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The ILC Physics Landscape

• Excellent physics program guaranteed:


• Higgs physics - mass, couplings, potential, …


• Top physics - properties (mass, width,…),  
top as a probe for New Physics


• Precision physics -  
electroweak measurements, QCD, …

�3

… a combination of certainty and speculation:
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• Discovery potential for New Physics


• Direct production of new particles -  
Mass reach up to √s/2 for  
(almost) all particles


• Spectroscopy of New Physics


• Indirect (model-dependent) search for New Physics extending far beyond √s
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… and the resulting Detector Requirements I
• A flagship measurement: Model-independent coupling of 

Higgs to Z

�4

e+e� ! ZH ! µ+µ�bb̄ ILD, 250 GeV

m2
rec = s+m2

Z � 2EZ
p
s

Chapter 11. SiD Benchmarking

Figure II-11.1
Recoil mass distribu-
tions following selection
cuts for e

+

e

≠
h (left)

and µ+µ≠
h (right)

assuming 250 fb

≠1

luminosity with 80eR
initial state polarisation
at

Ô
s = 250 GeV. The

signal in red is added
to the background in
white.

The distributions for the recoil measurements in both the e+e≠h and µ+µ≠h channels are shown
in Figure II-11.1. Main background sources include mainly di-boson production (W+W≠, ZZ).
The amount of W+W≠ background can be greatly reduced by running exclusively with the 80eR
configuration. A summary of the results of both leptonic Z modes and using both 80eR and 80eL
is given in Table II-11.1.

Table II-11.1
Summary of Higgs mass and hZ cross-section
results for di�erent channels and the di�erent
luminosity assumptions at

Ô
s = 250 GeV.

The error includes the measurement statisti-
cal error and the systematic error due to the
finite statistics of the Monte Carlo training
sample.

80eR 80eL Channel �M
h

�‡
hZ

/‡
hZ

(fb≠1) (fb≠1) (GeV)

250 0 e

+

e

≠
h 0.078 0.041

250 0 µ+µ≠
h 0.046 0.037

250 0 e

+

e

≠
h + µ+µ≠

h 0.040 0.027

0 250 e

+

e

≠
h 0.066 0.067

0 250 µ+µ≠
h 0.037 0.057

0 250 e

+

e

≠
h + µ+µ≠

h 0.032 0.043

Measuring the branching ratios of the Higgs boson is of vital importance to distinguish the SM
Higgs boson from possible alternative scenarios. For the LOI the decays of the Higgs into cc and
µ+µ≠ have been studied at

Ô
s = 250 GeV using the Higgsstrahlung process, where the Z decayed

either in qq or nn. The identification of the h æ cc decay mode took advantage of the excellent
c-tagging capabilities of SiD (see [63]) and employed neural networks to separate the cc signal from
the overwhelming h æ bb background. For the cc branching ratio, the finally achieved accuracies
are 11% (Z æ nn) and 6% (Z æ qq), respectively.

For the rare Higgs decay into µ+µ≠ the challenge is to extract the signal out of an overwhelming
Standard Model background of mainly four-fermion events. While for the Z æ nn decay mode, it
has been proven quite di�cult to extract the signal, the LOI analysis has demonstrated sensitivity
in the hadronic channel, selecting 7.6 signal events over a background event of 39.3 events with a
signal selection e�ciency of 62%. This yields a measurement of the cross-section for the process
e+e≠ æ hZ, h æ µ+µ≠ with a precision of 89%.

For the analyses at
Ô

s = 500 GeV a dataset of 500 fb≠1 was used with 80eR polarisation unless
explicitly stated otherwise.

The first analysis using the 500 GeV dataset studies the process e+e≠ æ t+t≠ and aims to
measure the t polarisation with high precision. The measurement of the t polarisation allows a search
for multi-TeV ZÕ resonances. Tightly collimated jets with only a few tracks must be reconstructed
to identify the underlying charged hadron and p0 constituents. Therefore additional reconstruction
algorithms were applied in a second pass of the reconstruction, which were dedicated for identifying t
decays. This leads to t samples with purities of 85% or larger. To measure the mean t polarisation
over all t production angles, < Pt >, the optimal observable technique [178, 179] is used. For
this study two datasets with an integrated luminosity of 250 fb≠1 each were used, one with 80eR

152 ILC Technical Design Report: Volume 4, Part II

SiD

• Obtained from recoil 
mass measurement of 
reconstructed Z boson, 
independent of Higgs 
decay

b - jet 
from Higgs

b - jet 
from Higgs

µ from Z

µ from Z
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SiD

• Obtained from recoil 
mass measurement of 
reconstructed Z boson, 
independent of Higgs 
decay

Key detector requirements: 


• excellent tracking to measure Z -> l+l- as 
precisely as possible


• very efficient flavor tagging to measure Higgs 
couplings to fermions (separating b, c and light jets)

b - jet 
from Higgs

b - jet 
from Higgs

µ from Z

µ from Z
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… and the resulting Detector Requirements II

• In general the cross sections of physics processes are 
quite modest at ILC compared to LHC - at the lower 
energy stages typically 1000s to 10s of thousands of 
events - Want to be able to use all possible final states, 
including high-BR hadronic decays


• Relevant in many different cases: Identification / 
separation of gauge bosons (W, Z)

�5

e+e� ! W+W� ! qq̄ qq̄

ILD, 1 TeV

Generic consideration:

significance:

directly depends on 
mass resolution

Sp
S +B
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Introduction Jet Properties Detector and Physics Performance Conclusions&Outlook

Jet energies at
p
s = 1 TeV

Jet energies at
p
s = 1 TeV: W +W � (A.Rosca)

W+W� ! l⌫qq

I one jet peaks at 50GeV

I other jet peaks at 250GeV
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over a wide energy range
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… and the resulting Detector Requirements III

• Precise event reconstruction in high-
multiplicity environments

�6

ILD, 1 TeV
e+e� ! ttH ! qq̄b qq̄b̄ bb̄

• And full coverage to measure “nothing”

16 New Particles Working Group Report
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Figure 1-11. Left, dependence of the photon energy spectrum on the dark matter mass, m� at the ILC.
Right, expected relative uncertainty on m� as a function of m� for three coupling scenarios. From Ref. [38]

1.3.2.3 Connections to Cosmic and Intensity Frontiers

The search for WIMPs via their interactions with the standard model is clearly an area where the energy
frontier overlaps with the cosmic frontier, where there are dedicated direct-detection experiments searching
for recoil interactions � + n ! � + n. We have compared the collider sensitivity to these direct-detection
experiments by translating the collider results into limits on the � � n interaction cross section. In addi-
tion, the results may be translated to compare with indirect detection experiments, which probe WIMP
annihilation into standard model particles, ��̄ ! XX. In Fig 1-12, we map pp sensitivities to WIMP pair
annihilation cross-section limits. Predictions are compared to Fermi-LAT limits from a stacking analysis
of Dwarf galaxies [11], including a factor of two to convert the Fermi-LAT limit from Majorana to Dirac
fermions, and to projected sensitivities of CTA [97].
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Figure 1-12. Limits at 95% CL on WIMP pair annihilation for di↵erent facilities using the D5 (left) or
D8 (right) operator as a function of m�. From Ref. [156].

At the ILC, WIMPs can be probed even if the WIMP-lepton coupling is so small that the reverse process,
namely the cosmic annihilation process ��̄ ! ff̄ includes only a small fraction of e+e� pairs.

These searches also probe models which are commonly considered to be the domain of the intensity frontier,
such as extensions of the Standard Model modifying neutrino-quark interactions [111].

Community Planning Study: Snowmass 2013
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Putting the Requirements together

�7

• Precise vertexing - impact 
parameter resolution:

⇤b < 5� 10/p� sin3/2 ⇥ µm

• High resolution tracking - transverse 
momentum resolution �(1/pT ) ' 2⇥ 10�5/GeV/c

• Jet energy resolution ~ 2.5 σ 
separation of W, Z (not too far from 
perfect separation)

ΔEJet/EJet  ~ 3.5%

J. S. Marshall Pandora PFA

• 3-4% jet energy resolution gives decent 2.6-2.3σ W/Z separation.
• Sets a reasonable choice for LC jet energy minimal goal ~3.5%.
• For W/Z separation, not much further gain; limited by natural widths.

3

LC Calorimetry Goals

Perfect 2 % 3 % 6 %
Jet  E res. W/Z sep

Perfect 3.1 σ
2% 2.9 σ
3% 2.6 σ
4% 2.3 σ
5% 2.0 σ

10% 1.1 σ

j1

j2 j3

j4

• Jet energy resolution requirements depend on physics...
• Likely to be primarily interested in di-jet mass resolution.
• Strong desire to separate W/Z hadronic decays.

W/Z sep:
(mZ - mW) / σm

e–

e+ W/Ζ

W/Ζ

q2

q3

q4

q1
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… and designing a Detector

• A multi-layer pixel detector with small pixels close to the interaction point


• High resolution tracking detectors


• A strong magnetic field 


• Low material budget - Eliminate multiple scattering as much as possible


• Imaging calorimeters inside of the magnet & particle flow algorithms

�8
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Where this leads you: A detector design a bit like CMS, but 
• Shorter detector barrel: Only small boosts of CMS system in ILC collisions


• Very different calorimeters: No emphasis on photon resolution, granularity instead to 
achieve best jet energy resolution- HCAL plays a central role


• Much more aggressive reduction of material budget


• Reduced need for cooling: Power-pulsing possible


• Time for readout between bunch trains 


• Technological advances - Thinner silicon, low-power electronics, light-weight 
mechanics,...
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ILD and SiD
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The Fundamental Design Principle: Particle Flow

• A modern approach to event 
reconstruction: Reconstruct every single 
particle in an event, instead of thinking 
in “towers”


‣ Enables excellent jet energy resolution 
by making use of all available 
measurements of a particle 
(p in tracker, E in calorimeters)

�10
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�10

• Separation of close-by particles often more important than pure energy resolution


‣ Highly granular detector systems, in particular also in the calorimeters!
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ILD & SiD - Similar Concepts, Different Realization

�11

Detectors

Experimental hall 

 SiD (Silicon Detector)

ILD (International Large Detector)

Detector (SiD/ILD) specif ications

25 m x 142 m x 42 m (height)Hall size 
The ILD detector in detail

Height
Length
Weight
Superconducting solenoid
Vertex detector spatial resolution
Central tracker (TPC) spatial resolution

The SiD detector in detail
Height
Length
Weight 
Superconducting solenoid
Vertex detector spatial resolution
Central semiconductor tracker spatial resolution

~ 16 m

~ 14 m

60	
�
    μm	
�
    (220	
�
    layers)
3	
�
    μm
3.5 teslas
~ 14,000 tonnes
~ 14 m

~ 11 m
~ 10,100 tonnes
5 teslas
<	
�
    5	
�
    μm
8	
�
    μm	
�
    (5	
�
    layers)
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Two Slightly Different Approaches: ILD & SiD

�12

• The requirements allow some flexibility for 
design choices - the main parameter is 
the radius of tracker

• To reach pT resolution requirements:


• smaller tracker requires higher field


• smaller tracker requires higher spatial 
resolution for space points


• To reach required PFA performance:


• smaller tracker requires higher field to 
improve particle separation, splitting of 
charged & neutrals in jets


• higher field favors higher granularity in 
calorimeters

�12

SiD

1.22 m [SiD]

1.81 m [ILD]

5.0 T [SiD]

3.5 T [ILD]
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�12

• The requirements allow some flexibility for 
design choices - the main parameter is 
the radius of tracker

• To reach pT resolution requirements:


• smaller tracker requires higher field


• smaller tracker requires higher spatial 
resolution for space points


• To reach required PFA performance:


• smaller tracker requires higher field to 
improve particle separation, splitting of 
charged & neutrals in jets


• higher field favors higher granularity in 
calorimeters

�12

SiD

1.22 m [SiD]

1.81 m [ILD]

N.B. : Solenoid cost (and technical 
feasibility) steeply scales with field and 
radius => Either large radius or high field!

5.0 T [SiD]

3.5 T [ILD]
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Two Slightly Different Approaches: ILD & SiD

�13

• Different choices in tracker technology: 
Trade number of measurements and 
precision of individual measurements

• Five-layer all-Si tracker in SiD


• TPC with > 200 space points on a track in 
ILD (NB: To reach resolution goal, an 
additional Si layer outside of the TPC is 
required!)


• Trading cost vs. jet energy resolution at 
higher energies (1 TeV option): Depth of 
the calorimeter system

• SiD HCAL: 4.5 λI, ILD HCAL: 6 λI

�13

SiD
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precision of individual measurements

• Five-layer all-Si tracker in SiD


• TPC with > 200 space points on a track in 
ILD (NB: To reach resolution goal, an 
additional Si layer outside of the TPC is 
required!)


• Trading cost vs. jet energy resolution at 
higher energies (1 TeV option): Depth of 
the calorimeter system

• SiD HCAL: 4.5 λI, ILD HCAL: 6 λI

�13

SiD

In general: How much cost is emphasized 
drives the choice between small and large 
detector: ECAL radius as main cost driver, 
but larger detector favorable for PFA 



Frank Simon (fsimon@mpp.mpg.de)Detectors at ILC 
INSTR-14, Novosibirsk, February 2014

The Vertex Detector

• Pixel detector system with barrel and forward discs (forward strips an option for ILD)

�14

• 5 barrel single layers (SiD) / 3 double layers (ILD default) 


• as close as possible to IP: Innermost layer at ~ 15 mm


• Low mass: Goal ~ 0.15% X0 per layer 


• Single point spatial resolution ~ 3 -5 µm


• Low occupancy, not exceeding a few % also in innermost layers 


‣ Pixel sizes of ~ 20 x 20 µm2 or smaller,  
single bunch timing (~ 700 ns) for SiD
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The Vertex Detector - Technological Possibilities

• A wide range of technologies under study for both ILD and SiD


• CMOS MAPS, DEPFETs, SOI, FP-CCDs, 3D integrated sensors


‣ All require thinned silicon on the 50 µm level


• Very light-weight supports, no liquid cooling to achieve material budget goals


‣ Low power consumption crucial to allow air cooling: Power-pulsing of readout 
electronics
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‣ All require thinned silicon on the 50 µm level


• Very light-weight supports, no liquid cooling to achieve material budget goals


‣ Low power consumption crucial to allow air cooling: Power-pulsing of readout 
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2-Sided Ladder Beam Test Results
• PLUME prototype-2010 tested at SPS in Nov. 2011:

! Beam telescope : 2 arms, each composed of 2 MIMOSA-26 sensors

! DUT : 1 PLUME ladder prototype (0.6 % X0)
↪→ 6 MIMOSA sensors mounted on each ladder face (8 Mpixels)

! CERN-SPS beam : ! 100 GeV ”π−” beam

! BT (track extrapolation) resolution on DUT :∼ 1.8 µm

! Studies with PLUME perpendicular and inclined (∼ 36◦) w.r.t. beam line

! Preliminary results on combined impact resolution and on track direction resolution
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• New PLUME prototype under construction with 0.35 % X0 ! beam tests in Q4/2012
3

PLUME ladder 

• First mechanical concepts demonstrated: 
low-mass PLUME double ladder 
(two layers of MIMOSA sensors)

Chapter 2. ILD Tracking System

Figure III-2.4
The response of a
50 µm thick DEPFET
sensor to 120 GeV pi-
ons. The prediction
of H. Bichsel [219] is
compared to the mea-
surements, the most
probable value being
left free to vary.

Figure III-2.5
Left: Illustration of the
double-sided ladder
concept based on a
high-resolution sensor
on one side and a fast
sensor on the other
side. Right: Schematic
cross-section of the
double-sided ladder
developed within the
PLUME project.

read out simultaneously), and by increasing the length of the pixels towards the end of the ladder.

2.1.2.4 Other sensor technologies

Development of pixel detectors is a very active and fast moving area. A number of alternative
technologies are under study by groups around the world, which could feature the required high
granularity and low material budget. Very few of them, however, are under active development for
ILD, and none have reached a degree of maturity comparable to that of the technologies described
above. It is not excluded, however, that the developments undertaken for the high energy run of the
ILC (see 2.1.6 ) will promote an alternative technology to those described earlier. This remark may in
particular apply to high-resistivity substrate CMOS sensors and to multi-tier 3D pixel sensors.

2.1.3 Ladder design

The vertex detector ladders must comply with a particularly tight material budget reflecting the
ambitious impact parameter resolution goals. Excellent mechanical properties are required, in particular
when power pulsing is foreseen. Three options are currently under study, each related to one of
the three pixel technologies introduced earlier. Two of them address the baseline design, using
double-sided ladders, while the third one focusses on the alternative geometry using single-sided
ladders.

The double-sided ladder design has a structure of a rigid foam core sandwiched by thin (≥ 50 µm)
silicon pixel sensors. Low density silicon carbide (SiC) and carbon foams (RVC) are considered for the
core material. The number of ladders of each layer is 10, 11, and 17 for the first, second, and third
layer, respectively. The width of a ladder is 11 mm in the innermost layer, and 22 mm in the outer
two layers.

The hits generated by a traversing particle can be used to reconstruct a mini-vector with potential
benefits in terms of resolution, alignment and reconstruction of shallow angle tracks. Moreover, as
stated earlier, it allows mitigating the conflict between granularity and read-out time.

The double-sided ladder concept envisaged for CPS consists of two sensor layers mounted on a
flex cable and separated by a ≥ 2 mm thick support layer made of very low density (few per-cent)
SiC foam, as illustrated on the right of Figure III-2.5.
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• first prototype with 0.6% X0 total budget 
demonstrated in test beam


• Improved prototype with 0.35% X0 in 
construction
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The Main Tracker: Two quite different Approaches
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Chapter 3
SiD Main Tracker

3.1 Introduction

The ILC physics goals impose performance requirements on the tracking system that exceed those met
by any previous system. These are summarised in Table II-3.2. In particular, the need for excellent
momentum resolution over a broad p

T

spectrum creates significant design challenges. For high-p
T

tracks superior position resolution and mechanical stability are required while for low- p
T

tracks, an
aggressive material budget is critical. Meanwhile, the need for high e�ciency over a wide range of
momenta and large solid angle motivates an integrated approach to tracking: the vertex detector,
main tracker and calorimeter are designed to work in concert to achieve these goals robustly but with
a narrow margin of extra layers that result in unnecessary material.

3.2 Baseline Design

The main tracker is a large all-silicon detector filling the space between the vertex detector and the
electromagnetic calorimeter. It comprises five cylindrical barrel layers, with the four outer layers closed
at the ends by conical, annular disks, as shown in Figure II-3.1.

Figure II-3.1
r ≠ z view of the vertex
detector and outer
tracker.

In the baseline design the barrels are tiled with modules hosting a single silicon micro-strip sensor
for axial-only measurement, while the disks are tiled with modules having a stereo pair of silicon
micro-strip sensors. These cylinders are nested, connected by annular rings at the ends of each, to
create a single unit supported from the ends of the electromagnetic calorimeter (ECAL). The design
of the outer tracker is summarised in Table II-3.1 and more details of the design may be found in [63].

The coverage of the complete tracking system is shown in Figure II-3.2 as a function of the polar
angle. At least six hits are measured for all tracks with a polar angle down to about 8¶. For polar
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SiD: all silicon tracker

• 5 barrel layers, axial-only measurement

• 4 discs, stereo layers

ILD: TPC, augmented with Si trackers
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H
C
A
L

ECAL

HCAL

TPC

SIT

ETD

SET

Figure III-2.8. Left: a quadrant view of the ILD silicon envelope system made of four components, SIT, SET, FTD,
and ETD as included in MOKKA full simulation. Right: a 3D detailed GEANT 4 simulation description of the
silicon system as sketched in the quadrant view on the left.

thus becomes important [229].
A special challenge to all silicon systems is the design of lightweight, thin systems that can be

operated at minimum power to avoid the need for intricate cooling systems. This requires careful
management of the materials for the detector support. Power consumption is minimised by power
pulsing. This requirement leads to a synchronised power distribution that has to deal with large
pulsed currents, which must not generate any electromagnetic interference phenomena or transients
altering the front-end electronics performance during the active period. Highly integrated readout
electronics moves significant processing power close to the detector, and thus reduces the number
of cables needed to exit from the system. An advanced scheme is pursued to minimise the material
needed to bring the necessary power to the detector. Powering schemes like DC-DC conversion or the
use of super-capacitors mounted on the detector are being investigated.

The silicon tracking system of ILD has been developed by the SiLC collaboration. Detailed
descriptions of the wide ranging R&D activities can be found in [230, 231, 232, 233].

2.2.1 The central silicon: SIT, SET, and ETD

The central silicon components SIT, SET, and ETD are realised with layers made each of two
single-sided strip layers tilted by a small angle with respect to each other; this is also called ‘false’
double-sided layers. SIT includes two such layers and SET one; together they thus provide three
precise space points for central tracks, the ETD adds one precise point to tracks going into the
end-cap. The main parameters of the system are given in Table III-2.2.

A central design feature of the silicon envelope detectors is that the same sensor type is used
throughout the system. This minimises the complexity of this large system, and will help to minimise
the costs. Similarly the same mechanical design for the basic detector unit, the ladder, is used
throughout. It is based on modern silicon detector technology, deep sub-micron (DSM) CMOS
technology for the front-end (FE) electronics with a new on-detector electronics connection and new
material technology for the support structure. Special challenges for ILD are a significant reduction in
material compared to the most recent examples of large scale silicon detectors (e.g. currently running
LHC detectors), operating at very low power, and reaching excellent point resolution and calibration.

The SIT is positioned in the radial gap between the vertex detector and the TPC. Its role is to
improve the linking e�ciency between the vertex detector and the TPC; it improves the momentum
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• one stereo strip layer outside of TPC 
(SET, ETD)


• two stereo strips inside (SIT)

central tracks: 

• 5 measurements, 8 µm precision

central tracks: 

• 220 space points in TPC,  

~ 60 - 100 µm precision

• 3 measurements in Si, ~ 7 µm precision
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The SiD Main Tracker

• Very low-mass design: 
Front-end chip directly bonded on silicon sensor 
- no need for electronics hybrid


• Compact electronics: KPIX chip, 1024 readout 
channels per ASIC
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Chapter 3. SiD Main Tracker

Figure II-3.4
Prototypes of the barrel
sensor and its pigtail
cable shown together
as they would be as-
sembled. The bump
bonding arrays for the
KPiX chips and the
double-metal fan outs
can be seen on either
side of the cable. The
tab at the edge pro-
vides bias to the sensor.

being pursued so as to allow the design to evolve quickly. With a working prototype in hand, and using
standard design guidelines, it should be possible to ensure success with a high degree of confidence.
However, the final step of ensuring that these parts can be mass-produced will be expensive and must
await further resources.

Use of gas cooling depends principally on meeting the power consumption goals with KPiX,
which has already been achieved [63]. The requirements for other cooling loads, such as those from
the concentrator boards, can already be met with commercially available components. With gas
velocities of approximately 1 cm/s, the impact on mechanical stability is negligible compared with
other low-mass, gas-cooled silicon detectors being assembled for other experiments [91]. However,
the requirement for hermetic coverage severely restricts gas flow in some parts of the detector, and
further study is required to engineer the cooling system.

The main issue for the mechanical stability is Lorentz forces on the various elements of the
tracker due to power-pulsing in the 5-Tesla magnetic field. In the barrel, conductors are largely parallel
to the field, but the opposite is true in the disks. Development of cables with closely paired supply
and return lines is a priority, and incorporation of this requirement into the next pigtail prototype is
planned. Tests of modules inside a small-bore MRI magnet are being considered that would allow
for collection of critical data on these e�ects. The rigidity of support structures should place any
resonances well above the 5 Hz excitation frequency, but the design of the detector must take into
account any harmonics.

Charge storage and high-voltage, low-current supply to the concentrator boards greatly reduce
Lorentz e�ects on the supply of power from the outside, but present their own R&D challenges. Storing
enough energy on the concentrator boards to provide power for the duration of a complete bunchtrain
has become much more feasible due to industrial advances in high energy density capacitors. In fact,
it appears likely that charge storage using a capacitor on each module may soon be feasible, which
would all but eliminate Lorentz forces. Meanwhile, R&D into DC-DC conversion for the supply of
future detectors has become an active field in recent years, with some work focused specifically on
the needs of the ILC experiments [92, 93].

E�orts are ongoing that would significantly improve the performance of the outer tracker beyond
that of the baseline design. One such e�ort considers the use of resistive charge sharing to determine
the position of hits along strips to the precision of a few mm [63]. While instrumentation of both ends
of each strip doubles the readout and the material budgets, cost, powering, and cooling constraints do
not obviously exclude this option. Another topic of active investigation is whether the tracker could
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Table II-3.1
The layout of the main tracker. Barrel R Length of sensor Number of Number of

Region (cm) coverage (cm) modules in „ modules in z

Barrel 1 21.95 111.6 20 13
Barrel 2 46.95 147.3 38 17
Barrel 3 71.95 200.1 58 23
Barrel 4 96.95 251.8 80 29
Barrel 5 121.95 304.5 102 35

Disk z
inner

R
inner

R
outer

Number of
Region (cm) (cm) (cm) modules per end

Disk 1 78.89 20.89 49.80 96
Disk 2 107.50 20.89 75.14 238
Disk 3 135.55 20.89 100.31 438
Disk 4 164.09 20.89 125.36 662

angles above 13¶ ten layers or more are traversed. The goals of the ILC physics program impose
performance requirements on the tracking that exceed those met by any previous system and are
summarised in Table II-3.2.
Figure II-3.2
The coverage of the
SiD tracking system as
a function of the polar
angle ◊.
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3.3 Baseline Design

The baseline design uses relatively conventional technologies to achieve the performance goals with
low risk and minimal cost. The sensors are single-sided micro-strips. The barrel and disk supports, as
well as the module supports, are composites of carbon fibre and low-density Rohacell 31 [86] foam.
Low-mass hardware is fabricated in polyether ether ketone (PEEK).

There are, however, some key elements where novel solutions are required. The sensors, like
those for the ECAL, employ a double-metal layer to route signals to bump-bonding arrays for readout
by the KPiX ASIC [87, 88, 89]. As with the ECAL, traces on the second metal layer of the sensor
connect power and signal lines on the KPiX chip to a readout cable that is also bump bonded to
the face of the sensor. This arrangement eliminates the material and assembly complexity of hybrid
circuit boards to host the readout electronics. The low power dissipation of KPiX makes gas cooling
feasible, reducing further the required material. However, since KPiX achieves low power consumption
through power pulsing with a duty cycle of approximately 1%, the instantaneous currents required to
power the tracker are still large and requires a significant mass of conductor.
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The SiD Main Tracker

• Very low-mass design: 
Front-end chip directly bonded on silicon sensor 
- no need for electronics hybrid


• Compact electronics: KPIX chip, 1024 readout 
channels per ASIC
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Figure II-3.4
Prototypes of the barrel
sensor and its pigtail
cable shown together
as they would be as-
sembled. The bump
bonding arrays for the
KPiX chips and the
double-metal fan outs
can be seen on either
side of the cable. The
tab at the edge pro-
vides bias to the sensor.

being pursued so as to allow the design to evolve quickly. With a working prototype in hand, and using
standard design guidelines, it should be possible to ensure success with a high degree of confidence.
However, the final step of ensuring that these parts can be mass-produced will be expensive and must
await further resources.

Use of gas cooling depends principally on meeting the power consumption goals with KPiX,
which has already been achieved [63]. The requirements for other cooling loads, such as those from
the concentrator boards, can already be met with commercially available components. With gas
velocities of approximately 1 cm/s, the impact on mechanical stability is negligible compared with
other low-mass, gas-cooled silicon detectors being assembled for other experiments [91]. However,
the requirement for hermetic coverage severely restricts gas flow in some parts of the detector, and
further study is required to engineer the cooling system.

The main issue for the mechanical stability is Lorentz forces on the various elements of the
tracker due to power-pulsing in the 5-Tesla magnetic field. In the barrel, conductors are largely parallel
to the field, but the opposite is true in the disks. Development of cables with closely paired supply
and return lines is a priority, and incorporation of this requirement into the next pigtail prototype is
planned. Tests of modules inside a small-bore MRI magnet are being considered that would allow
for collection of critical data on these e�ects. The rigidity of support structures should place any
resonances well above the 5 Hz excitation frequency, but the design of the detector must take into
account any harmonics.

Charge storage and high-voltage, low-current supply to the concentrator boards greatly reduce
Lorentz e�ects on the supply of power from the outside, but present their own R&D challenges. Storing
enough energy on the concentrator boards to provide power for the duration of a complete bunchtrain
has become much more feasible due to industrial advances in high energy density capacitors. In fact,
it appears likely that charge storage using a capacitor on each module may soon be feasible, which
would all but eliminate Lorentz forces. Meanwhile, R&D into DC-DC conversion for the supply of
future detectors has become an active field in recent years, with some work focused specifically on
the needs of the ILC experiments [92, 93].

E�orts are ongoing that would significantly improve the performance of the outer tracker beyond
that of the baseline design. One such e�ort considers the use of resistive charge sharing to determine
the position of hits along strips to the precision of a few mm [63]. While instrumentation of both ends
of each strip doubles the readout and the material budgets, cost, powering, and cooling constraints do
not obviously exclude this option. Another topic of active investigation is whether the tracker could
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Table II-3.1
The layout of the main tracker. Barrel R Length of sensor Number of Number of

Region (cm) coverage (cm) modules in „ modules in z

Barrel 1 21.95 111.6 20 13
Barrel 2 46.95 147.3 38 17
Barrel 3 71.95 200.1 58 23
Barrel 4 96.95 251.8 80 29
Barrel 5 121.95 304.5 102 35

Disk z
inner

R
inner

R
outer

Number of
Region (cm) (cm) (cm) modules per end

Disk 1 78.89 20.89 49.80 96
Disk 2 107.50 20.89 75.14 238
Disk 3 135.55 20.89 100.31 438
Disk 4 164.09 20.89 125.36 662

angles above 13¶ ten layers or more are traversed. The goals of the ILC physics program impose
performance requirements on the tracking that exceed those met by any previous system and are
summarised in Table II-3.2.
Figure II-3.2
The coverage of the
SiD tracking system as
a function of the polar
angle ◊.
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3.3 Baseline Design

The baseline design uses relatively conventional technologies to achieve the performance goals with
low risk and minimal cost. The sensors are single-sided micro-strips. The barrel and disk supports, as
well as the module supports, are composites of carbon fibre and low-density Rohacell 31 [86] foam.
Low-mass hardware is fabricated in polyether ether ketone (PEEK).

There are, however, some key elements where novel solutions are required. The sensors, like
those for the ECAL, employ a double-metal layer to route signals to bump-bonding arrays for readout
by the KPiX ASIC [87, 88, 89]. As with the ECAL, traces on the second metal layer of the sensor
connect power and signal lines on the KPiX chip to a readout cable that is also bump bonded to
the face of the sensor. This arrangement eliminates the material and assembly complexity of hybrid
circuit boards to host the readout electronics. The low power dissipation of KPiX makes gas cooling
feasible, reducing further the required material. However, since KPiX achieves low power consumption
through power pulsing with a duty cycle of approximately 1%, the instantaneous currents required to
power the tracker are still large and requires a significant mass of conductor.
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Figure II-3.9
Normalised transverse
momentum resolu-
tion for single-muon
events in sidloi3 as
function of momen-
tum. The dashed lines
indicate a fit to the
parametrisation given
in Equation II-3.1.
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resolution of 1.46 ·10≠5 and transverse impact parameter resolution better than 2 µm has been
obtained. Even though the SiD tracker is very “thin” the studies show that the material budget still
imposes limitations and a further reduction in mass would be beneficial. It is expected that some
of the performance features can be mitigated through a further optimisation of the overall detector
design. The physics results presented later are based on the tracking performance described here.

Figure II-3.10
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3.6 Alignment

The alignment strategy for the SiD main tracker, vertex detector, and beam-pipe assemblies is based
on:

1. a small number of robust, rigid elements;

2. precise positioning of smaller components during fabrication and assembly;

3. real-time monitoring of alignment changes, including during push-pull moves; and

4. track-based alignment for final precision.
It is expected to achieve ¥20 µm relative precision among outer tracker sensor modules in

di�erent layers after fabrication and assembly in the full detector. The final precision of a few µm is
attained for individual sensor modules from track-based alignment, with real-time Frequency Scanned
Interferometry (FSI) and laser-track monitoring providing both a bridge from the coarse to the fine
alignment and a set of global corrections for time dependent structure motion and deformation [98].

The support structures for the vertex detector and main tracker have been designed to minimise
distortions and maintain alignment. For the outer tracker, the double-walled support cylinders,
concave disk support, and nested assembly with annular rings and kinematic mounts are intended
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in full simulation 
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Figure III-2.11. Left: Drawing of the proposed end-plate for the TPC. In the insert a backframe which is supporting
the actual readout module, is shown. Right: Conceptual sketch of the TPC system showing the main parts of the
TPC (not to scale).

Table III-2.4
Performance and design
parameters for the
TPC with standard
electronics and pad
readout.

Parameter

Geometrical parameters r
in

r
out

z
329 mm 1808 mm ± 2350 mm

Solid angle coverage up to cos ◊ ƒ 0.98 (10 pad rows)
TPC material budget ƒ 0.05 X

0

including outer fieldcage in r

< 0.25 X

0

for readout endcaps in z

Number of pads/timebuckets ƒ 1-2 ◊ 106/1000 per endcap
Pad pitch/ no.padrows ƒ 1◊ 6 mm2 for 220 padrows
‡

point

in r„ ƒ 60 µm for zero drift, < 100 µm overall
‡

point

in rz ƒ 0.4 ≠ 1.4 mm (for zero – full drift)
2-hit resolution in r„ ƒ 2 mm
2-hit resolution in rz ƒ 6 mm
dE/dx resolution ƒ 5 %
Momentum resolution at B=3.5 T ”(1/pt) ƒ 10

≠4/GeV/c (TPC only)

are self-contained and integrate the gas amplification, readout electronics, supply voltages, and
cooling [262].

2.3.1.1 Gas amplification system

The gas amplification system for a pad-based TPC will be either GEM or Micromegas (see [263] and
[264] for examples of results using small prototypes). It has been demonstrated that both amplification
technologies combined with pad readout can be built as modules which cover large areas with little
dead space.

The use of Multi-Wire Proportional Chamber (MWPC) technology has been ruled out [264],
because it does not meet the ambitious performance goals.

Two or three GEM foils are stacked together to achieve su�cient charge amplification. For a
GEM readout the transverse di�usion within the GEM stack itself is enough to spread the charge over
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2.3.1.3 Readout module

Each readout module consists of the gas amplification system (GEM or Micromegas), the pad plane,
the readout electronics, and cooling.

A design issue for the multi-GEM systems is the provision of a support system that keeps the
GEM surfaces both flat and parallel without introducing dead space or adding too much material to
the detector. Several options have been developed and successfully operated [258]. With a recently
demonstrated system [269, 270] based on ceramic spacers, good flatness and mechanical stability
could be demonstrated while introducing only about 2% of dead space.

The Micromegas system with one stage amplification has a fine wire mesh mounted in front of
the readout pad plane. A system of small pillars maintains a constant distance between the mesh and
the pad plane. This system has been shown to operate very reliably over long periods. The pillars
introduce a dead area of a few %.

2.3.1.4 Readout electronics

Small pads of 1 ◊ 6 mm2 area require that the electronics per channel does not exceed this
footprint; the most modern readout system for a TPC, the AFTER system developed for the T2K
experiment [275], has a footprint per channel of about three times this area. A picture of Micromegas-
based modules mounted on the LP is seen in Figure III-2.14 left and an event in figure III-2.14 right,
taken during a testbeam run at DESY [276]. They demonstrate that, for this technology and a
pad size of between 2.7 ≠ 3.2 ◊ 6.1 mm2, a solution exists which fits inside the current module
boundaries.

E�orts are underway to develop more compact, fast, low noise, and power pulsed systems [277,
278]. The fundamental layout consists of a charge sensitive preamplifier, a fast ADC, and a digital
signal processing unit which is used to analyse the data online, find pulses, determine time and charge,
and, where applicable, reduce the total amount of data.

The power management relies critically on the ability of the system to use power pulsing. Power
pulsing has been demonstrated for the S-ALTRO16 system [278]. Even with power pulsing, however,
an active cooling of the endplates will be needed, for which two-phase CO

2

cooling is planned. The
power-pulsing goal is to reduce the power consumption to less than 100 W/m2 (1 kW per endplate).

An alternative readout concept relies on the coupling of a gas amplification system and a pixelated
silicon chip [261]. The Timepix chip, derived from the Medipix family of chips, has been used in a
series of proof-of-principle experiments. The pixel sizes are about 50 ◊ 50 µm and thus are small
compared to the contribution from di�usion. The Timepix chip allows both time and charge to be
measured per pixel, providing potentially a very detailed view of the charge pattern on the end plate.
Challenges of this system are the large number of pixels, the readout speed, and the robust and safe
integration of the silicon pixel chip with the gas amplification system. For the moment this system is
considered to be an interesting variant to the more traditional pad-based readout systems, but is not

Figure III-2.13
Left: A low mass end-
plate for the LP. Right:
Study of deflection of
the LP endplate due to
a load on the central
module: load = 100 N,
deflection = 23 µm.

212 ILC Technical Design Report: Volume 4, Part III

• Large-volume TPC with MPGD readout in 
endplate, 1 x 6 mm2 pads 
 - Different technologies under investigation, 
including µMegas, GEMs, - in general w/o gating - 
needs strong ion feedback suppression

Large prototype with low-mass 
end-plate, to be tested with 
µMegas, GEMs

Chapter 6. ILD Performance

Figure III-6.1
(Left) Average number
of hits for simulated
charged particle tracks
as a function of polar
angle. (Right) Average
total radiation length
of the material in the
tracking detectors as a
function of polar angle.
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Kalman-filter based track reconstruction, MarlinTrk, the PandoraPFA particle flow algorithm and the
LCFIPlus flavour tagging package.

6.1.2 ILD tracking performance

ILD tracking is designed around three subsystems capable of standalone tracking: VTX, FTD and
the TPC. These are augmented by three auxiliary tracking systems, the SIT, SET and ETD, which
provide additional high resolution measurement points. The momentum resolution goal [381] is

‡
1/pT

¥ 2 ◊ 10≠5 GeV≠1.

This level of performance ensures that the model-independent selection of the higgsstrahlung events
from the recoil against leptonic Z æ µ+µ≠ decays is dominated by beam energy spread rather than
the detector resolution. The performance goal for the impact parameter resolution is

‡r„ = 5 µm ü 10
p(GeV) sin3/2 ◊

µm. (III-6.1)

Meeting this gaol is crucial for the flavour tagging performance, and in particular the e�cient
separation of charm and bottom quark decays of the higgs boson.

6.1.2.1 Coverage and material budget

Figure III-6.1a shows, as a function of polar angle, ◊, the average number of reconstructed hits
associated with simulated 100 GeV muons. The TPC provides full coverage down to ◊ = 37¶. Beyond
this the number of measurement points decreases. The last measurement point provided by the TPC
corresponds to ◊ ¥ 10¶. The central inner tracking system, consisting of the six layer VTX and the
two layer SIT, provides eight precise measurements down to ◊ = 26¶. The innermost and middle
double layer of the VTX extend the coverage down to ◊ ≥ 16¶. The FTD provides up to a maximum
of five measurement points for tracks at small polar angles. The SET and ETD provide a single high
precision measurement point with large lever arm outside of the TPC volume down to a ◊ ≥ 10¶. The
di�erent tracking system contributions to the detector material budget, including support structures,
is shown in Figure III-6.1b. The spikes at small polar angles correspond to the support structures,
electronics and cabling in the around the TPC endcap region. The bump at around 90¶ for the
TPC corresponds to the central cathode membrane. Compared to the letter of intent the material
has overall increased slightly due to the more detailed and realistic simulation, except for the TPC
endplate where it has grown by close to 50%. This is explained in more detail in the TPC section 2.3.
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Figure III-2.11. Left: Drawing of the proposed end-plate for the TPC. In the insert a backframe which is supporting
the actual readout module, is shown. Right: Conceptual sketch of the TPC system showing the main parts of the
TPC (not to scale).

Table III-2.4
Performance and design
parameters for the
TPC with standard
electronics and pad
readout.

Parameter

Geometrical parameters r
in

r
out

z
329 mm 1808 mm ± 2350 mm

Solid angle coverage up to cos ◊ ƒ 0.98 (10 pad rows)
TPC material budget ƒ 0.05 X

0

including outer fieldcage in r

< 0.25 X

0

for readout endcaps in z

Number of pads/timebuckets ƒ 1-2 ◊ 106/1000 per endcap
Pad pitch/ no.padrows ƒ 1◊ 6 mm2 for 220 padrows
‡

point

in r„ ƒ 60 µm for zero drift, < 100 µm overall
‡

point

in rz ƒ 0.4 ≠ 1.4 mm (for zero – full drift)
2-hit resolution in r„ ƒ 2 mm
2-hit resolution in rz ƒ 6 mm
dE/dx resolution ƒ 5 %
Momentum resolution at B=3.5 T ”(1/pt) ƒ 10

≠4/GeV/c (TPC only)

are self-contained and integrate the gas amplification, readout electronics, supply voltages, and
cooling [262].

2.3.1.1 Gas amplification system

The gas amplification system for a pad-based TPC will be either GEM or Micromegas (see [263] and
[264] for examples of results using small prototypes). It has been demonstrated that both amplification
technologies combined with pad readout can be built as modules which cover large areas with little
dead space.

The use of Multi-Wire Proportional Chamber (MWPC) technology has been ruled out [264],
because it does not meet the ambitious performance goals.

Two or three GEM foils are stacked together to achieve su�cient charge amplification. For a
GEM readout the transverse di�usion within the GEM stack itself is enough to spread the charge over
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2.3.1.3 Readout module

Each readout module consists of the gas amplification system (GEM or Micromegas), the pad plane,
the readout electronics, and cooling.

A design issue for the multi-GEM systems is the provision of a support system that keeps the
GEM surfaces both flat and parallel without introducing dead space or adding too much material to
the detector. Several options have been developed and successfully operated [258]. With a recently
demonstrated system [269, 270] based on ceramic spacers, good flatness and mechanical stability
could be demonstrated while introducing only about 2% of dead space.

The Micromegas system with one stage amplification has a fine wire mesh mounted in front of
the readout pad plane. A system of small pillars maintains a constant distance between the mesh and
the pad plane. This system has been shown to operate very reliably over long periods. The pillars
introduce a dead area of a few %.

2.3.1.4 Readout electronics

Small pads of 1 ◊ 6 mm2 area require that the electronics per channel does not exceed this
footprint; the most modern readout system for a TPC, the AFTER system developed for the T2K
experiment [275], has a footprint per channel of about three times this area. A picture of Micromegas-
based modules mounted on the LP is seen in Figure III-2.14 left and an event in figure III-2.14 right,
taken during a testbeam run at DESY [276]. They demonstrate that, for this technology and a
pad size of between 2.7 ≠ 3.2 ◊ 6.1 mm2, a solution exists which fits inside the current module
boundaries.

E�orts are underway to develop more compact, fast, low noise, and power pulsed systems [277,
278]. The fundamental layout consists of a charge sensitive preamplifier, a fast ADC, and a digital
signal processing unit which is used to analyse the data online, find pulses, determine time and charge,
and, where applicable, reduce the total amount of data.

The power management relies critically on the ability of the system to use power pulsing. Power
pulsing has been demonstrated for the S-ALTRO16 system [278]. Even with power pulsing, however,
an active cooling of the endplates will be needed, for which two-phase CO

2

cooling is planned. The
power-pulsing goal is to reduce the power consumption to less than 100 W/m2 (1 kW per endplate).

An alternative readout concept relies on the coupling of a gas amplification system and a pixelated
silicon chip [261]. The Timepix chip, derived from the Medipix family of chips, has been used in a
series of proof-of-principle experiments. The pixel sizes are about 50 ◊ 50 µm and thus are small
compared to the contribution from di�usion. The Timepix chip allows both time and charge to be
measured per pixel, providing potentially a very detailed view of the charge pattern on the end plate.
Challenges of this system are the large number of pixels, the readout speed, and the robust and safe
integration of the silicon pixel chip with the gas amplification system. For the moment this system is
considered to be an interesting variant to the more traditional pad-based readout systems, but is not

Figure III-2.13
Left: A low mass end-
plate for the LP. Right:
Study of deflection of
the LP endplate due to
a load on the central
module: load = 100 N,
deflection = 23 µm.
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Figure III-6.1
(Left) Average number
of hits for simulated
charged particle tracks
as a function of polar
angle. (Right) Average
total radiation length
of the material in the
tracking detectors as a
function of polar angle.
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Kalman-filter based track reconstruction, MarlinTrk, the PandoraPFA particle flow algorithm and the
LCFIPlus flavour tagging package.

6.1.2 ILD tracking performance

ILD tracking is designed around three subsystems capable of standalone tracking: VTX, FTD and
the TPC. These are augmented by three auxiliary tracking systems, the SIT, SET and ETD, which
provide additional high resolution measurement points. The momentum resolution goal [381] is

‡
1/pT

¥ 2 ◊ 10≠5 GeV≠1.

This level of performance ensures that the model-independent selection of the higgsstrahlung events
from the recoil against leptonic Z æ µ+µ≠ decays is dominated by beam energy spread rather than
the detector resolution. The performance goal for the impact parameter resolution is

‡r„ = 5 µm ü 10
p(GeV) sin3/2 ◊

µm. (III-6.1)

Meeting this gaol is crucial for the flavour tagging performance, and in particular the e�cient
separation of charm and bottom quark decays of the higgs boson.

6.1.2.1 Coverage and material budget

Figure III-6.1a shows, as a function of polar angle, ◊, the average number of reconstructed hits
associated with simulated 100 GeV muons. The TPC provides full coverage down to ◊ = 37¶. Beyond
this the number of measurement points decreases. The last measurement point provided by the TPC
corresponds to ◊ ¥ 10¶. The central inner tracking system, consisting of the six layer VTX and the
two layer SIT, provides eight precise measurements down to ◊ = 26¶. The innermost and middle
double layer of the VTX extend the coverage down to ◊ ≥ 16¶. The FTD provides up to a maximum
of five measurement points for tracks at small polar angles. The SET and ETD provide a single high
precision measurement point with large lever arm outside of the TPC volume down to a ◊ ≥ 10¶. The
di�erent tracking system contributions to the detector material budget, including support structures,
is shown in Figure III-6.1b. The spikes at small polar angles correspond to the support structures,
electronics and cabling in the around the TPC endcap region. The bump at around 90¶ for the
TPC corresponds to the central cathode membrane. Compared to the letter of intent the material
has overall increased slightly due to the more detailed and realistic simulation, except for the TPC
endplate where it has grown by close to 50%. This is explained in more detail in the TPC section 2.3.
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Figure III-1.4
Left: Average total
radiation length of
the material in the
tracking detectors as a
function of polar angle.
Right: Total interaction
length in the detector,
up to the end of the
calorimeter system, and
including the coil of the
detector.
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semi-digital readout of each cell.
At very forward angles, below the coverage provided by the ECAL and the HCAL, a system of

high precision and radiation hard calorimetric detectors (LumiCAL, BeamCAL, LHCAL) is foreseen.
These extend the calorimetric coverage to almost 4fi, measure the luminosity, and monitor the quality
of the colliding beams.

A large volume superconducting coil surrounds the calorimeters, creating an axial B-field of
nominally 3.5 Tesla.

An iron yoke, instrumented with scintillator strips or resistive plate chambers (RPCs), returns
the magnetic flux of the solenoid, and, at the same time, serves as a muon filter, muon detector and
tail catcher calorimeter.

To maximise the sensitivity of the detector to the physics at the ILC, the detector will be operated
in a continuous readout mode, without a traditional hardware based trigger.

Precision physics at the ILC requires that the beam parameters are known with great accuracy.
The beam energy and the beam polarization will be measured in small dedicated systems, which are
shared by the two detectors present in the interaction region.

The ILD detector has been designed and optimised as a detector which can be used in a push-pull
configuration, as described in section 5.5.

The main parameters of the ILD detector are summarised in Table III-1.1 and table III-1.2.
The performance of the ILD concept has been extensively studied using a detailed GEANT4

based simulation model and sophisticated reconstruction tools. Backgrounds have been taken into
account to the best of current knowledge. A key characteristics of the detector is the amount of
material in the detector. Particle flow requires a thin tracker, to minimise interactions before the
calorimeters, and thick calorimeters, to fully absorb the showers. Figure III-1.4 (left) shows the
material in the detector in radiation lengths, until the entry of the calorimeter. The right plot shows

Figure III-1.5
Left: Momentum res-
olution as a function
of the transverse mo-
mentum of particles,
for tracks with di�er-
ent polar angles. Also
shown is the theoreti-
cal expectation. Right:
Flavour tagging per-
formance for Z æ qq
samples at di�erent
energies.
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• HCAL: length scale ~ λI, but em subshowers impose requirements not too much 
different than in ECAL
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Depends on material: 

• in W: X0 ~ 3 mm, ρM ~ 9 mm

• in Fe: X0 ~ 20 mm, ρM ~ 30 mm

NB: Best separation for narrow showers 
particularly important in ECAL

➫ Use W in ECAL!

When adding active elements:  ~ 0.5 cm3 segmentation in ECAL, ~ 3 - 25 cm3 in HCAL

➫ O 107-8 cells in HCAL, 108 cells in ECAL! - fully integrated electronics needed.
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Depends on material: 

• in W: X0 ~ 3 mm, ρM ~ 9 mm

• in Fe: X0 ~ 20 mm, ρM ~ 30 mm

NB: Best separation for narrow showers 
particularly important in ECAL

➫ Use W in ECAL!

When adding active elements:  ~ 0.5 cm3 segmentation in ECAL, ~ 3 - 25 cm3 in HCAL

➫ O 107-8 cells in HCAL, 108 cells in ECAL! - fully integrated electronics needed.
Several technological options both in ILD and SiD:

• ECAL: Tungsten absorbers, Si or Scintillator with SiPMs as active medium

• HCAL: Steel absorbers

• analog: Scintillator tiles with SiPMs

• digital or semi-digital: RPCs, GEMs, µMegas (digital or semi-digital)
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• ECAL: Si PIN diodes with 5 x 5 mm2 pads or crossed 
scintillator strips with SiPM readout, 5 x 45 mm2


• two longitudinal segments with different absorber 
thickness, a total of 30 layers with tungsten absorbers


• integrated readout electronics on a PCB
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• HCAL: Scintillator tiles (3 x 3 cm2) with SiPM readout or 
RPCs (µMegas) with semi-digital 3-threshold readout 
6 λI - 48 layers, 2 cm steel absorber here: AHCAL
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• ECAL: Si PIN diodes with hexagonal pads (13 mm2) or 
MAPS sensors with 50 x 50 µm2 pixels


• two longitudinal segments with different absorber 
thickness, a total of 30 layers with tungsten absorbers


• ASIC directly bonded to Si wafer to reach thinnest 
possible active layers, ≤ 1.25 mm



Frank Simon (fsimon@mpp.mpg.de)Detectors at ILC 
INSTR-14, Novosibirsk, February 2014

The SiD Calorimeters

�21

• ECAL: Si PIN diodes with hexagonal pads (13 mm2) or 
MAPS sensors with 50 x 50 µm2 pixels


• two longitudinal segments with different absorber 
thickness, a total of 30 layers with tungsten absorbers


• ASIC directly bonded to Si wafer to reach thinnest 
possible active layers, ≤ 1.25 mm

1-glass RPC prototype

• HCAL: Digital calorimeter with 1 x 1 cm2 cells, using 
RPCs, double GEMs / thick GEMs, µMegas, scintillator 
tiles with SiPMs and analog readout also considered


• 4.5 λI thickness - 40 layers with 1.9 cm steel

Chapter 4. SiD Calorimetry

4.3.4.1 RPC chamber designs

Resistive Plate Chambers (RPCs) are gaseous detectors primarily in use for the large muon systems of
colliding beam detectors. The detectors feature a gas volume defined by two resistive plates, typically
Bakelite or glass.

The outer surface of the plates is coated with a layer of resistive paint to which a high voltage is
applied. Depending on the high voltage setting of the chamber, charged particles crossing the gas
gap initiate a streamer or an avalanche. These in turn induce signals on the readout strips or pads
located on the outside of the plates.

Various chamber designs have been investigated [116] for the SiD DHCAL. Of these two are
considered particularly promising: a two-glass and an one-glass plate design. Schematics of the two
chamber designs are shown in Figure II-4.8. The thickness of the glass plates is 1.1 mm and the gas
gap is maintained with fishing lines with a diameter of 1.2 mm. The overall thickness of the chambers,
including layers of Mylar for high voltage protection but excluding readout board, is approximately
3.7 mm and 2.6 mm, respectively. The two-glass design is the current baseline, however, due to its
attractive features, the one-glass design is being actively developed.

Figure II-4.8
Schematic of the RPC
design with two glass
plates (left) and one
glass plate (right). Not
to scale.

-HV

G10 board

1.2 mm gas 
gap

Resistive paint
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1.1 mm glass

Aluminum foil
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1.1 mm glass
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4.3.4.2 Readout

The electronic readout system needs to be optimised for the readout of tens of millions of readout
channels envisaged for the SiD hadron calorimeter operating at the future International Linear collider.
Due to the high channel count, a front end ASIC and several layers of data concentration are considered
necessary. In the R&D phase, a readout system was developed and constructed for the DHCAL
prototype which handles nearly 500,000 readout channels. Even though the system was optimised
for test beam operation and did not address all requirements for a realistic SiD DHCAL system, it
achieved the very first embedded front-end readout for a calorimeter system and serves as a milestone
towards the final engineering design.

A block diagram of the prototype DHCAL readout system is shown in Figure II-4.9. The
electronics is divided into two parts: The “on-detector” electronics processes charge signals from
the detector, collects data for transmission out, and acts as the interface for slow controls. The
“back-end” electronics receives and processes the streams of data from the front-end electronics, and
in turn passes it to the Data Acquisition (DAQ) system. It also has an interface to the timing and
trigger systems.

A custom integrated circuit (ASIC) has been developed for the front-end. The ASIC chip, called
DCAL performs, in addition to ancillary control functions, all of the front-end processing, including
signal amplification, discrimination/comparison against threshold, recording the time of the hit,
temporary storage of data, and data read out. It services 64 detector channels with a choice of two
programmable gain ranges (≥10 fC and ≥100 fC sensitivity.)

The chips reside on front-end printed circuit boards that are embedded in the DHCAL active
layer. There are 24 chips on a front-end board, servicing 1,536 channels. An FPGA based data
concentrator (DCON) resides on the edge of the front-end board which collects data from the 24
DCAL chips and serves as the first level of data concentration. The DCON’s send their data to the
data collectors (DCOL’s) through serial links. The DCOL’s are located in VME crates and serves as
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• Forward instrumentation (cosθ > 0.99) important for luminosity monitoring


• LumiCal - measurement of the integrated luminosity using small-angle Bhabha 
scattering better than 10˙-3


• BeamCal - measurement of the instantaneous luminosity from beamstrahlung pairs 
on the 10% level per BX


• Both serve to increase detector hermeticity


• Require rad hardness: Si sensors in LumiCal, GaAs or CVDDiamond in BeamCal
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SiD (ILD similar)

in ILD: Additional LHCAL 
to extend HCAL coverage
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• The solenoid is one of the key components of any experiment - 
For ILC detectors we can build on the CMS experience


• For ILD: Similar field, max. 4T, radius ~ 50 cm larger,  
for SiD higher field, somewhat smaller radius

• The muon system: instrumented return yoke


• Identification and tracking of muons


• Tail catching for the calorimeter system

A key task of the yoke: Reduce the stray field 
of the solenoid to allow maintenance on one  
detector while the other is in operation
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• Current concept: Two 
detectors share one 
interaction region - 
Exchange by push-pull on 
air-cushioned platforms


‣ Requires well designed 
integration & services


‣ Imposes strict requirements 
on stray fields of solenoids
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• Current concept: Two 
detectors share one 
interaction region - 
Exchange by push-pull on 
air-cushioned platforms


‣ Requires well designed 
integration & services


‣ Imposes strict requirements 
on stray fields of solenoids

NB: Here two detectors do not 
increase the total integrated 
luminosity - The gain is in 
systematics, risk reduction 
(and sociological aspects!)
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Performance … 

• Studies based on full detector simulations - in quite a few cases key performance 
parameters have been validated with prototypes in test beams 


• energy resolution & PFA performance (calorimeters), tracking, spatial resolution of 
pixel detectors,… 

�25

more in other talks throughout this conference!
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6.1. ILD performance

Figure III-6.4
Fractional jet energy
resolution plotted
against | cos ◊| where
theta is the thrust axis
of the event.
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rectly associate the calorimetric energy deposits to the particles and the confusion term increases.
The single jet energy resolution is also listed. The jet energy resolution (rms

90

) is better than 3.7 %
for jets of energy greater than 40 GeV. The resolutions quoted in terms of rms

90

should be multiplied
by a factor of approximately 1.1 to obtain an equivalent Gaussian analysing power[274]. Despite, the
inclusion of dead material in the Monte Carlo simulation, the resolutions achieved are between 2 %
and 7 % better than for the previous detector model described in [198]. In part this reflects a number
of improvements to the particle flow reconstruction software. Nevertheless, it can be concluded that
the additional dead material associated with services does not significantly degrade the jet energy
resolution.

Figure III-6.4 shows the jet energy resolution for Z æuds events plotted against the cosine
of the polar angle of the generated qq pair, cos ◊

qq

, for four di�erent values of
Ô

s. Due to the
calorimetric coverage in the forward region, the jet energy resolution remains good down to ◊ = 13¶

(cos ◊ = 0.975).

6.1.4 Flavour tagging performance

Identification of b-quark and c-quark jets plays an important role within the ILC physics programme.
The vertex detector design and the impact parameter resolution are of particular importance for
flavour tagging. The LCFIPlus flavour tagging software uses boosted decision trees to discriminate b
jets from udsc jets (b-tag), c jets from udsb jets (c-tag), and c jets from b jets (bc-tag).

The flavour tagging performance [384] of ILD was previously studied for the two vertex detector
geometries considered, three double-sided ladders (VTX-DL) and five single-sided (VTX-SL) ladders.
No significant di�erences in the input variables for the multivariate analysis were seen. Here results
are presented only for the double-layer layout. The flavour tagging performance is studied using
simulated and fully reconstructed samples for Z æ qq reactions, shown in Figure III-6.5a, and

Table III-6.1. Jet energy resolution for Z æuds events with | cos ◊
qq

| < 0.7, expressed as, rms

90

for the di-jet
energy distribution, the e�ective constant – in rms

90

/E = –(Ejj)/


Ejj/GeV, and the fractional jet energy
resolution for a single jets, ‡Ej /Ej . The jet energy resolution is calculated from rms

90

.

Jet Energy rms

90

rms

90

/


Ejj/GeV ‡Ej /Ej

45 GeV 2.4 GeV 24.7 % (3.66 ± 0.05) %

100 GeV 4.0 GeV 28.3 % (2.83 ± 0.04) %

180 GeV 7.3 GeV 38.5 % (2.86 ± 0.04) %

250 GeV 10.4 GeV 46.6 % (2.95 ± 0.04) %
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Global performance - just one example: PFA in ILD

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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clean separation of W and Z in hadronic final states!
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… and Cost

• First estimate of cost (excl. labor) - for the some of the more expensive systems 
already quite detailed (NB: on some items the cost models of ILD and SiD are different)


‣ Clearly reflects the design for PFA: ~ 50% of the total cost is in the calorimeters


‣ Shows SiD optimization with cost-effectiveness in mind

�26

Total ~ 400 MUSD 
(430 w SiW ECAL, 350 w Scint ECAL)ILD

Chapter 12. SiD Costs

Table II-12.2
Summary of Costs per
Subsystem.

M&S M&S
Base Contingency Engineering Technical Admin

(M US-$) (M US-$) (MY) (MY) (MY)

Beamline Systems 3.7 1.4 4.0 10.0
VXD 2.8 2.0 8.0 13.2
Tracker 18.5 7.0 24.0 53.2
ECAL 104.8 47.1 13.0 288.0
HCAL 51.2 23.6 13.0 28.1
Muon System 8.3 3.0 5.0 22.1
Electronics 4.9 1.6 44.1 41.7
Magnet 115.7 39.7 28.3 11.8
Installation 4.1 1.1 4.5 46.0
Management 0.9 0.2 42.0 18.0 30.0

314.9 126.7 186.0 532.1 30.0

Structure using the SLAC program WBS. WBS facilitates the description of the costs as a hierarchical
breakdown with increasing levels of detail. Separate tables describe cost estimates for purchased
M&S and labour. These tables include contingencies for each item, and these contingencies are
propagated by WBS. The M&S costs are estimated in 2008 US-$ except for those items described in
Table II-12.1.

Labour is estimated in man-hours or man-years as convenient. The WBS had about 50 labour
types, but they are condensed to engineering, technical, and clerical for this estimate. The statement
of base M&S and labour in man-years by the three categories results in a cost which we believe is
comparable to that used by the ILC machine, and is referred to here as the ILC cost.

Contingency is estimated for each quantity to estimate the uncertainties in the costs of the
detector components. However, we do not use the ILC value system for these estimates. Items
which are commodities, such as detector iron, have had costs swinging wildly over the last few years.
While there is agreement on a set of important unit costs, those quantities also have ”error margins”.
SiD, ILD, and CLIC have worked together to reach agreed values for some unit costs as shown in
Table II-12.1.
Figure II-12.1
Subsystem M&S Costs
in million US-$, the
error bars show the
contingency per subsys-
tem.
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There are a substantial set of interfaces in the interaction region hall. For the purpose of this
estimate, the following has been assumed:

• The hall itself, with finished surfaces, lighting, and HVAC are provided by the machine.

• Utilities, including 480 VAC power, LCW, compressed air, and Internet connections are provided.

• An external He compressor system with piping to the hall is provided. The refrigeration and
associated piping is an SiD cost.

• All surface buildings, gantry cranes, and hall cranes are provided by the machine.
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Total ~ 320 MUSD

average of SiW and 
ScintW options

Studies to evaluate the cost and performance impact of parameter changes are ongoing 
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Summary

• The physics program at ILC requires highly performant detector systems:

• Flavor tagging - b, c and light jets


• Precise momentum measurement


• Excellent jet energy resolution - a factor of two better than state of the art

!

• ILD and SiD meet these challenges with:

• low-mass, small pitch pixel vertex trackers


• high resolution main trackers, either all silicon or silicon + TPC


• highly granular “imaging” calorimeters

�27
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Key issues have been demonstrated with prototypes in test beams, 
and the physics performance has been studies in full simulations
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Next Steps: Optimization

• The ILC detector concept have demonstrated their performance for various channels 

�28

Now: Take a step back and re-examine the design choices:

• Better understand physics drivers for performance requirements


• Identify key performance drivers, find possible “breaking points”


• Reduce cost - but without de-scoping of performance goals

…

main tracker radius & aspect ratio

number and placement of tracker layers

calorimeter granularity (in 3D!)

ECAL technology: Si / Scint / Hybrid

magnetic field

yoke & stray field
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Outlook

• Starting now: Optimisation of the detector design - Study impact of design choices 
on physics performance and cost, react to new LHC results


‣ Prepare for a Technical Design Report by ~ 2018


• Further demonstration of technologies in beam tests


• Complete mechanical design


• More thorough cost estimate


• …

�29

after approval: 6 - 8 years for  
final design, production and installation 
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on physics performance and cost, react to new LHC results


‣ Prepare for a Technical Design Report by ~ 2018


• Further demonstration of technologies in beam tests


• Complete mechanical design


• More thorough cost estimate


• …

�29

after approval: 6 - 8 years for  
final design, production and installation 

The physics program of the ILC is 
clear and we have the detector 
technology to do it!
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Backup
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ILD & SiD - Material budget
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Chapter 1. ILD: Executive Summary

Figure III-1.4
Left: Average total
radiation length of
the material in the
tracking detectors as a
function of polar angle.
Right: Total interaction
length in the detector,
up to the end of the
calorimeter system, and
including the coil of the
detector.
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semi-digital readout of each cell.
At very forward angles, below the coverage provided by the ECAL and the HCAL, a system of

high precision and radiation hard calorimetric detectors (LumiCAL, BeamCAL, LHCAL) is foreseen.
These extend the calorimetric coverage to almost 4fi, measure the luminosity, and monitor the quality
of the colliding beams.

A large volume superconducting coil surrounds the calorimeters, creating an axial B-field of
nominally 3.5 Tesla.

An iron yoke, instrumented with scintillator strips or resistive plate chambers (RPCs), returns
the magnetic flux of the solenoid, and, at the same time, serves as a muon filter, muon detector and
tail catcher calorimeter.

To maximise the sensitivity of the detector to the physics at the ILC, the detector will be operated
in a continuous readout mode, without a traditional hardware based trigger.

Precision physics at the ILC requires that the beam parameters are known with great accuracy.
The beam energy and the beam polarization will be measured in small dedicated systems, which are
shared by the two detectors present in the interaction region.

The ILD detector has been designed and optimised as a detector which can be used in a push-pull
configuration, as described in section 5.5.

The main parameters of the ILD detector are summarised in Table III-1.1 and table III-1.2.
The performance of the ILD concept has been extensively studied using a detailed GEANT4

based simulation model and sophisticated reconstruction tools. Backgrounds have been taken into
account to the best of current knowledge. A key characteristics of the detector is the amount of
material in the detector. Particle flow requires a thin tracker, to minimise interactions before the
calorimeters, and thick calorimeters, to fully absorb the showers. Figure III-1.4 (left) shows the
material in the detector in radiation lengths, until the entry of the calorimeter. The right plot shows

Figure III-1.5
Left: Momentum res-
olution as a function
of the transverse mo-
mentum of particles,
for tracks with di�er-
ent polar angles. Also
shown is the theoreti-
cal expectation. Right:
Flavour tagging per-
formance for Z æ qq
samples at di�erent
energies.

Momentum/GeV
1 10 210

-1
 /G

eV
1/

pt
σ

-510

-410

-310

-210

-110

° = 7θ
° = 20θ
° = 30θ
° = 85θ

Efficiency
0 0.2 0.4 0.6 0.8 1

Pu
rit

y

0

0.2

0.4

0.6

0.8

1
b

c

c (b-bkg)

 = 91 GeVs qq   →a) Z 

188 ILC Technical Design Report: Volume 4, Part III

Chapter 1. ILD: Executive Summary

Figure III-1.4
Left: Average total
radiation length of
the material in the
tracking detectors as a
function of polar angle.
Right: Total interaction
length in the detector,
up to the end of the
calorimeter system, and
including the coil of the
detector.

 / degreesθ
-80 -60 -40 -20 0

0X

0

0.1

0.2

0.3

0.4

0.5 SET

outside TPC

TPC

SIT + FTD

VXT

 / degreesθ

In
te

ra
ct

io
n 

Le
ng

th
s

0

2

4

6

8

10

12

14

020406080

Coil

Hcal (LHcal/bcal)

Ecal (Lcal)

semi-digital readout of each cell.
At very forward angles, below the coverage provided by the ECAL and the HCAL, a system of

high precision and radiation hard calorimetric detectors (LumiCAL, BeamCAL, LHCAL) is foreseen.
These extend the calorimetric coverage to almost 4fi, measure the luminosity, and monitor the quality
of the colliding beams.

A large volume superconducting coil surrounds the calorimeters, creating an axial B-field of
nominally 3.5 Tesla.

An iron yoke, instrumented with scintillator strips or resistive plate chambers (RPCs), returns
the magnetic flux of the solenoid, and, at the same time, serves as a muon filter, muon detector and
tail catcher calorimeter.

To maximise the sensitivity of the detector to the physics at the ILC, the detector will be operated
in a continuous readout mode, without a traditional hardware based trigger.

Precision physics at the ILC requires that the beam parameters are known with great accuracy.
The beam energy and the beam polarization will be measured in small dedicated systems, which are
shared by the two detectors present in the interaction region.

The ILD detector has been designed and optimised as a detector which can be used in a push-pull
configuration, as described in section 5.5.

The main parameters of the ILD detector are summarised in Table III-1.1 and table III-1.2.
The performance of the ILD concept has been extensively studied using a detailed GEANT4

based simulation model and sophisticated reconstruction tools. Backgrounds have been taken into
account to the best of current knowledge. A key characteristics of the detector is the amount of
material in the detector. Particle flow requires a thin tracker, to minimise interactions before the
calorimeters, and thick calorimeters, to fully absorb the showers. Figure III-1.4 (left) shows the
material in the detector in radiation lengths, until the entry of the calorimeter. The right plot shows

Figure III-1.5
Left: Momentum res-
olution as a function
of the transverse mo-
mentum of particles,
for tracks with di�er-
ent polar angles. Also
shown is the theoreti-
cal expectation. Right:
Flavour tagging per-
formance for Z æ qq
samples at di�erent
energies.

Momentum/GeV
1 10 210

-1
 /G

eV
1/

pt
σ

-510

-410

-310

-210

-110

° = 7θ
° = 20θ
° = 30θ
° = 85θ

Efficiency
0 0.2 0.4 0.6 0.8 1

Pu
rit

y

0

0.2

0.4

0.6

0.8

1
b

c

c (b-bkg)

 = 91 GeVs qq   →a) Z 

188 ILC Technical Design Report: Volume 4, Part III

ILD SiD


