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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.
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FIGURE 3.3-17. a) The c-tag of the two jets in candidate ZH ! qqcc events after all other cuts apart
from the c-tag and c-likeness cut. b) Distribution of the reconstructed di-jet mass for the ZH ! ⌫⌫̄cc̄
sample prepared by bc-tagging.

centre-of-mass energy, the combined results shown in Table 3.3-5 are broadly in agreement
with those obtained with a fast simulation analysis performed in the context of the TESLA
TDR [34].

Channel Br(H ! bb) Br(H ! cc) Br(H ! gg)

ZH ! `+`�qq (2.7� 2.5)% (28� 2.5)% (29� 2.5)%

ZH ! ⌫⌫̄H (1.1� 2.5)% (13.8� 2.5)% �
ZH ! qqcc � (30� 2.5)% �
Combined 2.7% 12% 29%

TABLE 3.3-5
Expected precision for the Higgs boson branching fraction measurements (

p
s = 250GeV) for the individual

Z decay channels and for the combined result. The expected 2.5% uncertainty on the total Higgs production
cross section is added in quadrature. The results are based on full simulation/reconstruction and assume
an integrated luminosity of 250 fb�1. Entries marked � indicate that results are not yet available.

3.3.3 Tau-pairs

The reconstruction of ⌧+⌧� events at
p
s = 500 GeV provides a challenging test of the detec-

tor performance in terms of separating nearby tracks and photons. The expected statistical
sensitivities for the ⌧+⌧� cross section, the ⌧+⌧� forward-backward asymmetry, A

FB

, and
the mean tau polarisation, P

⌧

, are determined for and integrated luminosity of 500 fb�1 with
beam polarisation, P (e+, e�) = (+30%,�80%).

Simulated events with less than seven tracks are clustered into candidate tau jets each
of which contains at least one charged particle. Tau-pair events are selected by requiring
exactly two candidate tau jets with opposite charge. The opening angle between the two tau
candidates is required to be > 178� to reject events with significant ISR (including radiative
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LC physics with jets: Minv

• W - Z separation 
– study strong e.w. symmetry 

breaking at 1 TeV 
• Other di-jet mass examples 

– H → cc, Z → νν 
– Higgs recoil with Z → qq 
– invisible Higgs  
– WW fusion → H → WW  

• total width and gHww 

• SUSY example: 
– Chargino neutralino 

separation

3

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)
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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.

Detectors: ILD Detailed Baseline Design ILC Technical Design Report: Volume 4, Part III 291

WWνν, ZZνν prod.

√s = 500 GeV
Ejet peak s @ 35 GeV

typical jet energies
at √s = 500 GeV
50-150 GeV 

Fragmentation effects 
dominate at low Ejet  - 
but largely cancel in Minv

LC goal
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Calorimeter optimisation

• Mostly driven by jet energy performance 
and particle flow 

• Large radius, high magnetic field, 
calorimeters inside coil 

• Dense and compact design 
• Very high granularity  

• ECAL also studies tau identification 
• Less well or not at all studied 

– photon energy resolution 
– electron and muon identification

4

1.2. ILD layout and performance

Figure III-1.6
Fractional jet energy
resolution plotted
against | cos ◊| where
theta is the polar angle
of the thrust axis of the
event.
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Table III-1.1. List of the main parameters of the ILD detector for the barrel part.

Barrel system

System R(in) R(out) z comments
[mm]

VTX 16 60 125 3 double layers Silicon pixel sensors,
layer 1: layer 2: layer 3-6
‡ < 3µm ‡ < 6µm ‡ < 4µm

Silicon
- SIT 153 300 644 2 silicon strip layers ‡ = 7µm

- SET 1811 2300 2 silicon strip layers ‡ = 7µm

- TPC 330 1808 2350 MPGD readout 1 ◊ 6mm2 pads ‡ = 60µm at zero
drift

ECAL 1843 2028 2350 W absorber SiECAL 30 Silicon sensor
layers, 5 ◊ 5 mm2

cells
ScECAL 30 Scintillator layers,

5 ◊ 45 mm2 strips
HCAL 2058 3410 2350 Fe absorber AHCAL 48 Scintillator lay-

ers, 3 ◊ 3cm2 cells,
analogue

SDHCAL 48 Gas RPC layers,
1 ◊ 1 cm2 cells,
semi-digital

Coil 3440 4400 3950 3.5 T field 2⁄

Muon 4450 7755 2800 14 scintillator layers

the total interaction length including the calorimeter system.
The performance of the tracking system can be summarised by its combined momentum resolution,

shown in Figure III-1.5 (left). A resolution of ‡
1/pT

= 2 ◊ 10≠5 GeV≠1 has been achieved for high
momenta. For many physics studies the tagging of long lived particles is of key importance. Several
layers of pixel detectors close to the IP allow the reconstruction of displaced vertices, as shown in
Figure III-1.5 (right).

Calorimeter system and tracking system together enter into the particle flow performance. The
performance of the ILD detector for di�erent energies and as a function of the polar angle is shown in
Figure III-1.6.

The few plots shown in this executive summary illustrate the anticipated performance of the
detector and illustrate the potential for precision measurements with the ILD detector. More details

Detectors: ILD Detailed Baseline Design ILC Technical Design Report: Volume 4, Part III 189
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Absorber materials

• Electromagnetic showers: X0 
• Hadronic showers λI (and X0) 
• Photon photon separation RM~ X0 
• Photon hadron separation: λI / X0 

– ECAL “transparent” for hadrons 
• W preferred for ECAL

5

     (cm)    λI           X0       λI / X0     
Fe        16,8      1,8       10
W           9,9     0,35      28
Pb        17,6     0.56      31

GLD had a Pb ECAL and a Pb HCAL option 
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HCAL absorber

• Want reasonable sampling 
for hadronic and 
electromagnetic part of 
shower: avoid too large λI / 
X0  

• Fe preferred for the HCAL 

• CLICdp had considered W 
– to fit enough λI inside coil 
– performance gain at high E 

for same ΔR 
• With new model back to Fe 

– more space due to smaller 
tracker 

– Performance superior for 
same number of λI ~ 7.5 

• W: 70 layers, ΔR = 1.2m 
• Fe: 60 layers, ΔR = 1.6m

6

     (cm)    λI           X0       λI / X0     
Fe        16,8      1,8       10
W           9,9     0,35      28
Pb        17,6     0.56      31

S.Green CLIC Workshop 2016

HCal Absorber Material
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HCal Absorber Material

HCal Timing Cuts : 100 ns 
ECal Timing Cuts : 100 ns 
HCal Hadronic Cell Truncation: 1 GeV 
Software : ilcsoft_v01-17-07, including PandoraPFA 
v02-00-00 
Digitiser : ILDCaloDigi, realistic ECal and HCal 
digitisation options enabled 
Calibration : PandoraAnalysis toolkit v01-00-00
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Particle flow technologies

7

5 

Assembling procedure 

6mm(active area) + 5mm(steel) =  
11 mm thickness 

Gas 
outlet 

     HV  
connection 

Gas 
inlet 

PCB support (polycarbonate) 
PCB (1.2mm)+ASICs(1.7 mm) 

Mylar layer (50µ) 

Readout ASIC 
(Hardroc2, 1.6mm) 

PCB interconnect 
Readout pads 
(1cm x 1cm) 

Mylar (175µ) 

Glass fiber frame (≈1.2mm) 

Cathode glass (1.1mm) 
+ resistive coating 

Anode glass (0.7mm) 
+ resistive coating 

Ceramic ball spacer (1.2mm) 

Gas gap 

Structure of an active layer of the SDHCAL 

Large GRPC R&D 

#   Negligible dead zone 
    (tiny ceramic spacers) 
#  Efficient gas distribution system 
    (channeling gas inlet and outlet) 
#  Homogenous resistive coating 
   (special paint mixture, silk screen print)   
 

• Silicon (ECAL) 
– most compact solution, stable 

calibration 
– 0.5 - 1 cm2 cell size 
– MAPS pixels also studied 

• Scintillator SiPM (ECAL, HCAL) 
– robust and reliable, SiPMs.. 
– ECAL strips: 0.5 - 1 cm eff. 
– HCAL tiles: 3x3 cm2 

• Gaseous technologies 
– fine segmentation: 1 cm2 
– Glass RPCs: well known, safe 
– MPGDs: proportional, rate-

capable 
• GEMs, Micromegas

12µm 
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Test beam prototypes

8

Figure 1: An photograph of the prototype in front of the CALICE AHCAL.

The four edges of each strip were polished to precisely control the strip size and give good sur-104

face reflection. From a randomly chosen sample of twenty strips, the measured mean (±standard105

deviation) of the widths, lengths and thicknesses were 9.85(±0.01)mm, 44.71(±0.04) mm, and106

3.02(±0.02)mm, respectively. A double clad 1 mm diameter Y-11 WLS fiber1, of length 43.6107

± 0.1 mm, was inserted in the hole of each strip. Each strip was enveloped in a 57 µm-thick108

reflector foil, provided by KIMOTO Co., Ltd. This foil has evaporated silver and aluminum109

layers between layers of polyethylene terephthalate, and has a reflection ratio of 95.2% for light110

with a wavelength of 450 nm[11]. Each scintillator strip has a 2.5mm diameter hole on the111

reflector to allow the LED light to come through for Gain monitoring.112

A shade, made of reflector film, was used to prevent scintillation photons impinging directly113

onto the MPPC, without passing through the WLS fiber. The detection of such direct scintilla-114

tion photons can give rise to a strongly position-dependent response. When the shade is used,115

the response to single particles at the end of the strip far from the MPPC is 88.3± 0.4% of that116

directly in front of the MPPC. A photograph a shade attached to the inside of the scintillator117

notch is shown in Fig. 5. Nine MPPCs were soldered onto a polyimide flat cable, as shown in118

Fig. 4, and were then inserted into the strips’ MPPC housings.119

Each pair of absorber and scintillator layers was held in a steel mechanical frame. Each120

frame held four 100mm× 100mm× (3.49±0.01)mm tungsten carbide plates aligned to make a121

200 mm × 200 mm absorber layer in front of the scintillator. The measured density of eight122

absorber plates was 14.25±0.04 g/cm3, and the mass fractions of different elemental compo-123

nents were measured using X-ray diffraction and energy-dispersive X-ray spectroscopy to be124

(tungsten:carbon:cobalt:chrome) = (0.816:0.055:0.125:0.005). The orientation of each layer was125

rotated by 90◦ with respect to that of the previous layer.126

In order to monitor the sensitivity of each MPPC, a LED-based gain monitoring system127

was implemented in the prototype. Each of the eighteen strips in one row was supplied with128

LED light by a clear optical fibre in which notches had been machined at appropriate positions.129

Figure 6 shows a photograph of these fibers, in which light can be seen being emitted by the130

notches. The LED is driven by a dedicated board [12]. The ADC–photo-pixel conversion factor131

of each MPPC was measured during the test beam experiment by using this LED system. This132

conversion factor was used to implement the MPPC saturation correction discussed in the next133

section.134

1provided by KURARAY Co., Ltd.

4

J.Repond DHCAL 

4 

Testing in Beams 
Fermilab MT6  
 

  October 2010 – November 2011 
  1 – 120 GeV 
  Steel absorber (CALICE structure) 

 
CERN PS 
 

  May 2012 
  1 – 10 GeV/c 
  Tungsten absorber  
    (structure provided by CERN) 
 

CERN SPS 
 

   June, November 2012 
   10 – 300 GeV/c 
   Tungsten absorber 

Test Beam Muon events Secondary beam 

Fermilab 9.4 M 14.3 M 

CERN 4.9 M 22.1 M 

TOTAL 14.3 M 36.4 M 

A unique data sample 

RPCs flown to Geneva 
All survived transportation 

The SDHCAL prototype Test beam and data taking Particle identification Energy Reconstruction Summary

SDHCAL Description

Sampling calorimeter
Size : 51 stainless steel plates + 50 active
layers æ 1 ◊ 1 ◊ 1.3m

3

Active layer :
- Gaseous detector : GRPC (Glass Resistive

Plate Chamber) of 1m2

- Gas mixture : 93%TFE ; 5%CO2; 2%SF6
- HV : ≥ 6.9kV in avalanche mode

Readout :
- 96 ◊ 96 pads per layer ∆ more than 460k

channels for the whole prototype
- Semi-digital readout : 3 thresholds on the

induced charge to have a better idea on
the deposited energy

Radiator :
- 50 ◊ 20mm stainless steel ∆ ≥ 6⁄I

Arnaud Steen ( IPNL / Université Lyon 1 ) Results of the SDHCAL technological prototype 14/11/2013 4 / 28

SiW ECAL Scint AHCAL, Fe & WScintW ECAL

RPC DHCAL, Fe & W RPC SDHCAL, Fe
plus tests with small 
numbers of layers:

- ECAL, AHCAL with 
integrated electronics

- Micromegas and GEMs
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Choices

9

ILD SiD CLICdp

SiW Ecal (✔) ✔ ✔

Sci W Ecal (✔) (✔)

Sci Fe Hcal (✔) ✔ ✔

Gas Fe Hcal (✔) (✔)
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SiD HCAL baseline

• SiD recently changed their HCAL baseline from Gas to 
scintillator 

• Internal review including external expertise 
– J. Brau, M. Breidenbach, R.Rusack 

• In favour of scintillator: progress in SiPM 
• Concerns with respect to RPCs 

– calibration not simple, no reference signal 
– no redundancy for monitoring (equiv. to LED) 
– but stability required since response varies with gain 
– large cell-to-cell cross-talk, non-uniformities  
– non-linear response 
– ageing  
– fragility 
– gas flow uniformity over large area, gas recovery system 

• Not final, of course
10
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Geometries

• Basic choices:  

• Barrel endcap 

• Routing of signals

11

long barrel, plugs short barrel, end-caps

co-axial radial tangential
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Basic layouts

12

Chapter 1. ILD: Executive Summary

Figure III-1.2
Quadrant view of the
ILD detector concept.
The interaction point
is in the lower right
corner of the picture.
Dimensions are in mm.

1.1 ILD philosophy and challenges

The particle flow paradigm translates into a detector design which stresses the topological recon-
struction of events. A direct consequence of this is the need for a detector system which can separate
e�ciently charged and neutral particles, even inside jets. This emphazises the spatial resolution for
all detector systems. A highly granular calorimeter system is combined with a central tracker which
stresses redundancy and e�ciency. The whole system is immersed in a strong magnetic field of
3.5 T. In addition, e�cient reconstruction of secondary vertices and very good momentum resolution
for charged particles are essential for an ILC detector. An artistic view of the detector is shown in
Figure III-1.1, a vew of a quarter of the detector is seen in Figure III-1.2.

The interaction region of the ILC is designed to host two detectors, which can be moved in and
out of the beam position with a “push-pull” scheme. The mechanical design of ILD and the overall
integration of subdetectors takes these operational constraints into account.

The ILC is designed to investigate the mechanism of electroweak symmetry breaking. It will
allow the study of the newly found higgs-like particle at 126 GeV. It will search for and explore new
physics at energy scales up to 1 TeV. In addition, the collider will provide a wealth of information on
standard model (SM) physics, for example top physics, heavy flavour physics, and physics of the Z
and W bosons, as discussed earlier in this document. A typical event (tt̄ at 500 GeV) is shown in
Figure III-1.3. The requirements for a detector are, therefore, that multi-jet final states, typical for
many physics channels, can be reconstructed with high accuracy. The jet energy resolution should be
su�ciently good that the hadronic decays of the W and Z can be separated. This translates into a
jet energy resolution of ‡E/E ≥ 3 ≠ 4% (equivalent to 30%/

Ô
E at 100 GeV). Secondary vertices

which are relevant for many studies involving heavy flavours should be reconstructable with good
e�ciency and purity. Highly e�cient tracking is needed with large solid-angle coverage.

186 ILC Technical Design Report: Volume 4, Part III

1.2. Silicon-based Tracking

Figure II-1.2
SiD quadrant view.

the high magnetic field, makes for a very compact system, thereby minimising the size and costs of
the calorimetry.

To provide for a very robust track-finding performance the baseline choice for the vertex detector
is a sensor technology that provides time-stamping of each hit with su�cient precision to assign it to
a particular bunch crossing. This significantly suppresses backgrounds.

Several technologies are being developed. One of them is a CMOS-based monolithic pixel sensor
called Chronopixel. The main goal for the design is a pixel size of about 10 ◊ 10 µm2 with 99%
charged-particle e�ciency. Prototype devices have demonstrated that the concept works; what should
be a fully functional chip is presently under test. More challenging is the 3D vertical integrated silicon
technology, for which a full demonstration is also close.

Minimising the support material is critical to the development of a high-performance vertex
detector. Di�erent groups are studying an array of low-mass materials such as reticulated foams and
silicon-carbide materials. An alternative approach that is being pursued very actively is the embedding
of thinned, active sensors in ultra low-mass media. This line of R&D explores thinning active silicon
devices to such a thickness that the silicon becomes flexible. The devices can then be embedded in,
for example, Kapton structures, providing extreme versatility in designing and constructing a vertex
detector.

Power delivery must be accomplished without exceeding the material budget and over heating
the detector. The vertex detector design relies on power pulsing during bunch trains to minimise
heating and uses forced air for cooling.

Detectors: SiD Detailed Baseline Design ILC Technical Design Report: Volume 4, Part II 59

SiD
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Basic layouts

12

DRAFT

3 Overall Dimensions and Parameters

was 4.3 m, for CLIC_SiD it was 3.5 m (the difference is given predominantly by the different tracker60

length).61

Integrating the QD0 within the complex forward region of the detectors was a challenge, which was62

further aggravated by the very stringent requirements to keep this magnet stable in position. In order63

to limit luminosity losses due to vibrations, the stability criterion was set to less than 0.2 nm r.m.s.64

at frequencies above 4 Hz. This implied that additional space was required for a support tube and65

stabilisation systems. Together with the requirements for the opening of the detector for maintenance,66

this required a support tube of 50 cm in radius. The result was a much reduced forward coverage of the67

hadron calorimeters in the CLIC CDR detector concepts.68

During discussions within the CLIC detector and physics collaboration (CLICdp) and with accelerator69

experts, it became clear that it was imposible to assess, a priori, if the possible luminosity loss due to a70

longer L⇤ can be off-set by the potential gain in physics reach due to a better forward coverage. In both71

cases, rather complex detailed studies would be needed. Therefore, at the beginning of 2015 and after72

some initial studies of the magnet and yoke system, it was decided - as a second working hypothesis - to73

move the QD0 to an L⇤ of 6 metres, i.e. outside of the detector region. With such a layout, a significantly74

better forward HCAL coverage is possible, which is desirable given several important physics scenarios75

which require reconstruction of physics objects at very low polar angles.76

3 Overall Dimensions and Parameters77

This section provides information about the general considerations leading to the choice of main detector78

parameters such as tracker radius and magnetic field. Comparison to the CDR detector models is made79

in Table 1. Since the CLICdet_2015 model has an all-silicon tracker, the comparison with CLIC_SiD is80

relevant and is illustrated in Figures 1 and 2.81

Fe - Yoke

Coil - 4T

Steel - HCAL Steel - HCAL

ECAL

Si - Tracker

Figure 1: Longitudinal (YZ) cross section of the top right quadrant of CLICdet_2015 (left) and
CLIC_SiD (right).

3.1 Tracker volume radius vs. magnetic field82

Transverse momentum resolution, angular track resolution and jet energy resolution using particle flow [8]83

benefit from a larger tracker radius. The dependence on tracker radius is stronger than that for a change84

Draft: 23.02.2016 – 13:07 3
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SiD HCAL update

• give up non-pointing phi sectors 
• tapered iron provides better magnetic field containment
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Fcal 2t

Hcal-F 38t

Ecal-F 9t

SiD Calorimeter System

Note: “old” non-
projective HCal

geometry
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SiD HCAL update

• give up non-pointing phi sectors 
• tapered iron provides better magnetic field containment
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SiD Calorimeter - mechanics 

HCAL module supports ECAL module

ECAL module is built on first 
layer of HCal

Note module 
overlap: No 
gaps; service 
cables at ends.
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Barrel-Door partitions
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SiD HCAL update

• give up non-pointing phi sectors 
• tapered iron provides better magnetic field containment
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ILD HCAL 

• TESLA: coaxial, interfaces and services between barrel and endcap 
• Videau: tangential, interfaces and services between HCAL and coil

14

47 !

168 !

47 !

168 !

This geometry would be good for the HCAL ring.
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ILD ECAL geometry

• tangential 
• read-out interfaces and services 

between ECAL and HCAL
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Chapter 3. ILD Calorimeter System

aspects will be addressed, with variables such as numbers of producers, time of production, etc..
The requirements on granularity, compactness and particle separation lead to the choice of a

sampling calorimeter with tungsten (radiation length X
0

= 3.5 mm, Moliere Radius R
M

= 9 mm and
interaction length = 99 mm) as absorber material. This allows for a compact design with a depth
of roughly 24 X

0

within 20 cm and, compared to e.g. lead, a better separation of electromagnetic
showers generated by near-by particles. To achieve an adequate energy resolution, the ECAL is
longitudinally segmented into 30 layers, possibly with varying tungsten thicknesses. In order to
optimise the pattern recognition performance, the active layers (either silicon diodes or scintillator)
are segmented into cells with a lateral size of 5 mm.

3.2.1 Detector implementation

Figure III-3.1 shows the position of the electromagnetic calorimeter in the ILD detector, the trapezoidal
form of the modules and how it is envisaged to be interfaced mechanically with the hadron calorimeter.

Figure III-3.1
The electromagnetic
calorimeter (in blue)
within the ILD Detec-
tor.

After several years of successful operation of small so called physics prototypes the focus of the
work turns to the realisation of technological prototypes, see e.g. [299]. These prototypes address the
engineering challenges which come along with the realisation of highly granular calorimeters.

3.2.1.1 Alveolar structure and general integration issues

The mechanical structure consists of a carbon reinforced epoxy (CRP) composite structure, which
supports every second tungsten absorber plate. The carbon fibre structure ensures that the tungsten
plates are at a well defined distance, and provide the overall mechanical integrity of the system (the
so-called alveolar structure). Into the space between two tungsten plates another tungsten plate
is inserted, which supports on both sides the active elements, the readout structure and necessary
services. This results in a very compact structure with minimal dead space. The mechanical structure
is equally well suited for both proposed technologies. Figure III-3.2 shows a prototype which is 3/5
of the size of a final structure for the barrel. For the end-cap region alveolar layers of up to 2.5 m
length have been fabricated. While in the barrel the shape of all alveolar structures is the same, three
di�erent shapes of alveolar structures are needed in the end-caps. Recent studies revealed that in the
end-caps considerable forces are exerted onto the thin carbon fibre walls, which enclose the alveolar
structure. This issue has to be addressed in the coming R&D phase.

Figure III-3.3 shows a cross section through a calorimeter layer for the electromagnetic calorimeter
with silicon (SiECAL), and one layer for the electromagnetic calorimeter with scintillator (ScECAL).
The two readout layers of the SiECAL will be mounted on two sides of a tungsten slab, which is
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ILD ECAL geometry
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After several years of successful operation of small so called physics prototypes the focus of the
work turns to the realisation of technological prototypes, see e.g. [299]. These prototypes address the
engineering challenges which come along with the realisation of highly granular calorimeters.

3.2.1.1 Alveolar structure and general integration issues

The mechanical structure consists of a carbon reinforced epoxy (CRP) composite structure, which
supports every second tungsten absorber plate. The carbon fibre structure ensures that the tungsten
plates are at a well defined distance, and provide the overall mechanical integrity of the system (the
so-called alveolar structure). Into the space between two tungsten plates another tungsten plate
is inserted, which supports on both sides the active elements, the readout structure and necessary
services. This results in a very compact structure with minimal dead space. The mechanical structure
is equally well suited for both proposed technologies. Figure III-3.2 shows a prototype which is 3/5
of the size of a final structure for the barrel. For the end-cap region alveolar layers of up to 2.5 m
length have been fabricated. While in the barrel the shape of all alveolar structures is the same, three
di�erent shapes of alveolar structures are needed in the end-caps. Recent studies revealed that in the
end-caps considerable forces are exerted onto the thin carbon fibre walls, which enclose the alveolar
structure. This issue has to be addressed in the coming R&D phase.

Figure III-3.3 shows a cross section through a calorimeter layer for the electromagnetic calorimeter
with silicon (SiECAL), and one layer for the electromagnetic calorimeter with scintillator (ScECAL).
The two readout layers of the SiECAL will be mounted on two sides of a tungsten slab, which is
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aspects will be addressed, with variables such as numbers of producers, time of production, etc..
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longitudinally segmented into 30 layers, possibly with varying tungsten thicknesses. In order to
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After several years of successful operation of small so called physics prototypes the focus of the
work turns to the realisation of technological prototypes, see e.g. [299]. These prototypes address the
engineering challenges which come along with the realisation of highly granular calorimeters.

3.2.1.1 Alveolar structure and general integration issues

The mechanical structure consists of a carbon reinforced epoxy (CRP) composite structure, which
supports every second tungsten absorber plate. The carbon fibre structure ensures that the tungsten
plates are at a well defined distance, and provide the overall mechanical integrity of the system (the
so-called alveolar structure). Into the space between two tungsten plates another tungsten plate
is inserted, which supports on both sides the active elements, the readout structure and necessary
services. This results in a very compact structure with minimal dead space. The mechanical structure
is equally well suited for both proposed technologies. Figure III-3.2 shows a prototype which is 3/5
of the size of a final structure for the barrel. For the end-cap region alveolar layers of up to 2.5 m
length have been fabricated. While in the barrel the shape of all alveolar structures is the same, three
di�erent shapes of alveolar structures are needed in the end-caps. Recent studies revealed that in the
end-caps considerable forces are exerted onto the thin carbon fibre walls, which enclose the alveolar
structure. This issue has to be addressed in the coming R&D phase.

Figure III-3.3 shows a cross section through a calorimeter layer for the electromagnetic calorimeter
with silicon (SiECAL), and one layer for the electromagnetic calorimeter with scintillator (ScECAL).
The two readout layers of the SiECAL will be mounted on two sides of a tungsten slab, which is
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¾ First tests results in line with simulations  

2D Cross section

Task 2-1 ECAL: simulation on detector (EUDET module)
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longitudinally segmented into 30 layers, possibly with varying tungsten thicknesses. In order to
optimise the pattern recognition performance, the active layers (either silicon diodes or scintillator)
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After several years of successful operation of small so called physics prototypes the focus of the
work turns to the realisation of technological prototypes, see e.g. [299]. These prototypes address the
engineering challenges which come along with the realisation of highly granular calorimeters.

3.2.1.1 Alveolar structure and general integration issues

The mechanical structure consists of a carbon reinforced epoxy (CRP) composite structure, which
supports every second tungsten absorber plate. The carbon fibre structure ensures that the tungsten
plates are at a well defined distance, and provide the overall mechanical integrity of the system (the
so-called alveolar structure). Into the space between two tungsten plates another tungsten plate
is inserted, which supports on both sides the active elements, the readout structure and necessary
services. This results in a very compact structure with minimal dead space. The mechanical structure
is equally well suited for both proposed technologies. Figure III-3.2 shows a prototype which is 3/5
of the size of a final structure for the barrel. For the end-cap region alveolar layers of up to 2.5 m
length have been fabricated. While in the barrel the shape of all alveolar structures is the same, three
di�erent shapes of alveolar structures are needed in the end-caps. Recent studies revealed that in the
end-caps considerable forces are exerted onto the thin carbon fibre walls, which enclose the alveolar
structure. This issue has to be addressed in the coming R&D phase.

Figure III-3.3 shows a cross section through a calorimeter layer for the electromagnetic calorimeter
with silicon (SiECAL), and one layer for the electromagnetic calorimeter with scintillator (ScECAL).
The two readout layers of the SiECAL will be mounted on two sides of a tungsten slab, which is
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Composite plate with metallic 
inserts (15 mm thick.)

18
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m
m

Current structure of End‐Caps

Composite thin plate support 
of ETD

Modular structure  Barrel: 40 modules End-Caps: 4 x 3 modules each

Alveolar structure

Advantages ‐ Construction process of sets ~ 540 cells similar to barrel BUT with different length (up to 2,50m)

‐ No crack / physics

Drawbacks ‐‐ Several variations of carbon parts (thick plates with orientation of inserts), mandatory !

‐‐ Fastening system to be reinforced (modules heavier)

‐‐ Alveoli width different / barrel Æ different slabs (wafers / DIF…) 
‐ Construction of alveoli up to 2.5 m (to be validated) & Cooling along 2,5m slab (back end T° of slabs)

Module End-Cap n°2

3

3

3 Max. Length. 2.5 m564

564

564

Rendcap=2093

End-cap weight : ~ 17 TRbarrel=2028

1 of the 40 « standard » 
module of the barrel

(2 orientations)

Alveolar W-Carbon HR structure with: 
- Fastening system

•Rails
•Thick plate/ inserts (HCAL side)
•Thin plate / inserts ? (ETD side)

- Cooling system
- Depending on the design:

•From 3 to 5 columns of15 alveoli
- Geometry: 

•Bevel impacting electronics
•Free ways for services ≠ / design
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ANSYS => 2D model
Long / fine elements

¾ First tests results in line with simulations  

2D Cross section

Task 2-1 ECAL: simulation on detector (EUDET module)
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SiD ECAL

• co-axial  
• interfaces 

between 
barrel and 
endcap 

• 1mm gap 
• RM=1.3mm
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CLICdp

• no decision on calorimeter signal routing taken yet

17

DRAFT

12 Summary and Outlook

Figure 32: Extraction tool for the support tube which is carrying the very forward elements including the
ECAL plug.

Figure 33: Backward move of the detector endcap.

Draft: 23.02.2016 – 13:07 33
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ECAL optimisation

• (HCAL cell sizes, see back-up slides) 
• X750 real or not, reminder that X→γγ is a discovery channel 
• Stochastic term does matter also for heavy resonances

18

31/05/2016 Philipp Roloff Photon reconstruction requirements 7

Heavier resonances (1)

• Assuming heavy resonance X
with Γ(X) = 0 at rest 
decaying into two photons
→ photons of E = M(X) / 2
always back-to-back
(for any physics scenario)

• Smearing to applied to
energies of both photons

• Improvement in mass
resolution for better 
sampling term sizeable

σ = 7.6 GeV
σ = 9.8 GeV
σ = 6.7 GeV
σ = 4.6 GeV

31/05/2016 Philipp Roloff Photon reconstruction requirements 8

Heavier resonances (2)

σ = 13.1 GeV
σ = 15.7 GeV
σ = 12.1 GeV
σ = 8.4 GeV

σ = 23.8 GeV
σ = 26.8 GeV
σ = 22.7 GeV
σ = 15.8 GeV

• Impact of sampling term small at high masses
• Invariant mass resolution dominated by constant term
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ECAL longit. segmentation

• Jets: sensitive mostly for low jet energies 
• Photons: more direct impact

19

S.Green, B.Xu, J.Marshall, M.Thomson ECal Optimisation 8

Silicon ECal Longitudinal 
Granularity Optimisation
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Jet energy resolution and single particle energy 
resolution benefit from increasing the number of 
layers for the silicon ECal option.
The most significant gain in jet energy resolution is 
found for low energy jets where we are dominated by 
the intrinsic energy resolution of the calorimeters.

HCal Timing Cuts : 100 ns 
ECal Timing Cuts : 100 ns 
HCal Hadronic Cell Truncation: 1 GeV (Optimal for Default HCal) 
Software : ilcsoft_v01-17-07, including PandoraPFA v02-00-00 
Digitiser : ILDCaloDigi, realistic ECal and HCal digitisation options enabled 
Calibration : PandoraAnalysis toolkit v01-00-00
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Profiles and resolution

20

ECFA LC 2016, 
May 31, 2016 

Matthias Weber 
CERN 

Raw energy deposited in sensitive volume as reported by Geant4, divided by sensitive volume thickness. 
Normalization starts to fail for high energies due to loss of energy in dead material between ECal and HCal  

Raw energy deposited in sensitive volume as reported by Geant4, divided by sensitive 
volume thickness. Normalization to 1 for high energies affected by loss of energy in 
ECAL-HCAL gap. 

4.8 mm 

Already at 100 GeV sizable  
amount sampled with the larger 
(“bad”) layers 

Energy deposited per unit length 
CLIC_o2_v04 (CLIC_18_7) 

8 

2.4 mm/layer 

22.85 X0 
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Profiles and resolution

20

ECFA LC 2016, 
May 31, 2016 

Matthias Weber 
CERN 

Raw energy deposited in sensitive volume as reported by Geant4, divided by sensitive volume thickness. 
Normalization starts to fail for high energies due to loss of energy in dead material between ECal and HCal  

22.85"↓0  

1.9 mm/layer 

More expensive option 
with constant sampling 

Energy deposited per unit length 
CLIC_40  

11 

Raw energy deposited in sensitive volume as reported by Geant4, divided by sensitive 
volume thickness. Normalization to 1 for high energies affected by loss of energy in 
ECAL-HCAL gap. 

22.58 X0 
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with constant sampling 

Energy deposited per unit length 
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Raw energy deposited in sensitive volume as reported by Geant4, divided by sensitive 
volume thickness. Normalization to 1 for high energies affected by loss of energy in 
ECAL-HCAL gap. 

22.58 X0 

ECFA LC 2016, 
May 31, 2016 

Matthias Weber 
CERN 

PFO Photon Energy σ(Ε)/E vs E  
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Better performance with larger segmentation 
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ECAL leakage

• ECAL HCAL combined 
• Material between ECAL and HCAL: stay impact on jets and 

photons

21

ECFA LC 2016, 
May 31, 2016 

Matthias Weber 
CERN 

Clearly Energy not 
deposited fully in ECAL 
àAdd HCal energy 

Leakage for Eγtrue > 1500 GeV 
in CLIC_o2_v04 (CLIC_18_7) 

Calibration constants for HCAL 
from Pions not sufficient:  
àSimultaneously calibrate 
ECAL and HCAL for EM scale 
using high pT photons  

12 

ECFA LC 2016, 
May 31, 2016 

Matthias Weber 
CERN 

Resolution of total ECAL and HCAL Energy 

•  Fits agree more or less, but 
constant term <1%, fit agrees with 
the trend of the points. 

•  Thicker back layers deteriorate  
resolution of high energy γ’s 

•  Uniform det30 option better than 
CDR at high energy, comparable at 
low energies 

•  The uniformly thin option 
(det40) is best behaving at high 
energy since it has the thinnest 
layers at the back (1.9 mm and 
1.95 mm comparable) ) 

Single photons in the very central part of the detector (θ ≈ 90°) and ϕ ≈ 0°  

13 
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Summary

• Consensus on absorber materials 

• Technologies: some signs of slow convergence 

• Basic calorimeter geometries still under discussion 
(everywhere) 

• Photon energies back in focus 
– ECAL segmentation, ECAL HCAL combination

22
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Simulate smaller granularities

• Simulate with same degree of 
realism as in AHCAL test beam 
• except noise (not an issue 

with present SiMs)  
• and adjust threshold in 

order to obtain similar 
linearity 

• Apply digital and (re-
optimised) semi-digital 
reconstruction 

• For  1x1cm2 case, semi-digital 
(2-bit) information is sufficient 

• With full analogue 
information, 1x1 not better 
than 3x3
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order to obtain similar 
linearity 

• Apply digital and (re-
optimised) semi-digital 
reconstruction 

• For  1x1cm2 case, semi-digital 
(2-bit) information is sufficient 

• With full analogue 
information, 1x1 not better 
than 3x3
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S.Green LCWS15 20

HCal Hadronic Energy 
Truncation

Within PandoraPFA a hadronic energy 
truncation can be applied, which aids the 
reconstruction in both intrinsic energy 
resolution and pattern recognition, by 
improving the energy estimator for the 
calorimeter hits. 

The exact value of this truncation 
significantly impact the energy resolution.

Here we aim to show the extent of this 
impact.

Single Particle Energy Analysis:
Here we will look at:

1. Raw reconstructed energy 
distributions;

2. Mean reconstructed energy;
3. Energy resolution.

Jet Energy Analysis:
Here we will look at:

1. Raw reconstructed energy 
distributions;

2. Mean jet energies;
3. Jet energy resolution.
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Steve Green

s/w compensation and PFLOW

• Jet energy resolution is the goal 
• In principle can benefit in two-fold way:  

– improve resolution for neutral objects  
– improve cluster energy estimators for track-cluster association -

25

studies with Pandora PFA 
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s/w compensation and PFLOW

• Jet energy resolution is the goal 
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– improve resolution for neutral objects  
– improve cluster energy estimators for track-cluster association -
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• Software compensation benefits in two-fold way: 

• Improve energy reconstruction of neutral objects 

• Improve cluster energy estimator for better track-

cluster association ➢ confusion mitigation 

• Significant improvement at both single particle and jet level

9
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Granularity and resolution 2

26

work in progress
Hong Lan Tran, DESY

JER vs cell size

11
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• Effectiveness of software compensation depends on granularity 

• Software compensation included in cell size optimisation

H.L.Tran - Software compensation in PFlow reconstruction - Software meeting - ECFA2016 - 31/05/2016
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Granularity and resolution 2

• 3 cm still a very reasonable choice 
26

work in progress
Hong Lan Tran, DESY
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