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Outline

!
!
!

• Physics justification 
!

• Roles of ECAL and HCAL 
!

• Common parameters for cost and performance 
!

• Status of tools
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Detector optimisation

!
• Physics performance vs cost = 

– physics impact of detector performance        → justification 
– detector performance vs parameters            → optimisation studies 
– cost coefficients of parameters                     → engineering prototypes 
– performance optimisation, cost minimisation → R&D, industrialisation 
!

• Need to factorise 
– physics impact hard to quantify in objective way 
– physics analyses often dilute detector effects 
– but need to be prepared to defend the case 

• Coherent approach 
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ILD and SiD jet performance 

• ILD has clear 
advantages 

• Barely shows up in 
physics performance  

• Cost justification 
questioned 

• Were the 
benchmarks 
appropriate?
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Chapter 4. ILC Detectors
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Figure 4.8. Left: Momentum resolution as a function of the transverse momentum of particles, for tracks with
di�erent polar angles. Also shown is the theoretical expectation. Right: Flavour tagging performance for Z æ qq
samples at 91 GeV.

For many physics studies the tagging of long-lived particles is of key importance. The ability of ILD
to reconstruct displaced vertices is shown in Fig. 4.8 (right).

Calorimeter system and tracking system enter into the particle flow performance together. The
performance of the ILD detector for di�erent energies and as a function of the polar angle is shown
in Fig. 4.9. The jet-energy resolution stays below 4% for nearly the full solid angle, and is nearly
independent of the centre-of-mass energy.

Figure 4.9
Fractional jet-energy resolution
plotted against | cos ◊| where ◊ is
the polar angle of the thrust axis of
the event.
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4.7.3 ILD costing

A significant e�ort has been undertaken to evaluate the cost of the ILD concept. In most cases the
prototypes constructed over the past few years have given important input to validate the costs, and to
provide guidance towards large-scale production of detector components. For the most relevant items
the estimates are based on quotes from manufactures, and are often based on extensive discussions.

Depending on the option chosen, the cost of the ILD concept varies between 350 and 440 mil-
lion ILCU. This cost does not include labour, or any contingency.

The distribution of costs among the di�erent ILD systems is shown in Fig. 4.10 as a fraction
of the total cost of the detector. As basis for this plot an average cost of the ILD concept of
392 million ILCU was used.
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10.6. Detector Performance

10.6.3 Energy and Mass Resolution

The design of the SiD detector concept has been optimised for jet energy resolution using the particle
flow approach. This puts stringent requirements on the interplay of the various subdetectors and has
led to the choice of calorimeters with a high degree of segmentation and transverse granularity. In
addition, sophisticated reconstruction algorithms are necessary to obtain a jet energy resolution that
allows to separate W and Z decays.

Figure II-10.11 (left) shows the PFA jet energy resolution without the e�ects from jet finding
or background. To avoid a bias from possible tails, the rms90 value is computed to describe the
energy or mass resolution of a particle flow algorithm. It is defined as the standard deviation of the
distribution in the smallest range that contains 90% of the events. The events consist of ZÕ bosons of
di�erent masses decaying at rest to a pair of light quark jets. In these events the jet energy resolution
is computed as the event energy resolution times

Ô
2, and the jet energy is half of

Ô
s of the process.

Figure II-10.11
Left: Energy resolu-
tion of reconstructed
Z

Õ events of di�erent
masses decaying at
rest to a pair of light
quark jets. Right: Mass
resolution of recon-
structed ZZ events
with and without the
backgrounds at di�er-
ent values of

Ô
s. In

these events, one Z

boson decays invisibly
and the other to a pair
of jets.
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Figure II-10.11 (right) shows the mass resolution of reconstructed Z bosons in e+e≠ æ ZZ
events at di�erent collision energies, where one Z decays to neutrinos, the other to two light quarks
that give rise to two jets. The events have been clustered into two jets using the kt algorithm as
implemented in the FastJet [175] package. The jets are combined to form a Z boson.

The value at each point in Figure II-10.11 (right) is computed as rms90(M)/M and given in per
cent. The error bars indicate the error of the rms90 value of the distribution at each point. The
addition of background from gg æ hadrons events and incoherent pairs results in only a minor change
in resolution in these events. The di�erence can be explained by the additional background energy
in the reconstructed jets balancing the small reconstruction bias towards lower energies in events
without background.

Figure II-10.12
Comparison of the
distributions of the
reconstructed Z mass
in ZZ events at

Ô
s

=250 GeV with and
without background
(left) and at two dif-
ferent values of

Ô
s

without background
(right). In these events
one Z decays invisibly
and the other to a pair
of jets.

 (GeV)
Z

M
20 40 60 80 100 120 140

ar
bi

tra
ry

 u
ni

ts

no background

with background

 (GeV)
Z

M
20 40 60 80 100 120 140

ar
bi

tra
ry

 u
ni

ts

 = 250 GeVs

 = 1000 GeVs

Figure II-10.12 (left) shows a comparison of the distributions of the reconstructed Z mass in ZZ
events simulated with and without background at

Ô
s =250 GeV. The e�ect of the background on

the reconstructed mass at these energies is partially mitigated by the jet clustering. Figure II-10.12
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6 CALORIMETRY
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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).

6.4.3 Jet Energy Resolution
A study of the particle flow performance for both the CLIC_ILD and CLIC_SiD detector models was
carried out. For this study single Z-like bosons of masses ranging from 91 GeV to 3 TeV and decaying at
rest into light quarks, hence producing two mono-energetic jets, were generated [32]. No jet reconstruc-
tion is carried out at this stage. The full energy deposited in the detector E j j is analysed to avoid a bias
from jet reconstruction. The resolution of the jet energy E j is obtained by calculating the RMS90(E j j)
and the mean90(E j j) from the data and then applying a factor of

p
2. Figure 6.21 shows the jet energy

resolution as a function of the jet energy. At high energies, particle flow turns into energy flow and
confusion becomes dominant. In general both detector concepts show similar performance. For low jet
energies, CLIC_ILD shows a slightly better jet energy resolution compared to CLIC_SiD.

In the barrel region, both detectors show only small variation with the angle of the jet as shown
in Figure 6.22 for three different jet energies. The performance for CLIC_SiD is somewhat worse in
the forward region, especially in the last bin, due to angular coverage. The last bin covers the region
0.95 < |cosq | < 0.975 which means it goes to angles as small as 12�. Table 6.2 shows that the angular

140

SiD
ILD
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MC

Scintillator HCAL Felix Sefkow  2013 

W Z separation vs W in multi-jets 
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14

At this stage, it seems that all of these technological options
can meet the performance requirements

Differences in performance are not large
no show-stoppers found
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MC

Scintillator HCAL Felix Sefkow   2013 

W Z separation vs W in multi-jets 

• important physics 
• but useless for detector optimisation

!6

14

At this stage, it seems that all of these technological options
can meet the performance requirements

Differences in performance are not large
no show-stoppers found
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Better candidates?

• Famous “blue plot”: study strong 
electro-weak symmetry breaking 
at 1 TeV  
– WWνν, ZZνν production 
– but this is not the only one 
!

• H → WW*, ZZ* (total width) 
• H → cc, Z → νν  
• Chargino neutralino separation  
!

• Higgs recoil with Z → qq 
• invisible Higgs 
•  WW fusion → H → WW  

• total width and gHww

!7

6.3. ILD benchmarking

obtained, demonstrating that the ILD jet energy resolution is su�cient to separate the hadronic
decays of gauge bosons.

Figure III-6.8
a) The reconstructed
di-jet mass distribu-
tions for the best jet-
pairing in selected
‹e‹̄eWW (blue) and
‹e‹̄eZZ (red) events atÔ

s = 1 T eV . b) Distri-
butions of the average
reconstructed di-jet
mass, (mij + mB

kl)/2.0,
for the best jet-pairing
for ‹e‹̄eWW (blue)
and ‹e‹̄eZZ (red)
events. /GeVijm
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6.3 ILD benchmarking

In chapter 1.4, the list of benchmark reactions is described which have been studied by the detector
groups (for more detail see [386]). The result of the analyses of these benchmarks are briefly presented
in this section. The generation of both signal, physics background, and machine background was
done as a common e�ort between ILD and SiD and is described in detail in chapter 2.2. The detector
simulation software and detector model used are described in chapter 5.4. Events for the analyses were
generated and simulated with the detailed GEANT4 based ILD model, and centrally reconstructed.
The PandoraPFA and LCFIPlus algorithms (described in chapter 2.2) were used.

The first three benchmark processes presented are at
Ô

s=1 TeV. They were chosen partly to
demonstrate the capability of the detectors under the conditions of the ILC operating at 1 TeV, partly
to exploit the opportunities that this higher energy would bring. More specifically:
e+e≠ æ ‹‹̄h is intended to test the detector capabilities in simple topologies.

e+e≠ æ W +W ≠ is complementing the first benchmark by topologies with jets at higher energies
and at lower angles.

e+e≠ æ tt̄h is intended to demonstrate the capability of the detector to disentangle very complicated
final states.

These processes were studied assuming an integrated luminosity (L) of 1 ab≠1, and with polarised
beams. Using the convention that Pp≠,p+ denotes a configuration of p ≠ % degree of polarisation
for the electrons, p + % for the positrons, the full sample was evenly divided in two samples with
P≠80,+20

and P
+80,≠20

. The full sample is referred to as the full DBD sample in the following, while
the two sub-samples are called the DBD P≠80,+20

and P
+80,≠20

samples.
The last of the benchmark processes was the analysis of e+e≠ æ tt at

Ô
s = 500 GeV. The

integrated luminosity was assumed to be 500 fb≠1, evenly divided in a P≠80,+30

sample and a
P

+80,≠30

one. This particular reaction was chosen to compare the current more detailed ILD model
to the one used in earlier studies to understand the impact the improved simulation model has on the
physics reach.
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Physics Performance
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FIGURE 3.3-12. a) Di-jet mass from the 5C kinematic fit after all selection cuts. b) Fit of the background
and Chargino and Neutralino contributions. The fit parameters are the normalisations of the W and
Z peaks. c) Energy spectra of W and Z boson candidates after the Chargino and d) Neutralino event
selections, shown including fits to signal and background contributions.

the W and Z candidates from the kinematic fit are shown in Figure 3.3-12c/d. The masses
of the gauginos are determined from the kinematic edges of the distributions located using
an empirically determined fitting function for the signal and a parameterisation of the SM
background. From the fit results the upper and lower kinematic edges of the �̃±1 sample
are determined to ±0.2 GeV and ±0.7 GeV respectively. The corresponding numbers for the
�̃0

2 sample are: ±0.4 GeV and ±0.8 GeV. For the SUSY point 5 parameters, the �̃±1 lower
edge is close to mW and, thus, does not significantly constrain the gaugino masses. The
other three kinematic edges can be used to determine the gaugino masses with a statistical
precision of 2.9 GeV, 1.7 GeV and 1.0 GeV for the �̃±1 , �̃0

2, and �̃0
1 respectively. The errors on

the masses are larger than the errors on the positions of the edges themselves. This reflects
the large correlations between the extracted gaugino masses; the di↵erences in masses are
better determined than the sum. If the LSP mass were known from other measurements, e.g.
from the slepton sector, the errors on the �̃±1 and �̃0

2 masses would be significantly reduced.
Furthermore, the resolutions can be improved by about a factor of two using a kinematic
fit which constrains the boson masses for chargino (neutralino) candidates not only to be
equal to each other, but also to be equal to the nominal W (Z) mass. In this case, statistical
precisions of 2.4GeV, 0.9GeV, and 0.8GeV are obtained for the �̃±1 , �̃0

2, and �̃0
1 respectively.

ILD - Letter of Intent 39
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Jet energies

• σm/m = 1/2 √(σE1/E1)2+(σE2/E2)2 
– lowest E dominates 
!

• At √s = 500 GeV 
• example SM 4f plus            

chargino, neutralino → qq + invis. 
• At √s = 1 TeV 
• example WW→H → WW → lνqq 
• forward! 
!

• At CLIC?

!8

peak at  

20 GeV

peak at  

250 GeV

plots: 
J.List, M.Chera, A.Rosca

peak at  

35 GeV



MC

HCAL optimisation Felix Sefkow     CERN, February 4, 2014 

/GeVJETE
0 50 100 150 200 250

 [%
]

je
t

/E
90

rm
s

0

1

2

3

4 Total
Resolution
Confusion

Other
Leakage

Role of the HCAL

• Measure the energy of neutral hadrons 
–dominant up to ~ 100 GeV 
!

• Charged Hadron - neutral hadron 
separation 
–dominant confusion term for high 

energy jets  
!

• Transition region may move to somewhat 
lower energy for smaller detector 
– to be studied

!9

had energy  
resolution

energy  
and topology

containment, 
constant term

Total Resolution 3.1 %
Confusion 2.3 %
   i) Photons 1.3 %
  ii) Neutral hadrons 1.8 %
 iii) Charged hadrons 0.2 %

at 250 GeV:
M.Thomson
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Parameters: performance and cost

• Chose a parameterisation basis for cost and performance study 
– R inner radius 

• ε aspect ratio 
• z barrel length εR 

– T total thickness 
– N number of layers 

• g active gap thickness (const.) 
• d absorber layer thickness (T-Ng)/(N+1) 

– s tile size 
• Cost = CV * V + CC = 45M (ILD) 

– Constant CC = 10M 
– Rest scales with Volume ~ 2R2T+RT2 

• Absorber 10M ~ V * d/(d+g) 
• Instrum. Area 16M ~ V / (d+g) 
• Channels 10M ~ V / s2(d+g) 
• adjusted to DBD numbers 

!10

Cost impact factor  
    [% / %] 
Radius   1.4 
Thickness  0.5 
No layers  0.5 
Tile size  0.4 
!
for small variations only!

confusion

leakage
resolution

confusion

physics 
motivated 
parameters
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Correlations

• Leakage depends only on thickness 
• Energy resolution depends only on no of layers  

– only weakly on scintillator thickness, as seen from 5 
to 3 mm  

– not on tile size (analogue case) 
!

• Confusion depends on both radius and tile size 
– test beam prototype optimisation: confusion as 

function of particle distance - not much to gain 
below 3cm 

– smaller radius - smaller particle separation 
– dependence on longit. sampling to be studied again 

• Expect earlier onset of size dependence, but 
same optimum 
– feature size rather train characteristic separation  
– to be verified with Pandora

!11
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External correlations

!
• Thickness and TCMT: 

– moderate cost impact on HCAL 
proper, but drives coil and yoke like 
ECAL and TPC 

– balance total cost vs performance 
– need to include TCMT in 

performance analysis 
– possibly stronger sensitivity to TCMT 

design if HCAL thinner

!12

7.5. Conclusion

Figure III-7.3. Left: Dependence of the SiECAL cost on the number of sensitive layers. (right) Scaling of the cost
of the ILD dector if the transverse size is changed, split into relative cost changes for the di�erent sub-detectors.

example, going from 30 to 20 samples will reduce the radial thickness by 20 mm. This space in turn
can be used to reduce the constraints on the sensitive part in particular on the PCB. All this together
makes the scaling essentially proportional to the area and then to the sampling.

The cell sizes of the electromagnetic calorimeter cannot be easily reduced any further with the
current technological solution. To go below, a new design, may be a totally di�erent approach will
be needed. Increasing the cell sizes within the same technology will have only a minor impact on
the cost, as the cost roughly scales with the area of silicon, not so much the number of readout
channels. There is some e�ect due to a di�erent cost of the printed circuit boards and other ancillary
equipment. We estimate that reducing the number of cells by an order of magnitude reduces the
cost of the ECAL by less than 10%, or 3% of the total detector cost. The impact on the cost for the
scintillator version may be larger but it is unlikely that scaling up the size in this version would be
considered.

7.4.4 Scaling the hadronic cell size

For the hadronic calorimeter changing the cell sizes will result in a changed number of FE chips,
calibration devices etc. We estimate that a reduction of the number of readout channels by an order
of magnitude reduces the cost of the digital HCAL by about 20%, of the analogue HCAL by about
10%. This has to be balanced with a significant performance loss.

7.5 Conclusion

The cost of the ILD detector has been estimated to be about 400 MILCU. It includes the material
to build the detector, but does not include cost escalation and contingencies. Person-power is with
few exceptions not included. The dependence of the cost on the main detector parameters has been
studied, and e�ects of order 10% or less per item on the total detector cost have been found. To
illustrate the possibilities, a cost reduction of 20% can be reached by reducing the inner radius of the
ECAL to 150 cm, without changing the length. The quoted cost of the ILD detector is comparable to
the total cost of the large LHC detectors.

Detectors: ILD Detailed Baseline Design ILC Technical Design Report: Volume 4, Part III 311
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ECAL and HCAL 

• ECAL optimisation study 
(John): 
– sampling counts at low E 
– granularity counts at hi E 
– mainly in first 1/3 

• ECAL granularity drives 
the photon hadron 
confusion, but not 
hadron hadron 

• Hadron confusion varies 
with radius (and nL?) 

• “Other” (hadron 
fragments) with R and 
nLayers (resolution) 

• Study HCAL radius, 
granularity and nL

!13

J. S. Marshall ECAL Simulation Studies

Two Granularity & Layer Reduction

24

• Finally, study ECAL layer reduction in the context of a two granularity model. The W absorber 
thicknesses remain as described on slide 21, but the transverse granularities are:

30 layers 10L(5x5mm2) + 20L(15x15mm2)

26 layers   9L(5x5mm2) + 17L(15x15mm2)

20 layers   7L(5x5mm2) + 13L(15x15mm2)

16 layers   6L(5x5mm2) + 10L(15x15mm2)

• Maintain roughly constant fraction of total 
layers with 5x5mm2 granularity.

• As expected, resolutions flat wrt layer 
number at high Ej; performance closer to 
constant 5x5mm2 than 15x15mm2.

J. S. Marshall ECAL Simulation StudiesJ. S. Marshall ECAL Simulation Studies

ECAL Inner Radius

!12

• Move on to investigate impact of varying ECAL 
inner radius. Specify TPC outer radii of 1400, 
1600 and (default) ~1800mm to obtain ECAL 
inner radii of 1443, 1643 and 1850mm."

• Mostly “other” confusion term that accounts 
for the improvement in jet energy resolution 
with ECAL inner radius: Likely due to reduced 
numbers of fake (neutral hadrons) fragments.

J. S. Marshall ECAL Simulation Studies

Confusion vs. Cell Size

!8

• Total confusion represents difference between best reconstructed resolution and perfect PFA; it 
comprises neutral hadron confusion, photon confusion and all “other” remaining contributions."

• As could infer from earlier plots, neutral hadron confusion contribution is essentially flat with 
respect to ECAL cell size, whilst photon confusion increases significantly."

• Loss of photons also clearly evident in plot of mean di-jet energies vs. ECAL cell size.

• Can examine changes in performance between different algorithm configurations to explicitly 
determine confusion contributions. Contributions to overall resolution enter in quadrature. 
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Strategy

• In the case of the AHCAL, quite orthogonal mapping of parameters on 
performance 

• For stronger variation of radius, need some study 
• interesting: ECAL (and HCAL) resolution or longity. sampling impact on 

confusion 
!

• Need to study HCAL before fixing ECAL radius 
!

• Proposal: two-step procedure 
– 1. Choose 2 or 3 radii (in total) and redo internal optimisation 

– suggestion: RILD, RSiD, √RILDRSiD 

– use singe particle or di-jets, no mass production 
– 2. Define detector models for 2 or 3 different radii, with possibly adapted 

internal parameters 
– larger production, to be used for physics benchmarks 
– This might be appropriate for other sub-detectors as well

!14
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Degrees of freedom: Mokka 

• Flexible and scalable driver 
for optimisation studies  
– ILD_o1_v06 

• Already used in studies of 
ECAL radius variations  

• Ongoing work: flexible 
granularity, varying with 
depth 

• Keep realism, but avoid 
artificial dead regions 
– max 1cm gap at module 

edges  
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Demonstration of Barrel Hcal in ILD

• Fixed Rin and Rout

4

Today ILD_o1_v06

• Still use layers number to 
drive the thickness and the 
module radius. (48)

• to increase the outer 
radius , and increase the 
layer length

• or to decrease the layer 
number to keep the radius 
as ILD_o1_v05
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Summary

!
• Particle flow has driven the detector design and cost - but is 

under-exposed in the physics benchmark studies 
•  Need to link to the physics case for good jet energy resolution, 

understand its impact and the relevant jet energy range  
!

• Optimisation studies teach us a lot about performance drivers 
– disentangle impact of energy and space resolution  
– need to better understand hadron and “other” confusion 
– important guidance for R&D 
!

• Soon ready to study HCAL granularity in full flexibility 
!

• HCAL cost parameterisation exists in “physics" basis
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Back-up
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Absorber geometry

• The AHCAL group prefers the 
“TESLA” structure for technical 
reasons 
– access to layer interfaces 

• Expect little performance differences 
relative to “Videau” structure 
– not an optimisation parameter, but an 

integration topic 
!

• Can verify this with single particle 
and dijets 
– no extra mass production 
– models exist 

• Keep T structure for AHCAL 
benchmarks 
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