« Avoid double counting of energy from same particle
« Separate energy deposits from different particles

If these hits are clustered together with
these, lose energy deposit from this neutral
hadron (now part of track particle) and ruin 
energy measurement for this jet.

Level of mistakes, “confusion”, determines jet energy resolution
        not the intrinsic calorimetric performance of ECAL/HCAL

e.g.

Three types of confusion: 
i) Photons ii) Neutral Hadrons iii) Fragments

Failure to resolve photon
Failure to resolve 
neutral hadron

Reconstruct fragment as
separate neutral hadron

CERN, 15/2/2011 4



• large radius and length
– to separate the particles 

• large magnetic field
– to sweep out charged tracks

• “no” material in front
– stay inside coil

• small Moliere radius
– to minimize shower overlap

• small granularity
– to separate overlapping showers
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Calorimeter concept
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Granularity

• Studies for ILD with PandoraPFA, full simulation and reco

1x1 3x3 5x5 10x10 

M.Thomson

6



MC

CLIC CDR Review Felix Sefkow     Manchester, October 19, 2011

Granularity

• Studies for ILD with PandoraPFA, full simulation and reco

1x1 3x3 5x5 10x10 50M 5M 2M 500k

M.Thomson
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Granularity

• Studies for ILD with PandoraPFA, full simulation and reco

1x1 3x3 5x5 10x10 

• Confirms earlier studies for test 
beam prototype with 2nd PFA

• 3x3 cm2 nearly optimal for 
(scintillator) HCAL

• Similar study: 0.5-1cm for ECAL

50M 5M 2M 500k

M.Thomson
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Understand particle flow 
performance

• Particle flow performs  
always better than calo alone
– even at high jet energies

• Leakage becomes important 
for CLIC energies 

• Initial studies: need ~8λ

ARTICLE IN PRESS

neutral hadrons being lost within charged hadron showers. For all
jet energies considered, fragments from charged hadrons, which
tend to be relatively low in energy, do not contribute significantly
to the jet energy resolution.

The numbers in Table 5 can be used to obtain an semi-
empirical parameterisation of the jet energy resolution:

rms90
E

¼
21ffiffiffi
E

p " 0:7" 0:004E" 2:1
E

100

" #0:3

%

where E is the jet energy in GeV. The four terms in the expression,
respectively, represent: the intrinsic calorimetric resolution;
imperfect tracking; leakage and confusion. This functional form
is shown in Fig. 10. It is worth noting that the predicted jet energy
resolutions for 375 and 500GeV jets are in good agreement with
those found for MC events (see Table 3); these data were not used
in the determination of the parameterisation of the jet energy
resolution.

For a significant range of the jet energies relevant for the ILC,
high granularity PFlow results in a jet energy resolution which is
roughly a factor two better than the best achieved at LEP
(sE=E¼ 6:8% at

ffiffi
s

p
¼MZ). The ILC jet energy goal of sE=Eo3:8%

is reached in the jet energy range 40–420GeV.
Fig. 10 also shows a parameterisation of the jet energy

resolution ðrms90Þ obtained from a simple sum of the total

calorimetric energy deposited in the ILD detector concept. The
degradation in energy resolution for high energy jets is due to
non-containment of hadronic showers. It is worth noting that
even for the highest energies jets considered, PFlow reconstruc-
tion significantly improves the resolution compared to the purely
calorimetric approach. The performance of PFlow calorimetry also
is compared to 50%=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
EðGeVÞ

p
" 3:0% which is intended to give an

indication of the resolution which might be achieved using a
traditional calorimetric approach. This parameterisation effec-
tively assumes an infinitely deep HCAL as it does not correctly
account for the effect of leakage (which is why it deviates
significantly from the ILD Calorimetric only curve at high
energies).

8. Dependence on hadron shower modelling

The results of the above studies rely on the accuracy of the MC
simulation in describing EM and hadronic showers. The Geant4
MC provides a good description of EM showers as has been
demonstrated in a series of test-beam experiments [27] using a
Silicon–Tungsten ECAL of the type assumed for the ILD detector

Table 5
The PFlow jet energy resolution obtained with PandoraPFA broken down into contributions from: intrinsic calorimeter resolution, imperfect tracking, leakage and
confusion.

Contribution Jet Energy Resolution rms90ðEjÞ=Ej

Ej ¼ 45GeV Ej ¼ 100GeV Ej ¼ 180GeV Ej ¼ 250GeV

Total (%) 3.7 2.9 3.0 3.1
Resolution (%) 3.0 2.0 1.6 1.3
Tracking (%) 1.2 0.7 0.8 0.8
Leakage (%) 0.1 0.5 0.8 1.0
Other (%) 0.6 0.5 0.9 1.0
Confusion (%) 1.7 1.8 2.1 2.3
(i) Confusion (photons) (%) 0.8 1.0 1.1 1.3
(ii) Confusion (neutral hadrons) (%) 0.9 1.3 1.7 1.8
(iii) Confusion (charged hadrons) (%) 1.2 0.7 0.5 0.2

The different confusion terms correspond to: (i) hits from photons which are lost in charged hadrons; (ii) hits from neutral hadrons that are lost in charged hadron clusters;
and (iii) hits from charged hadrons that are reconstructed as a neutral hadron cluster.
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Fig. 9. The contributions to the PFlow jet energy resolution obtained with
PandoraPFA as a function of energy. The total is (approximately) the quadrature
sum of the components.
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Fig. 10. The empirical functional form of the jet energy resolution obtained from
PFlow calorimetry (PandoraPFA and the ILD concept). The estimated contribution
from the confusion term only is shown (dotted). The dot-dashed curve shows a
parameterisation of the jet energy resolution obtained from the total calorimetric
energy deposition in the ILD detector. In addition, the dashed curve,
50%=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
EðGeVÞ

p
" 3:0%, is shown to give an indication of the resolution achievable

using a traditional calorimetric approach.

M.A. Thomson / Nuclear Instruments and Methods in Physics Research A 611 (2009) 25–4034
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Resolution Tracking Leakage Confusion
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Resolution Tracking Leakage Confusion
Total Resolution 3.1 %
Confusion 2.3 %
   i) Photons 1.3 %
  ii) Neutral hadrons 1.8 %
 iii) Charged hadrons 0.2 %

7
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Larger or denser?

• ILD: “upper limit”
– magnet, yoke, cost

• tungsten HCAL cost-
competitive!
– denser than U
– no environmental 

issues

8

Total Cost ofMagnet System in M€

Alain Hervé, CLIC Workshop,  CLIC-T-Coil&Yoke-Parametric-Model-4359, LAPP-15 December 2008
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24 2. Le calorimètre hadronique semi digital SDHCAL

1.3 Profil d’une cascade hadronique

L’extension spatiale des gerbes hadroniques est principalement déterminée par la lon-
gueur d’interaction nucléaire �I du matériau traversé 1, ainsi que par l’énergie de la particule
incidente. En effet la longueur de radiation X0 qui caractérise les dépôts de la composante
électromagnétique de la cascade est relativement faible. La table 2.3 résume ces propriétés5

pour des matériaux couramment utilisés lors de la conception de calorimètres hadroniques.
Actuellement notre calorimètre emploie le fer en tant que matériau absorbant, mais l’uti-
lisation de tungstène dont le pouvoir d’arrêt est plus élevé est envisagé dans le cas d’un
scénario de type CLIC mettant en jeu une énergie plus grande lors de la collision. Cepen-
dant le tungstène est un matériau relativement cher. Cette solution reste donc une option :10

elle a tout de même été testée cette année auprès du calorimètre hadronique AHCAL.

Matériau Z
Densité X0 �I [ mm] (dE/dx)MIP

[ g.cm�3] [ mm] ⇡± p,n [MeV.cm�1]
Aluminium 13 2.70 88.8 506 397 4.35
Fer 26 7.87 17.6 204 167 11.4
Cuivre 29 8.6 15.6 185 153 12.6
Tungstène 74 19.3 9.3 113 99 22.1
Plomb 82 11.3 16. 199 175 12.7
Uranium 92 18.95 10.1 124 110 20.5

Table 2.3 – Propriétés des matériaux utilisés en tant qu’absorbeurs. Les longueurs d’in-
teraction sont données pour des particules incidentes de 200 GeV [31].

Sur la figure 2.4 on peut observer le profil du dépôt hadronique de manière longitudi-
nale (a), et radiale (b). Ces profils de gerbes ont été enregistrés auprès de deux types de
calorimètres hadroniques pour différentes énergies de pions incidents (cf. légende). Le profil15

longitudinal des gerbes permet d’évaluer le nombre de longueurs d’interaction nécessaires
pour arrêter des particules incidentes d’une certaine énergie. Dans le cas ou la gerbe n’est
pas contenue, un profil simulé est utilisé pour évaluer la quantité d’énergie qui s’échappera
du calorimètre (leakage). Le profil radial met en avant la présence d’un coeur d’interaction
électromagnétique au centre de la cascade. En effet la longueur de radiation étant plus20

faible que la longueur d’interaction, la composante électromagnétique de la cascade reste
confinée en son centre.

1. �I correspond à la distance moyenne nécessaire pour réduire le nombre de particules relativistes
chargées d’un facteur 1/e lorsqu’elles traversent un matériau.

A.Hervé
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Tungsten response vs time

• W is neutron rich, not magic like Fe
• “slower” response due to de-excitation and slow neutrons
• limitations to time stamping, need longer integration time
• Geant 4 model uncertainties: need experimental validation

– physics and detector aspects, scintillator and gas
• choice of steel as absorber for the end cap

9
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Fig. 6.3: Calorimetric energy resolution for a 20 (25) GeV neutral hadron as a function of the signal
collection time (labelled "timing cut") in the CLIC_ILD detector for a) steel and b) tungsten HCAL
absorbers. The results are based on the GEANT4 QGSP_BERT physics list. Hit times are corrected for
the straight line time-of-flight prior to the cut.

poor time correlation to the source. This is illustrated in Figure 6.3 for GEANT4 simulations of Fe and
W structures, which shows that the hadronic energy resolution is degraded unless the signal collection
window is long enough, and that the required time is considerably longer for tungsten than for steel.

In the endcap sections of the HCAL, steel is used as absorber material. On the one hand, this is
justified since space is not as tightly constrained as by the solenoid in the barrel region. On the other
hand, tighter timing cuts in the analysis, as they are applicable for a steel HCAL, help to reduce the
impact of background hits. This is particularly valuable in the forward region of the CLIC detectors,
where the background rates are highest.

6.1.3 Readout Technologies
The design choices for the active layers of ECAL and HCAL are described in the corresponding sections
below. In principle, the same candidate technologies are being considered as for the ILC detectors. Both
the high channel count/density and space restrictions demand that the front-end electronics be integrated
into the active elements of the calorimeter. The detector signals are processed within the active layer by
Application-Specific Integrated Circuits (ASICs) which typically handle between 64 and 1024 individual
channels.

For the ECAL, the candidate technologies are silicon pad diodes, or scintillator strips read out by
novel Geiger mode silicon photo-diodes (called MPPCs, or SiPMs). The scintillator provides a larger
sampling fraction and thus better energy resolution, whereas silicon allows to realise a finer segmentation
and a more compact design with smaller effective Molière radius, albeit at higher cost. The compari-
son of the physics performance of these technologies is subject of ongoing studies. In particular, the
development of particle flow algorithms for the strip geometry is not yet as advanced as for the pad
option.

For the HCAL, the main choice is between scintillator tiles, again read out by SiPMs, or gaseous
devices with different amplification structures, such as resistive plate chambers (RPCs), Micromegas [10]
or gas electron multiplier (GEM) [11] foils and pad readout. The scintillator option offers analog elec-
tronic readout and thus provides energy deposition information, while the gaseous techniques are read
out in digital or semi-digital mode (one or two threshold bits), such that the particle energy is effec-
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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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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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Optimization of sampling

• In a PFLOW calorimeter every layer is read out individually 
– signal over noise, electronics: minimum active layer thickness

• Geant 4 study with single particles, vary plate d and n 
• cf steel: need 50cm more to reach plateau
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Fig. 6.1: Energy resolution for particles in the tungsten HCAL with an energy from 230 GeV to 270 GeV
as a function of the HCAL depth, for different passive layer thicknesses. The numbers next to the data
points refer to the total depth in terms of lI. The notion RMS90 is explained in the text.

environmental and radiation protection aspects. These considerations lead to the choice of tungsten as
absorber material for both the electromagnetic and the hadronic calorimeters at CLIC.

The general design of the electromagnetic calorimeter follows that of the ILC detector concepts
very closely, whereas the hadronic calorimeter needs to be re-designed. Tungsten has a nuclear interac-
tion length lI almost two times smaller than that of steel (see Table 6.1), and a radiation length X0 five
times smaller than that of steel. Since the ratio lI/X0 changes, the sampling structure cannot simply be
scaled, but has to be re-optimised. The sampling structure cannot be deduced from existing heavy ab-
sorber calorimeters, where there is usually very fine sampling (order of X0) in the longitudinal direction.
Such a fine segmentation would minimise sampling fluctuations, but it would not allow for independent
readout of every individual layer, as required for particle flow, without increasing the detector volume
and the channel count too much.

A GEANT4 study, using the QGSP_BERT_HP physics list, was performed [8] in order to compare
the performance of tungsten and steel hadronic calorimeters. The absorber layer thickness was varied,
while for the active layer a fixed thickness of 5 mm for scintillators plus 2.5 mm for electronics was
assumed. To quantify the energy resolution, the measure RMS90 has been used, defined in [4] as the
root mean square of the smallest interval containing 90% of the distribution. The energy resolution for
250 GeV particles is shown as a function of the total HCAL thickness (labelled "length") in Figure 6.1.
The transition from a leakage-dominated range to an asymptotic region governed by the intrinsic reso-
lution can be clearly seen. The stochastic term of the intrinsic resolution improves if the plate thickness
is reduced from 2.0 to 0.5 cm, but the total depth needed to reach the region where leakage does not
dominate anymore increases from 100 to 170 cm. Figure 6.1 motivates a thickness of 1 cm as opti-
mal choice: Thinner plates give a too large calorimeter, whereas for thicker ones the resolution degrades
while gaining only modestly in volume. For steel structures with absorber plate thicknesses around 2 cm,
an additional depth of about 50 cm (relative to a tungsten design) would be needed in order to reach the
asymptotic region for this particle energy.

To optimise the depth of the calorimeter for the expected particle energy spectrum of CLIC events,
the jet energy performance was studied using full simulations of di-jet events and the PANDORAPFA
reconstruction algorithm. The result as a function of depth is shown in Figure 6.2, where the HCAL
depth is shown as measured in addition to a 1.0 lI deep ECAL. To guarantee a resolution at or below the
required 3.5% for the whole CLIC jet energy range, an HCAL depth of at least 7.5 lI is required.

116

QGSP_BERT_HP

Grefe/Speckmayer



MC

CLIC CDR Review Felix Sefkow     Manchester, October 19, 2011

Optimization of depth

• overall effect 
depends on 
abundance of 
high energy singe 
particles

• jet study using 
PandoraPFA

• NB: no topological 
leakage estimation 
used yet
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6.1 A PARTICLE FLOW CALORIMETER FOR TEV ENERGIES
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Fig. 6.2: PANDORAPFA jet energy resolution in the barrel HCAL for different jet energies as a function
of tungsten HCAL depth.

6.1.2 Time Stamping Considerations
For the calorimeters, gg events and beam halo muons are the most critical sources of background. Many
of the halo muon induced showers can be recognised and suppressed using their topological signature
in the finely segmented calorimeters. However, large "catastrophic" energy depositions by muons do
occur and can form an irreducible background if they coincide with a physics event. Hadronic gg final
state particles originate from the collision point and produce showers as in e+e� events. PYTHIA based
simulations [9] predict a rate of 3.2 background events per bunch crossing which leads to an energy
deposition of 6 GeV per bunch crossing in the barrel system, and ten times as much in the endcaps. For
a whole bunch train this sums up to about 19 TeV over the entire detector.

Separating this large background from the wanted physics signal is mandatory. This is achieved
by a combination of topological and timing cuts as well as optimised event reconstruction and selection
methods. Together, they minimise the impact of the background, while preserving the physics signatures.
This puts severe constraints on the readout electronics of the calorimetry systems at CLIC, as a 1 ns time
resolution for determining the starting time of the showers is required (see Chapter 2.4). In addition,
multiple hits per cell and per bunch train can be expected in the endcap regions. Forthcoming simulation
studies will address the high occupancy in the endcap regions, for example by improved mask design
and by adapting the cell sizes in the most forward part of the HCAL. It is therefore expected that final
occupancies will not exceed 5 hits per bunch train, including a safety factor of 5 for incoherent pairs and
a factor of 2 for gg events. As described in Chapter 10, the required calorimetry readout performance
can be anticipated through continuous fast (40-100 MHz) signal sampling combined with digital filtering
techniques.

For hadronic showers, the intrinsic time structure of the shower evolution itself also needs to be
considered. Excited nuclei release their energy with de-excitation times extending into the microsecond
range, and the signals produced by delayed hard gamma ray emission or evaporation of protons, neutrons
and sometimes alpha particles cannot be assigned to a proper bunch crossing in an unambiguous way.
Also, low energy and thermal neutrons have a low cross section and can travel for relatively long times
until a signal is produced. In this respect, tungsten as an absorber material has draw-backs relative to
steel. Iron, in contrast to tungsten, is a magic nucleus with closed shells for protons and neutrons and
thus higher excitation energies; tungsten with its higher neutron content releases, on average, a higher
rate of neutrons after a hadronic interaction has taken place. Therefore, the time to integrate a given
fraction of the energy signal is larger for tungsten than for steel, and so is the fraction of energy with a
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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

12

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
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Summary concept

• The promising first results on particle flow at CLIC energies 
have boosted the development and understanding of 
Pandora 

• Results confirm that physics performance can be achieved 

• Coil is limited: the barrel HCAL absorber needs to be dense

• Engineering aspects have been explored
– LHC and first own experience

• Calorimetric properties of tungsten need to be 
experimentally validated, including the time structure
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Technology tree

• ILD, SiD
• ILC, CLIC
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• >300 physicists and engineers from 57 
institutes in Africa, America, Europe and Asia

• Twofold approach: 
– Physics prototypes and test beam

• Operational experience with new technologies, 
Test of shower simulation models,

• Reconstruction algorithms with real data 
– Technical prototypes

• Realistic, scalable  design (and costing)
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CALICE collaboration
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Test beam experiments

DESY 2005

CERN 2006-2007

FNAL 2008..

16



MC

CLIC CDR Review Felix Sefkow     Manchester, October 19, 2011

ECAL test beam results

• W Si or Sci: common mechanics, similar electronics
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HCAL test beam results

• Energy resolution confirmed
• Weighting techniques established
• Particle flow performance validated
• First results with digital calorimetry
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Fig. 6.11: ECAL plus AHCAL combined resolution for pions. The upper curve represents the resolu-
tion obtained with a single weight factor for each of the calorimeters, while the lower reflects a simple
software compensation approach and uses weights for the hits that depend on the hit amplitude and on
the total measured shower energy.
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Figure 4. RMS (left) and RMS90 (right) deviations of the recovered energy of neutral 10 GeV hadrons
from its measured energy vs. the distance from charged 10 GeV (circles and continuous lines) and 30 GeV
(triangles and dashed lines) hadrons for beam data (black) and for Monte Carlo simulated data, for both
LHEP (red) and QGSP_BERT (green) physics lists.
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Figure 5. Probability of neutral 10 GeV hadrons energy recovering within 3 (left) and 2 (right) standard
deviations from its real energy vs. the distance from charged 10 GeV (circles and continuous lines) and
30 GeV (triangles and dashed lines) hadrons for beam data (black) and for Monte Carlo simulated data, for
both LHEP (red) and QGSP_BERT (green) physics lists.

This results in a smaller probability of neutral hadron energy recovery for small neutral hadron
energy (see right plot in figure 6).

– 9 –

Fig. 6.12: Probability of separating hadron showers: The figure shows the degradation of neutral particle
resolution, expressed in terms of the probability to reconstruct the energy within 3 s of its calorimetric
resolution, as a function of transverse separation from a second shower induced by a charged hadron.

6.3.3.2 AHCAL Test Beam Results using Tungsten Absorbers
To test the energy resolution and timing performance of a tungsten-scintillator combination calorimeter,
and to validate the corresponding simulation model, a 30-layer (3.9 lI) AHCAL module was constructed
and exposed to beam at CERN in 2010. The scintillator tile and readout layers are the same as used by
CALICE for a number of earlier tests with steel absorber plates. Figure 6.13 shows the experimental
setup and an example of a pion candidate shower in the calorimeter stack.

High statistics event samples were recorded for electron, muon, pion, and proton beams with
energies from 1 to 10 GeV. Gain calibration was obtained from low intensity LED-pulser runs and the
results agree well with previous calibration from runs at Fermilab. MIP calibration was carried out using
a muon beam. Examples of calorimeter responses to muons and pions are shown in Figure 6.14.

Preliminary results indicate that the electromagnetic resolution is slightly worse than for steel,
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p.120�,�8.1.3�1st�paragraph.�‘…ILC�detectors.�Both�the�high�channel�count/density�and�space�restrictions�
demand�that�the�frontͲend�electronics�be�integrated�into�the�active�elements�of�the�calorimeter.�The�
detector�signals�are�processed�within�the�active�layer�by�ApplicationͲSpecific�Integrated�Circuits�(ASICs)�
which�typically�handle�between�64�and�1024�individual�channels.’�

2nd�paragraph�‘these�are’�Ͳ>�‘the�candidate�technologies�are’�

3rd�paragraph�‘…of�analog�and�digital�readout,�possibly�higher�segmentation�of�the�readout�of�gaseous�
media,�but…’�

p.124,�8.3.2.1�‘layer�exists.’�Ͳ>�‘layer�is�being�developed.’�

p.127,�insert�new�chapter�8.3.3.3.�(label�the�timing�chapter�8.3.3.4)�

�

8.3.3.3.�DHCAL�testbeam�results�using�Steel�absorbers��

The�novel�concept�of�a�digital�hadron�calorimeter�with�RPCs�as�active�medium�is�as�well�being�developed�
by�the�CALICE�collaboration.�In�order�to�study�the�characteristics�of�such�a�device,�to�gain�experience�
with�an�RPCͲbased�calorimeter�and�to�measure�hadronic�showers�with�high�spatial�resolution,�a�large�
prototype,�the�DHCAL,�was�assembled�with�52�active�layers�and�close�to�500,000�individual�readout�
channels.�Due�to�the�choice�of�1�x�1�cm2�pads�the�calorimeter�is�compensating�in�the�6�to�10�GeV�energy�
range,�undercompensating�at�lower�energies�and�overcompensating�at�higher�energies.�The�prototype�
was�exposed�to�beams�of�hadrons,�positrons�and�muons�in�the�Fermilab�test�beam.�To�demonstrate�the�
imaging�capability�of�this�type�of�calorimeter,�Figure.�NNN�shows�a�muon�track�and�a�120�GeV�proton�
shower�in�the�DHCAL.�Note�the�absence�of�random�noise�hits�in�the�muon�event.�As�the�energy�of�a�
particle�is�reconstructed�to�first�order�as�the�sum�of�hits,�it�is�essential�to�reduce�contributions�from�
accidental�hits�to�a�negligible�level.�

� �

Fig. 6.15: Event display of a muon track (left) and a hadronic shower from a 120 GeV proton (right) in
the DHCAL.
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Fig. 6.16: Energy resolution as measured in the DHCAL for pions in the energy range of 8 to 32 GeV.
The red (blue) data points are obtained without (with) a cut on any hits in the last two layers of the stack.

range, under-compensating at lower energies and over-compensating at higher energies. The prototype
was exposed to beams of hadrons, positrons and muons in the Fermilab test beam. To demonstrate the
imaging capability of this type of calorimeter, Figure 6.15 shows a muon track and a 120 GeV proton
shower in the DHCAL. Note the absence of random noise hits in the muon event. As the energy of
a particle is reconstructed to first order as the sum of hits, it is essential to reduce contributions from
accidental hits to a negligible level.

The data analysis is still in its initial stage, as the test beam campaigns were only recently com-
pleted. To give a flavour of what to expect in the future, Figure 6.16 shows the measured hadronic
resolution for pions in the range of 8 to 32 GeV [24]. In this energy range, the resolution is seen to be
comparable to the one obtained with scintillator as active medium. With proper calibration of the re-
sponse from layer to layer the constant term is expected to decrease. As in the AHCAL case, application
of software compensation techniques will further improve the resolution.
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Geant 4 validation

• Recent G4 versions still not perfect, but much better 
than in the past

• Particle flow performance rather robust
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Figure 22: Data - Monte Carlo comparison: track multiplicity for different energies. The grey area
gives the size of the statistical error for LHEP.

5. Summary

A simple tracking algorithm has been developed that is capable of identifying tracks created by
minimum ionizing particles in hadronic showers. The algorithm relies on isolated hits and works
on a layer-by-layer basis. It intrinsically limits the angle of tracks reconstructed. The energy de-
position of inclined tracks is corrected. In a second step the intrinsic track properties track angle,
length, multiplicity and gap fraction are used as parameters in a comparison between testbeam
data and simulations created with various physics lists. For the given data the four physics lists
QGSP_BERT, QGSP_BERT_TRV, FTF_BIC and FTFP_BERT all give results that are close to-
gether and comparable to testbeam data, with a slight advantage in favor of the QGSP_BERT(_TRV)
lists. The energy distribution of hits on tracks found with this algorithm have also been successfully
used in calibration studies [3].
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Comparison of AHCAL data to GEANT4:
Radial profiles
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Figure 22: Data - Monte Carlo comparison: track multiplicity for different energies. The grey area
gives the size of the statistical error for LHEP.

5. Summary

A simple tracking algorithm has been developed that is capable of identifying tracks created by
minimum ionizing particles in hadronic showers. The algorithm relies on isolated hits and works
on a layer-by-layer basis. It intrinsically limits the angle of tracks reconstructed. The energy de-
position of inclined tracks is corrected. In a second step the intrinsic track properties track angle,
length, multiplicity and gap fraction are used as parameters in a comparison between testbeam
data and simulations created with various physics lists. For the given data the four physics lists
QGSP_BERT, QGSP_BERT_TRV, FTF_BIC and FTFP_BERT all give results that are close to-
gether and comparable to testbeam data, with a slight advantage in favor of the QGSP_BERT(_TRV)
lists. The energy distribution of hits on tracks found with this algorithm have also been successfully
used in calibration studies [3].
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Physics List Jet Energy ResolutionJet Energy ResolutionJet Energy ResolutionJet Energy ResolutionPhysics List 45 GeV 100 GeV 180 GeV 250 GeV
LCPhys 3.74 % 2.92 % 3.00 % 3.11 %

QGSP_BERT 3.52 % 2.95 % 2.98 % 3.25 %
QGS_BIC 3.51 % 2.89 % 3.12 % 3.20 %

FTFP_BERT 3.68 % 3.10 % 3.24 % 3.26 %
LHEP 3.87 % 3.15 % 3.16 % 3.08 %
χ2 23.3 / 4 17.8 / 4 16.0 / 4 6.3 / 4

rms 4.2 % 3.9 % 3.5 % 2.5 %



MC

CLIC CDR Review Felix Sefkow     Manchester, October 19, 2011

Technology: ECAL

• Key issues: 
• micro-electronics 

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

board

• SiD approach:

20

6 CALORIMETRY
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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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LCWS 2011
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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!!!
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Technolgical prototypes: HCAL

• compact, embedded design

21

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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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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SDHCAL commissioning

• m3 prototype with 2nd 
generation electroncis

• DAQ still to be timed and 
run in

• First showers recorded

22

8

CALICE Collaboration Meeting Sept. 2011

SDHCAL beam test in June

- Stack with 30 layers assembled (35 layers produced until June)
  Setup includes Mechanical structure and gas system

- Mounted onto stage in H2 
  on June 17th

- Full beam control on
  June 23rd  
  Before sharing with CMS

- Severe problems with
  Bringing DAQ2 into 
  operation
  Switch back to USB based
  DAQ system  
  (not adequate workaround)

June period must be regarded as a (pre-) commissioning run
However … 

9

CALICE Collaboration Meeting Sept. 2011

Promising validation of SDHCAL 1m3 stack 
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Summary technology

• There are formidable challenges associated with 
the tremendous channel count of PFLOW 
calorimeters
– micro-electronics integration
– power consumption and heat dissipation
– connectivity
– (equalization) 

• Being addressed with technical prototypes
– under construction
– performance validation to come

• Will allow time-dependent shower analyis
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Tungsten test beam

24

• Test simulation of 
neutron-rich 
response and time 
structure 

• start with existing 
scintillator r/o

• test bed for 2nd 
generation 
scintillator

• T3B: tiles with 
picosecond 
electronics: first 
results

• Next year: US RPCs
set-up at the SPS with tail catcher
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W HCAL tests

• First experience with tungsten 
mechanics 

• large data samples 1-250 GeV
• T3B:  first results
• timing of first hit: large model 

sensitivity 
– only isolated late hits

25
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Frank Simon (frank.simon@universe-cluster.de)T3B - Time Structure of Showers in Tungsten
ALCPG11, Eugene, OR

Data & Simulations - First Results

• Data consistently described by QGSP_BERT_HP

• QGSP_BERT deviates strongly
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Timing performance

• Timing performance of a few ns at hit level gives 
sub-nanosecond precision at cluster level

• Hit timing ingredients:
– shower development
– signal generation 
– electronics chain

• Si sensors, SiPMs, RPCs are all fast
• present HCAL electronics already designed to 

nanosecond timing requirements 
– tungsten test beam studies

• Overall concept for fast CLIC electronics: see A. 
Kluge’s talk
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Jet energy performance

• Using Z→ uds events, reconstructed with PandoraPFA
• studies with timing cuts and background: see subsequent talks
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Fig. 6.21: Jet energy resolution as a function of jet energy for CLIC_SiD (left) and CLIC_ILD (right)
for the barrel region |cos(q)| < 0.7.

)|θ|cos(
0.2 0.4 0.6 0.8 1

) [
%

]
j

(E
90

)/m
ea

n
j

(E
90

R
M

S

0

2

4

6

8

10

12
CLIC_SID

=100 GeVjE
=500 GeVjE
=1500 GeVjE

)|θ|cos(
0.2 0.4 0.6 0.8 1

) [
%

]
j

(E
90

)/m
ea

n
j

(E
90

R
M

S

0

2

4

6

8

10

12
CLIC_ILD

=100 GeVjE
=500 GeVjE
=1500 GeVjE

Fig. 6.22: Jet energy resolution dependence on event angle and jet energy for CLIC_SiD (left) and
CLIC_ILD (right).

0.95 < |cosq | < 0.975 which means it goes to angles as small as 12�. Table 6.2 shows that the angular
acceptance is smaller for CLIC_SiD, in particular for the HCAL which covers only angles down to 15.5�

and therefore misses more energy in the forward region. In the case of CLIC_ILD, a dip in jet energy
resolution occurs in the overlap between barrel and forward region. This is due to a gap between the
ECAL barrel and ECAL endcap which is bigger in the CLIC_ILD detector than in CLIC_SiD.

The effect of background pile-up is studied in two steps. First, a set of timing cuts has been
developed which efficiently suppresses the background. These cuts are described in more detail in Sec-
tion 12.1.4 and in Appendix C. Then, the degradation of the signal resolution due to the background
suppression cuts is investigated. The combined effect of the cuts and of the residual pile-up depends
strongly on the physics channel under study and on the choice of the set of timing cuts. Such studies
of jet performance with background included are shown in the context of the physics performance, see
Chapter 12.
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Fig. 6.21: Jet energy resolution as a function of jet energy for CLIC_SiD (left) and CLIC_ILD (right)
for the barrel region |cos(q)| < 0.7.
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Fig. 6.22: Jet energy resolution dependence on event angle and jet energy for CLIC_SiD (left) and
CLIC_ILD (right).

0.95 < |cosq | < 0.975 which means it goes to angles as small as 12�. Table 6.2 shows that the angular
acceptance is smaller for CLIC_SiD, in particular for the HCAL which covers only angles down to 15.5�

and therefore misses more energy in the forward region. In the case of CLIC_ILD, a dip in jet energy
resolution occurs in the overlap between barrel and forward region. This is due to a gap between the
ECAL barrel and ECAL endcap which is bigger in the CLIC_ILD detector than in CLIC_SiD.

The effect of background pile-up is studied in two steps. First, a set of timing cuts has been
developed which efficiently suppresses the background. These cuts are described in more detail in Sec-
tion 12.1.4 and in Appendix C. Then, the degradation of the signal resolution due to the background
suppression cuts is investigated. The combined effect of the cuts and of the residual pile-up depends
strongly on the physics channel under study and on the choice of the set of timing cuts. Such studies
of jet performance with background included are shown in the context of the physics performance, see
Chapter 12.
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Future R&D

• Till end 2012:
• round up optimization

– re-optimize mask design
– revisit granularity, occupancies
– study tungsten iron transition region

• refine electronics conceptual design
– specs and R&D guidance

• Project implementation phase:
• tungsten test beam, also with gaseous readout
• power-aware fast electronics design
• active layer R&D: SiPMs, MPGDs,...
• engineering and integration issues
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Summary

• Particle flow drives the calorimeter design at CLIC 
energies

• Builds on technologies established in ILC context

• Challenges: heavy absorber and timing

• Lively test beam program to validate performance
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