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Engineering

...eventually done!
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A view at a generic, conceptual 
detector design:

 rather compact (wrt ATLAS, where the 
fwd muon chambers are at z = ± 21 m 
and R = 13 m)

 the calorimetric system in inside 
the magnetic field

 the limited track length shall be 
compensated by a significant 
number of measured points, with a 
good precisions:

K=1/R 
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SubDetector Performance
&

Technologies

1.3 Detector R&D IV-5

Subdetector Goal Technologies

Vertex Detector (VTX) δ(IPrφ,z) ≤ 5µm ⊕ 10µm GeV/c

p sin3/2 θ
CCD, CMOS, APS

Forward Tracker (FTD)

δp
p < 20%, δθ < 50µrad for
p=10-400GeV/c down to
θ ∼100mrad

Si-pixel/strip discs

Central Tracker (TPC) δ(1/pt)TPC < 2·10−4(GeV/c)−1

σ(dE/dx) ≤ 5%
GEM, Micromegas
or wire readout

Intermediate Tracker (SIT)
σpoint = 10µm
improves δ(1/pt) by 30%

Si strips

Forward Chamber(FCH) σpoint = 100µm Straw tubes

Electromag. Calo. (ECAL)
δE
E ≤ 0.10 1√

E(GeV)
⊕ 0.01

fine granularity in 3D
Si/W, Shashlik

Hadron Calo. (HCAL)
δE
E

≤ 0.50 1√
E(GeV)

⊕ 0.04

fine granularity in 3D
Tiles, Digital

COIL 4T, uniformity ≤ 10−3 NbTi technology

Fe Yoke (MUON)
Tail catcher and high
efficiency muon tracker

Resistive plate
chambers

Low Angle Tagger (LAT)
83.1–27.5mrad calorimetric
coverage

Si/W

Luminosity Calo. (LCAL)
Fast lumi feedback,
veto at 4.6–27.5 mrad Si/W, diamond/W

Tracking Overall δ( 1
pt

) ≤ 5 · 10−5(GeV/c)−1

systematics ≤ 10µm

Energy Flow
δE
E % 0.3 1√

E(GeV)

Table 1.3.1: Detector performance goals for physics analyses for
√

s up to ∼ 1TeV.
(yet from the TESLA TDR)
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 there are problems with more than ONE solution
 there are many ways to draw a nice tree
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 and there is certainly more than one way to 
design a fair detector compliant with the specified 
performance:

Lepton-Photon 2007@Daegu, Korea

3

Physics challenges and ILC environment drive detector design and technology

Choices:
Calorimetry: Particle Flow or E-resolution?
Size: large medium small (B-field)
Tracking: Silicon or Gaseous?
Muons: instrumented iron or double solenoid?

Detectors:
General purpose
Optimized for precision physics

Requirements:

LDC 4thSiD GLD
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NB:  assuming B = 4T, @R =  1.5m, separation is ~150 cm/pt [GeV] 

design guideline: maximize separation 
(between showers associated to neutral and charged particles, 
among particles of different momentum...)
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Decision making process within the Global Design Initiative 
[Sakue Yamada, Research Director]:

 IDAG: international detector advisory group
 DBD: Detector Baseline Design

⇐ and then there 
were two: SiD & ILD
(the latter resulting 
from merging LDC 
& GLD)

DONE!
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Work plan after validation
1. Demonstrate proof of principle on critical components

When there are options, at least one option for each subsystem will reach a level of 
maturity which verifies feasibility

2. Define a feasible baseline design
While a baseline will be specified, options may also be considered

3. Complete basic mechanical integration of the baseline design accounting 
for insensitive zones such as the beam holes, support structure, cables, 
gaps, or inner detector material

4. Develop a realistic simulation model of the baseline design, including the 4. Develop a realistic simulation model of the baseline design, including the 
identified faults and limitations

5. Develop a push-pull mechanism, working out the movement procedure, 
time scale, alignment and calibration schemes in corporation with relevant 
groups

6. Develop a realistic concept of integration with the accelerator including the 
IR design

7. Simulate and analyze updated benchmark reactions with the realistic 
detector model, including the impact of detector dead zones and updated 
background conditions

8. Simulate and study some reactions at 1TeV, including realistic higher 
energy backgrounds, demonstrating the detector performance

9. Develop an improved cost estimate 4
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The SiD tracker layout
(a little toy with a weight of 7.8 x 103 ton 

• 12 mm radius Be 
beam pipe

• 5 barrel lyrs/4 disks/3 
forward disks pixel 
vertex detector 
(~1Gpixls)

• 5 barrel lyrs/4 disks Si 
strip tracker 
(Ro=1.25m)
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The ILD [International Large Detector] concept
[Frank Simon @ LCWS2012]:
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Part II 1.2. ILD Layout and Performance

Figure 1.1.1: Left: View of the ILD detector concept. Right: Quadrant
view of the ILD detector concept.

is optimised. The ILD concept group has tried to develop a detector which strives
for optimal performance within a sensible budget envelope. ILD has tried to develop
novel technologies which promise to deliver better performance. In many cases, like
for example the highly granular calorimeters, new technologies were needed to make
the proposed detector at all feasible.

1.2 ILD Layout and Performance

The ILD concept is designed as a multi-purpose detector. Key characteristics are a
central detector, including tracking and calorimetry, which is fully contained within
a magentic field, hermetic coverage down to very small angles, and minimised cracks
and dead zones. ILD is a big detector to fully utilize the potential of the particle
flow approach, and to allow extension of the detector to higher energies as part of
an upgrade program of the collider. ILD has the following main components:

• A multi-layer pixel-vertex detector (VTX), with three super-layers each com-
prising two layers. To minimise the occupancy from background hits, the first
super-layer is only half as long as the outer two. Whilst the underlying detec-
tor technology has not yet been decided, the VTX is optimised for excellent
point resolution and minimum material thickness. A five layer geometry, VTX-

—DRAFT— Last built: November 30, 2012 3

Part II 1.2. ILD Layout and Performance

Table 1.2.1: 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

σ < 3µm σ < 6µm σ < 4µm

Silicon

- SIT 153 300 644 2 silicon strip

layers

σ = 7µm

- SET 1811 2300 2 silicon strip

layers

σ = 7µm

- TPC 330 1808 2350 MPGD readout 1× 6mm
2
pads σ = 60µm at zero

drift

ECAL 1843 2028 2350 W absorber SIECAL 30 Silicon sensor lay-

ers, 5× 5 mm
2
cells

EcECAL 30 Scintillator layers,

5× 45 mm
2
strips

HCAL 2058 3410 2350 Fe absorber AHCAL 48 Scintillator layers,

3× 3cm
2
cells

SDHCAL 48 Gas RPC layers,

1× 1 cm
2
cells

Coil 3440 4400 3950 3.5 T field 2λ

Muon 4450 7755 280 14 scintillator

layers

The performance of the ILD concept has been extensivly studied using a detailed

GEANT4 based simulation model and sophisticated reconstruction tools. Back-

grounds have been taken into account to the best of the current knowledge. A key

characteristics of the detector is the 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 1.2.1(left) shows the material in the detector in

radiation lengths, until the entry of the calorimeter. The right plot shows the total

—DRAFT— Last built: November 30, 2012 5

ILD parameters [draft DBD]:

⇒
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A TPC for ILD

Requirements:

Momentum resolution
σ(1/pt) = 2× 10

−5
/GeV for

Higgs mass measurement

(TPC alone 10
−4

/GeV)

Tracking efficiency
close to 100% down to low

momentum to fulfill Particle Flow

Algorithm (PFA) requirements.

Minimum material
in front of the highly segmented

calorimeter

Solution: TPC

≈ 200 continuous position

measurements along each track

Single point resolution of σrφ <
100 µm

Lever arm of around 1.2 m in the

magnetic field of 3.5–4 T
! !

Astrid Münnich (DESY) TPC Tracking in the ILD Concept 3
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Minimum material
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calorimeter

Solution: TPC

≈ 200 continuous position

measurements along each track

Single point resolution of σrφ <
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magnetic field of 3.5–4 T
! !

Astrid Münnich (DESY) TPC Tracking in the ILD Concept 3

MicroMegas with Pads

Compact T2K electronics mounted directly
on the back side of each MicroMegas module

3×7 mm2 large pads

24 rows with 72 pads

1728 pads per module

Resistive foil to spread charge

Fully equipped endplate with 7 modules
with 12k channels

Astrid Münnich (DESY) TPC Tracking in the ILD Concept 13
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Silicon or Gaseous Central Tracking Detector? 

!!!!!!!!"#$#%&'!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!()"*&+"!

same event 

The detector we are planning to build is more akin to an 
electronic bubble chamber than an LHC detector but with 
true 3D volume pixels and exquisite calorimetry too. 

4 
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same event 

The detector we are planning to build is more akin to an 
electronic bubble chamber than an LHC detector but with 
true 3D volume pixels and exquisite calorimetry too. 

Any preference? You have anyway to connect the dots....

The SiD way The ILD way
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The Silicon way:

80’s: μstrips & Charm physics @fixed target 
experiments

⇐

⇑

90’s: μstrips & pixels, Charm & Beauty 
physics @e+e- colliders
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Today @ATLAS:

Monday, September 16, 2013



Today @CMS:

ILC workshop, Como May-2013 L.Demaria  - Experience with the CMS Tracker  
33 

TIB-TID assembly 

 ~198m2 of strip detectors
 66 MPixel in the vertex

~ 10 years from the Technical Design 
Report to commissioning...
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ILC workshop, Como May-2013 L.Demaria  - Experience with the CMS Tracker  
51 

Pile Up 

21 
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The Time Projecting 3D way:
 DELPHI Interactive Analysis

Run: 39265
Evt: 4479

Beam: 45.6 GeV

Proc: 4-May-1994 

DAS : 5-Jul-1993 
14:16:48

Scan: 8-Jun-1994 

 TD  TE  TS  TK  TV  ST  PA

Act

Deact

 23
(145)
  0

(  0)

 98
(204)
  0

( 20)

  0
(  0)
  0

(  0)

 24
( 38)
  0

( 42)

  0
( 24)
  0

( 10)

  0
(  0)
  0

(  0)

  0
(  0)
  0

(  0)

X

Y

Z

 DELPHI Interactive Analysis
Run: 39265
Evt: 4479

Beam: 45.6 GeV

Proc: 4-May-1994 

DAS : 5-Jul-1993 
14:16:48

Scan: 3-Jun-1994 

 TD  TE  TS  TK  TV  ST  PA

Act

Deact

 95
(145)
  0

(  0)

 75
(204)
  0

( 20)

  0
(  0)
  0

(  0)

 38
( 38)
  0

( 42)

  0
(  0)
  0

(  0)

  0
(  0)
  0

(  0)

  0
(  0)
  0

(  0)

X

Y

Z

90’s: DELPHI & ALEPH at LEP
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2001: Au-Au collision at 100 Gev/beam @STAR
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2010: Pb-Pb collision in ALICE @√s = 2.76 TeV
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A bit about calorimetry, by now based on the 
shared paradigm of PARTICLE FLOW:

 measure charged particles in the tracker [60% jet nrj from charged 
hadrons]

 photons in the Electro-magnetic calorimeter [30% of the jet nrj]
 neutral hadrons in the Hadron Calorimeter [10% of the jet nrj; essentially n 

& KL]
 separate (as much as you can) the energy deposition in the calorimeter 

system by the different particles

Monday, September 16, 2013



What is the main advantage of Particle Flow?

! In a typical jet :  
"  60 % of jet energy in charged hadrons
"  30 % in photons  (mainly from                  )                       
"  10 % in neutral hadrons (mainly      and        )

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

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

EJET = EECAL + EHCAL EJET = ETRACK + E! + En 

much improved resolution

n
"+

!

Particle Flow Calorimetry

Mark Thomson
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Particle Flow Calorimetry

Mark Thomson

Felix Sefkow, PF calorimetry Review at the Como ILC workshop, 2013
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Why separation is a “must have”:Particle Flow Reconstruction

Mark Thomson

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

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

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

e.g.

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

Failure to resolve photon
Failure to resolve 
neutral hadron

Reconstruct fragment as
separate neutral hadron

5
credits: Mark Thomson
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MC

Calorimetry for linear colliders Felix Sefkow     Como, 17. May 2013 

Understand particle flow 
performance at LC

• Particle flow is always a gain
– even at high jet energies

• HCAL resolution does matter
– also for confusion term

• Leakage plays a role, too
– but less than in the calo alone

ARTICLE IN PRESS

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

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

rms90
E

¼
21ffiffiffi
E

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

100

" #0:3

%

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

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

ffiffi
s

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

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

resolution ðrms90Þ obtained from a simple sum of the total

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

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
EðGeVÞ

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

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

8. Dependence on hadron shower modelling

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

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

Contribution Jet Energy Resolution rms90ðEjÞ=Ej

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

Total (%) 3.7 2.9 3.0 3.1
Resolution (%) 3.0 2.0 1.6 1.3
Tracking (%) 1.2 0.7 0.8 0.8
Leakage (%) 0.1 0.5 0.8 1.0
Other (%) 0.6 0.5 0.9 1.0
Confusion (%) 1.7 1.8 2.1 2.3

(i) Confusion (photons) (%) 0.8 1.0 1.1 1.3
(ii) Confusion (neutral hadrons) (%) 0.9 1.3 1.7 1.8
(iii) Confusion (charged hadrons) (%) 1.2 0.7 0.5 0.2

The different confusion terms correspond to: (i) hits from photons which are lost in charged hadrons; (ii) hits from neutral hadrons that are lost in charged hadron clusters;
and (iii) hits from charged hadrons that are reconstructed as a neutral hadron cluster.
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Fig. 9. The contributions to the PFlow jet energy resolution obtained with
PandoraPFA as a function of energy. The total is (approximately) the quadrature
sum of the components.
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Fig. 10. The empirical functional form of the jet energy resolution obtained from
PFlow calorimetry (PandoraPFA and the ILD concept). The estimated contribution
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" 3:0%, is shown to give an indication of the resolution achievable

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

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

rms90
E

¼
21ffiffiffi
E

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

100

" #0:3

%

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

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

ffiffi
s

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

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

resolution ðrms90Þ obtained from a simple sum of the total

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

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
EðGeVÞ

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

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

8. Dependence on hadron shower modelling

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

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

Contribution Jet Energy Resolution rms90ðEjÞ=Ej

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

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

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

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

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

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

rms90
E

¼
21ffiffiffi
E

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

100

" #0:3

%

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

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

ffiffi
s

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

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

resolution ðrms90Þ obtained from a simple sum of the total

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

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
EðGeVÞ

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

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

8. Dependence on hadron shower modelling

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

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

Contribution Jet Energy Resolution rms90ðEjÞ=Ej

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

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

The different confusion terms correspond to: (i) hits from photons which are lost in charged hadrons; (ii) hits from neutral hadrons that are lost in charged hadron clusters;
and (iii) hits from charged hadrons that are reconstructed as a neutral hadron cluster.
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Fig. 9. The contributions to the PFlow jet energy resolution obtained with
PandoraPFA as a function of energy. The total is (approximately) the quadrature
sum of the components.
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Fig. 10. The empirical functional form of the jet energy resolution obtained from
PFlow calorimetry (PandoraPFA and the ILD concept). The estimated contribution
from the confusion term only is shown (dotted). The dot-dashed curve shows a
parameterisation of the jet energy resolution obtained from the total calorimetric
energy deposition in the ILD detector. In addition, the dashed curve,
50%=
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p
" 3:0%, is shown to give an indication of the resolution achievable

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

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

rms90
E

¼
21ffiffiffi
E

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

100

" #0:3

%

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

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

ffiffi
s

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

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

resolution ðrms90Þ obtained from a simple sum of the total

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

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
EðGeVÞ

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

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

8. Dependence on hadron shower modelling

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

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

Contribution Jet Energy Resolution rms90ðEjÞ=Ej

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

Total (%) 3.7 2.9 3.0 3.1
Resolution (%) 3.0 2.0 1.6 1.3
Tracking (%) 1.2 0.7 0.8 0.8
Leakage (%) 0.1 0.5 0.8 1.0
Other (%) 0.6 0.5 0.9 1.0
Confusion (%) 1.7 1.8 2.1 2.3

(i) Confusion (photons) (%) 0.8 1.0 1.1 1.3
(ii) Confusion (neutral hadrons) (%) 0.9 1.3 1.7 1.8
(iii) Confusion (charged hadrons) (%) 1.2 0.7 0.5 0.2

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

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

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

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

rms90
E

¼
21ffiffiffi
E

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

100

" #0:3

%

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

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

ffiffi
s

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

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

resolution ðrms90Þ obtained from a simple sum of the total

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

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
EðGeVÞ

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

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

8. Dependence on hadron shower modelling

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

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

Contribution Jet Energy Resolution rms90ðEjÞ=Ej

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

Total (%) 3.7 2.9 3.0 3.1
Resolution (%) 3.0 2.0 1.6 1.3
Tracking (%) 1.2 0.7 0.8 0.8
Leakage (%) 0.1 0.5 0.8 1.0
Other (%) 0.6 0.5 0.9 1.0
Confusion (%) 1.7 1.8 2.1 2.3

(i) Confusion (photons) (%) 0.8 1.0 1.1 1.3
(ii) Confusion (neutral hadrons) (%) 0.9 1.3 1.7 1.8
(iii) Confusion (charged hadrons) (%) 1.2 0.7 0.5 0.2

The different confusion terms correspond to: (i) hits from photons which are lost in charged hadrons; (ii) hits from neutral hadrons that are lost in charged hadron clusters;
and (iii) hits from charged hadrons that are reconstructed as a neutral hadron cluster.
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Fig. 9. The contributions to the PFlow jet energy resolution obtained with
PandoraPFA as a function of energy. The total is (approximately) the quadrature
sum of the components.
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Fig. 10. The empirical functional form of the jet energy resolution obtained from
PFlow calorimetry (PandoraPFA and the ILD concept). The estimated contribution
from the confusion term only is shown (dotted). The dot-dashed curve shows a
parameterisation of the jet energy resolution obtained from the total calorimetric
energy deposition in the ILD detector. In addition, the dashed curve,
50%=
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p
" 3:0%, is shown to give an indication of the resolution achievable

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

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

rms90
E

¼
21ffiffiffi
E

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

100

" #0:3

%

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

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

ffiffi
s

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

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

resolution ðrms90Þ obtained from a simple sum of the total

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

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
EðGeVÞ

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

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

8. Dependence on hadron shower modelling

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

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

Contribution Jet Energy Resolution rms90ðEjÞ=Ej

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

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

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

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
EðGeVÞ

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

using a traditional calorimetric approach.
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Total Resolution 3.1 %
Confusion 2.3 %
   i) Photons 1.3 %
  ii) Neutral hadrons 1.8 %
 iii) Charged hadrons 0.2 %
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N.B: rms90 = width containing 90% of 
events [~0.9σ of the central core 
gaussian]
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• ILC, CLIC
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or semi-digital 

in terms of complexity...
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Detector cost

• Time (and room) for re-optimisation
• using knowledge from prototyping
• calorimeter costs mostly driven by active area 

– rather than granularity
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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-
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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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7.3. ILD cost evaluation

Figure III-7.2
Summary plot of the
relative contribution
by the different sub-
components to the
total cost of the ILD
detector.

7.3.6 Muon system

The muon system being made of scintillator read out with SiPM like the AHCAL, the costs have been
derived from there. It corresponds mostly to the procurements of materials without assembly and
tooling. The cost is dominated by the costs if the sensor system. In total 6.5 MILCU is estimated.

7.3.7 Cost summary

The total cost of the ILD detector is summarised in Table III-7.7. The distribution of the costs
Table III-7.7
Summary table of the
cost estimate of the
ILD detector. Depend-
ing on the options used
the cost range is be-
tween 336 Mio ILCU
and 421 Mio ILCU.

System Option Cost [MILCU] Mean Cost [MILCU]

Vertex 3.4
Silicon tracking inner 2.3 2.3
Silicon tracking outer 21.0 21.0
TPC 35.9 35.9
ECAL 116.9

SiECAL 157.7
ScECAL 74.0

HCAL 44.9
AHCAL 44.9
SDHCAL 44.8

FCAL 8.1 8.1
Muon 6.5 6.5
Coil, incl anciliaries 38.0 38.0
Yoke 95.0 95.0
Beamtube 0.5 0.5
Global DAQ 1.1 1.1
Integration 1.5 1.5
Global Transportation 12.0 12.0

Sum ILD 391.8

among the different systems is shown in Figure III-7.2.
The cost driving items are the yoke, and the calorimeter system. The cost for the integration

is an estimate of the scenario described in section 5.1, and might vary significantly with different
scenarios. It includes the extra cost for the large platform (see chapter 5.5.1) on which the detectors
moves, as well as the extra costs of the cryogenics needed to allow a cold move of the detector. The
offline computing represents a significant cost. Owing to the continued large advances in computing
technology, we have estimated this at 20% of the equivalent cost for a LHC detector.

A first estimate of the person-power needed has been done. For each calorimeter it is estimate to
be around 200 MY, for the coil, 500 MY. From this the total person-power needed is extrapolated to
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ILD

fraction
of 392

sum = 315
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MC

Calorimetry for linear colliders Felix Sefkow     Como, 17. May 2013 

Test beam experiments

DESY 2005
SiECAL

CERN 2006-2007
add Scint HCAL

FNAL 2008-09
Si -> Sci ECAL

14

A lot was done, but there’s still a long way to go...

an impressive series of test beam qualifications at DESY, CERN & FNAL 
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What’s next, after the major effort that took the 
collaborations to the Baseline Design?

Jan Strube, SiD report at the ECFA-DESY workshop, May 2013
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SiD

IlD

... and time yet for 100 visions & 
revisions [T.S. Eliot, The Love Song of J. 
Alfred Prufrock]
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... with a major goal: avoiding that, by the end of 
the day..
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