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ILC Physics and Calorimetry

Precision measurements
Higgs Properties
SUSY Particle Properties
Rare SM Processes

Physics categorized by
Multi-Jet Final States
Small Cross Sections

e.g.:  e+e– ➙ ZHH
 e+e– ➙ ννWW  ➙ ννqqqq
 e+e– ➙ eeZZ   ➙ ννqqqq

Jet Energy Resolution
directly impacts Physics
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Jet Energy Measurement

Problems: 
 Non-Compensation
 [hadr. vs. electrom. energy]

 Missing energy
 [e.g. muon tracks]

 Double counting
 [when using track momenta]

Electrons
Photons

Neutral Hadrons
Charged Hadrons

Muons

Jet

Particle
Flow Calorimetry
Reduce role of ‘hadron’ calorimetry 
to measurement of n, K0 

A Compensating 
Calorimetry
Correcting hadronic energy
for nuclear-binding energy loss.

B



Particle Flow (PFA):
 Choose detector best suited for
 particular particle type ...
 

 i.e.:  use tracks and distinguish ‘charged’ from 
  ‘neutral’ energy to avoide double counting

    distinguish electromagnetic and hadronic
  energy deposits for software compensation

No. 1 Approach: “Imaging Calorimetry”
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PFA – Energy Resolution:

σjet = σX + σγ + σhad
2 2 2 2 .17/√E
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+ σconfusion + ...2 < .25/√E ?



 Component  Detector Fraction Part. Resol. Jet Energy Res.

 Charged (X±)  Tracker 60% 10-4 Ex negligible

 Photons (γ)  ECAL 30% 0.1/√Eγ .06/√Ejet

 Neutral Hadrons (h)  E/HCAL 10% 0.5/√Ehad .16/√Ejet

No. 1 Approach: “Imaging Calorimetry”
!"#$%&'()(%*+(,-&%('(.)/

!"#$

! !%&'((')*+')',-.+,'/0(1*20)+30,+4'*/ 5 26'6+72-7+-,8)1(8,2*.
! 900:+')',-.;8)-1(8,+,'/0(1*20)+30,+<70*0)/+5 70=+-00:+>+
! ?',@'*2&2*.
! A'&0)/*,1&*20)+03+)0)B<02)*2)-+<70*0)/

C2DE /8@<(2)-+&8(0,2@'*',+2/+8+-00:+&702&'

!C'<8,8*20)+03+')',-.+:'<0/2*/+3,0@+
2):2F2:18(+<8,*2&('/

! G2/&,2@2)8*20)+H'*='')+!I+8):
78:,0)2& /70=',/

! /@8((+JK 8):+AI0(2',' E+&0@<8&*+/70=',/

! /@8((+JK;!L

! 72-7+(8*',8(+-,8)1(8,2*.+E+MNAI0(2','O

! (0)-2*1:8)8(+/'-@')*8*20)

!"0)*82)@')*+03+!I+/70=',/+2)+!"#$

P8,*2&('+3(0=+:,2F'/+&8(0,2@'*',+:'/2-)E

! Q1)-/*')+2/+-,'8*+E++ JK ;!L R+S;TUV+AI0(2',' W+X@@
!I+/70=',/+8,'+/70,*;?8:+/70=',/+(0)-

Y+)8,,0=+!I+/70=',/

! ?0='F',+)0*+&7'8<+NF',.+/2-)232&8)*+3,8&*20)+03+*0*8(
:'*'&*0,+&0/*OZ

!"#$%&'$()*+,$-./0.1//2 34*5$67),8)9 :

PFA – Energy Resolution:

σjet = σX + σγ + σhad
2 2 2 2 .17/√E

+ σconfusion + ...2 < .25/√E ?
Granularity more important

than energy resolution !?



Overall Calorimeter Design

~ 24 X0
30 - 40 layers
[0.6 – 1.2 X0]

~ 5 λ
40 extra layers
[2.5 cm/layer]

Granularity:
 - 5x5 mm2 (analog)
 - 50x50 µm2 (digital)

Granularity:
 - 3x3 cm2 to 
 - 20x20 cm2 (analog)
 - 1x1 cm2 (digital)

HCAL

HCAL

ECAL

ECAL
107 to 1012 readout channels

[high-level of integration, low power consumption]



Silicon Tungsten Calorimeter
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4.2 The electromagnetic calorimeter concept  
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Tungsten
frame

Detector
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max.: 1.6 mTungsten
layer

Sensors
+ r/o electonics

‘Alveolar Structure’

[... similar approach: US SiD-Design]
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4.3 Current status of the project  
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4.4 The prototype in test beam 

4.4.1 General description 
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Calorimetric Systems

FIGURE 5.16. Structure of a detector slab.
The tungsten plate in the center (light grey) is
enclosed by silicon sensor planes (light red) and
PCBs (green) on both sides. The FE chip is
integrated in the PCB.

FIGURE 5.17. The mechanical structure for
the ECAL proposed by US institutes. Tung-
sten planes (grey) of 200 kg weight are joined
to a module by rods (black). Hexagonal sensor
planes (green) are placed in between the tung-
sten plates.

shower maximum using 12 mm2 pixels. More tests are needed to understand e.g. channel-
by-channel variations.

The goal of the R&D is to fabricate a full-depth electromagnetic calorimeter prototype
module. This will consist of 30 longitudinal layers, each consisting of an about 15 cm diam-
eter silicon detector outfitted with a KPiX chip sandwiched between 2.5 mm thick tungsten
radiator layers. The module will be fully characterized for electromagnetic response and res-
olution in an electron beam, probably at SLAC in 2007. A first round of 10 silicon detectors,
made from a 6 inch wafer, is purchased and tested in the laboratory. Several prototypes of
the KPiX chip are successfully tested. A second, improved version, is under preparation. The
light cable for signal transport inside the gap is being designed and preparations for bump
bonding are underway.

FIGURE 5.18. A silicon sensor pro-
totype with hexagon pads.

FIGURE 5.19. The cross section of the ECAL. The silicon sensors
interspersed between tungsten plates and readout by the KPiX FE
chip bump bonded to metallic traces connected to each sensor cell.
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Tungsten

Silicon Pads
[5 x 5 mm2]

PCB

Read-out chip

1.4 mm

~ 3 mm

 ~ 3 mm

Aluminium protection
Heat shield
PCB with r/o-chips
Tungsten layer 
Silicon matrices 

 Basic CALICE ECAL Design

Detector
slab

[embeddable?]
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12.3 The AHCAL data 
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ECAL ‘Physics’ Prototype
[CALICE]

Front End
Electronics

Structure 4.2

Structure 2.8
Structure 1.4

Active area

CALICE

Event 
Display

[Pads: 10x10 mm2]



Monolithic Active Pixel Digital ECAL

– –
–

++
CMOS
Wafer

ParticleEmbbedded 
Electronics

Deep
p-well

DiodeMAPS:
Monotlithic 
Active Pixel Sensor

Pixel size: 40x40 µm2

Channel number: 8x1011

Absorber: Tungsten
Binary readout

Integration of 
sensor and readout electronics

Manfactured in 
standard CMOS process

Concerns: 
Power consumption: 40 µW/mm2

DAQ needs 400 Gbit/s
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Digital ECAL: Shower Imaging
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Scintillator-Tungsten ECAL (Asia)

X-Layer
[1 x 4 cm2]

Y-Layer
[1 x 4 cm2]

X-Layer
[1 x 4 cm2]

ParticleSiPM r/o
with WLS

Tungsten
Scintillator layers: 2 mm
Tungsten layers: 3 mm

X/Y-Strips: 1 x 4 cm2

Granularity: 1 x 1 cm2

Readout: MPPC
Channels: ~ 107

WLS Fibre

SiPM
[1600 pixels]

Scintillator



SUBSYSTEM DESIGN AND TECHNOLOGIES

FIGURE 5.24. The spectrum measured with a
MPPC of a relatively small (black) and a larger
(red) light signal.

FIGURE 5.25. The gain of several MPPCs with
1600 pixels as a function of the applied voltage.

in winter 2006/07 is under construction. A sketch is shown in Figure 5.26. The thickness

FIGURE 5.26. A small prototype ECAL instru-
mented with scintillator strips readout by MP-
PCs for test-beam studies.

FIGURE 5.27. A scintillator strip with an em-
bedded wavelength shifting fiber produced in
Korea.

of the tungsten absorber plates is 3.5 mm and the thickness of the scintillator strips is 2
mm. Scintillator strips will be either extruded by Korean partners, as shown in Figure 5.27,
or made from large planes structured by grooves. About 500 MPPCs will be delivered by
Hamamatsu. Half of them will be coupled to the wavelength shifting fibers inside the strips,
and half will be attached directly to the scintillator strip. Experience obtained in this test-
beam study will then be used for the construction of a larger prototype to be tested at FNAL.

A group of the University of Colorado [78] proposes a scintillator-tungsten sandwich
calorimeter using scintillator tiles of 5x5 cm2 size readout with silicon photo-detectors, SiPDs,
via a wavelength shifting fiber. In order to improve the shower position resolution the tiles in
consecutive layers are offset by 2.5 cm. The performance of wavelength shifting fibers with

80 ILC-Detector Concept Report

Scintillator-Tungsten ECAL (Asia)



Silicon Photomultipliers (SiPM)

SiPM
[MEPhi/Pulsar]

used for
analog HCAL

MPPC
[Hamamatsu]

used for
analog ECAL

SiPMs:
Pixelated APDs 
operated in limited Geiger mode

Signal = sum of fired pixels

MEPhi/Pulsar  : SiPMs
Hamamatsu  : MPPCs
SENSL    : SPMs
Photonique  : SSPMs
Voxtel   : MAPDs

Pros: small size, cheap,
  work in magnetic field

Cons:  temperature & voltage dep.,
  non-linearity, ...

Research in progress ...

up to 1600 pixels/mm2
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CALICE – Analog HCAL
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1 m3- Prototype
38 layers

2006/2007 CERN Testbeam
[2008 ➙ Fermilab]

Sandwich structure:
 - Scintillator Tiles+WLS+SiPMs (.5 cm)
 - Stainless steel absorber (1.6 cm)



3x3 cm2 Tile

CALICE – Analog HCAL
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1 m3- Prototype
38 layers

2006/2007 CERN Testbeam
[2008 ➙ Fermilab]

Sandwich structure:
 - Scintillator Tiles+WLS+SiPMs (.5 cm)
 - Stainless steel absorber (1.6 cm)



Mounted SiPM

CALICE – Analog HCAL
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2006/2007 CERN Testbeam
[2008 ➙ Fermilab]

Sandwich structure:
 - Scintillator Tiles+WLS+SiPMs (.5 cm)
 - Stainless steel absorber (1.6 cm)
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Analog HCAL – Test Beam Result



ECAL

HCAL

EM-like hit: > 4 MIP
Had-like hit: > 1.8 MIP & < 4 MIP
Track-like: > .5 MIP & < 1.8 MIP

Shower separation
seems possible

Analog HCAL – Test Beam Result



HCAL – The Digital Approach

Why digital ?

 - better PFA performance
 - cheap, robust detectors ...
 - small total thickness ...
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 - µMegas
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Figure 19: The unit cell if packed into the geometry of the whole 4π calorimeter. The
whole calorimeter is almost exactly projective

None of these would be possible with an iron return yoke, and furthermore, the
addition of a second outer solenoid is better than free, being lower cost than the
iron infrastructure.8

2.4.1 Magnetic field of the dual-solenoids

Dual-solenoids with inner solenoid just outside the calorimeter providing the uni-
form tracking magnetic field, and a second larger solenoid outside this solenoid to
return the flux, provides a large region of field in a gaseous tracking volume for
the bending and momentum measurement of muons that exit the calorimeter. The
design of this magnetic field is detailed in Ref. [20], and further improvements are
discussed in Sec. 3. The magnetic field is shown in Fig. 2, and the solenoids and
coils that support this field are shown in Fig. 23. Plots of the rather uniform flux
density in both the TPC tracking region and the muon bending region are shown
in Sec. 3.

The momentum resolution of an Fe-based muon system, in which the magnetic
field in the Fe is used to bend the muon trajectory, is limited to 10% by multiple
scattering. The atlas collaboration has installed magnetic toroids to bend the

8A further small advantage is the that forces on the coils are far lower in the iron-free dual solenoid.
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Eem

Etot
∼ ECherenkov

EIonization

EM: clear fibers, Č-light [ECherenkov ]
Charged: scintillation fibers [EIonization]
Neutrons: time history measurement

Plans: 
Scaleable module (unit cell)
Fiber Section: W absorber, MPPC for r/o
EM Section: Dual-readout [PbWO4-Crystals]  

Dual-Readout Calorimetry (4th)

Crystals
[PbWO4]

Fiber
Section

Fibers

Unit Cell

Cherenkov

Scintillator

Concept:

Cherenkov-assisted
Hadron Calorimetry

Dream
Calorimeter
[4th Detector Concept]

“DREAM 1&2”

“DREAM 3”
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Figure 6: (a) The distribution of the scintillator (S) signal for 200 GeV π−. This is
the raw resolution that a typical scintillating sampling calorimeter would achieve; (b) the
energy distribution calculated from Equs. 2-3 using only the S and C (Čerenkov ) signals
for each event. This result has leakage fluctuations of approximately 4% contributing
to the resolution; and, (c) the energy distribution using the known beam energy (=200
GeV) to make a better estimate of fEM each event, thereby suppressing the effects of
leakage fluctuations. These data are from “Hadron and Jet Detecton with a Dual-Readout
Calorimeter”, N. Akchurin, et al., Nucl. Instr. Meths. A537 (2005) 537-561.
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Dual-Readout Calorimetry (4th)

Fig. 3. The DREAM detector. Shown are the fiber bunches exiting from the rear face of the

detector (a) and a picture taken from the front face while the rear end was illuminated (b).
The hexagonal readout structure is made visible this way.

horizontal plane (the φ angle) and the vertical plane (the tilt angle, θ) was achieved
with a crane. For the hadron and jet measurements described in this paper, we used

two detector orientations. In position A, for which most data were collected, φ and
θ were 2◦ and 0.7◦, respectively. In position B, also referred to as the tilted position,
φ and θ were 3◦ and 2◦, respectively.

The beam particle rates were typically several thousand per spill. The spills lasted

2.6 s and were repeated every 14.4 s. The widths of the collimators in the beam

line were chosen so as to make the contribution of the momentum spread of the

beam particles negligible . The purity of the electron beam varied considerably,

depending on the energy and the chosen collimator settings. In particular, high-

7

Calorimetric Systems

FIGURE 5.42. A dream module in
the test-beam at CERN. The module
is about 2m in depth and 32x32 cm2 in
cross section.

FIGURE 5.43. The energy resolution of a module of the
DREAM calorimeter for hadrons.

The LumiCal is the luminometer of the detector and covers larger polar angle outside the
reach of beamstrahlung pairs. The goal is to measure the luminosity by counting Bhabha
events with an accuracy better than 10−3. We have simulated a silicon tungsten calorimeter
and estimated e.g. requirements on the tolerances of the mechanical frame, the sensor po-
sitioning and the position of the calorimeters relative to the beam. In particular the inner
acceptance radius must be controlled on µm level.

The mechanical design is shown in Figure 5.46. To avoid effects of gravitational sag the
support for the absorber disks is decoupled from the one of the sensor planes. The sensor
layers will consist of silicon sensors made from 6-inch wavers and structured as sketched
in Figure 5.47. Prototypes of sensor planes will be available beginning of 2007 for test
measurements. The design of the FE electronics has just started.

5.4.5 Conclusions

The requirements on the performance of the calorimeters are physics driven. Potentially,
all technologies pursued in the different collaborations and projects may match these re-
quirements. To rank the proposed technologies test-beam studies and full-system tests are
necessary.

There is a large variety in the development level of the projects. CALICE is taking data
with a first prototype for an ECAL and an analog HCAL in a test-beam and will be able to give
answers on many questions using these data soon. Other projects are going to built prototypes
in the near future and test them in beams. Since the latter is a complex undertaking a
minimum of infrastructure and person-power is needed to make it with success. Smaller
groups might be forced to combine their efforts or to join one of the larger collaborations.
DREAM takes data in a test-beam to prove the technology. To demonstrate the feasibility
of this technology for the ILC calorimeter a suitable design should be worked out which
promises to match the physics needs of the ILC detector.

The special calorimeters to instrument the very forward region are still in a relatively
early development phase. Ongoing sensor tests are necessary to make a suitable choice. The
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Summary

Gaol: unprecedented jet energy resolution
ILC: precision physics, Multi-Jet final states, low cross sections

Many interesting research projects
High granular HCAL & ECAL (analog & digital), dual-readout calorimetry

Main approach: Particle Flow Algorithm (PFA)
Granularity more important than energy resolution

Alternative: Cherenkov-assisted Hadron Calorimetry
Dual read-out of cherenkov and scintillation light

Germany: Analog HCAL [incl. SiPMs & Electronics]
DESY, Hamburg, Heidelberg, München, Wuppertal
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Example: Higgs Self-Coupling

Improvement of
Jet Energy Resolution

  60%/√E  ➙  30%/√E

20% smaller uncertainty
[equivalent of 40% luminosity increase]

CHALLENGES FOR DETECTOR DESIGN AND TECHNOLOGY

hhh

hhh

g
g

1
jet 2

jet

E
(GeV )

E

FIGURE 2.1. Error in the Triple Higgs Coupling vs Jet Energy Resolution

precision measurements, a branching ratio to b-quark pairs of 68%,
√

s=350 GeV, and an
integrated luminosity of 500 fb−1.

The analysis selects hadronic final states with large visible energy, and forces the charged
and neutral tracks into a 4-jet topology. If one jet-pair has a mass consistent with the Z boson
and the other is consistent with having two b-quark jets, the b quark jet-pair is considered
the Higgs candidate. By imposing beam energy-momentum constraints, the resolution of
the Higgs mass is improved significantly. The result is given in Figure 2.2 which shows the
invariant mass of the two b-quark jets for different jet energy resolutions. The error in the
Higgs mass improves by a factor 1.2 in going from ∆E/

√
E = 60% to 30%, corresponding

again to an equivalent 40 % luminosity gain.

2.1.3 Branching fraction for H → WW*

One of the principal motivations for building a detector with excellent jet energy resolution
is the need to distinguish hadronically decaying W bosons from Z bosons in events where
beam energy-momentum constraints either cannot be imposed or have limited utility, such
as events with 6 or 8 fermions in the final state. A test of this kind of W/Z separation is
provided by the measurement of the H → WW* branching ratio in the reaction e+e− →
ZH → ZWW*→ qqqqlν. The dependence of the H → WW* branching ratio error on jet
energy resolution [11] is summarized in Figure 2.3. There is a factor of 1.2 improvement in
the branching fraction error in going from ∆E/

√
E = 60% to 30%, corresponding again to

an equivalent 40% luminosity gain.

6 ILC-Detector Concept Report

1 Introduction

In the framework of the standard model, the generation of mass occurs through the Higgs mech-
anism. This mechanism assumes a Higgs potential, V(Φ), which behaves as V(Φ)=λ(Φ2-1

2
v2)2,

where φ is an isodoublet scalar field, and v∼246 GeV is the vacuum expectation value of its
neutral component. A determination of the Higgs boson mass, which satisfies m2

h=4λv2 at tree
level in the standard model, will provide an indirect information about the Higgs potential
and its self-coupling λ. The measurement of the trilinear self-coupling λhhh= 6

√

2
λv offers an

independent determination of the Higgs potential shape. In case of disagreement, the compar-
ison between these two measurements would give an interesting clue about new physics, like
super-symmetry for instance. Anyway, the reconstruction of the Higgs potential is an essential
step in the experimental validation of the Higgs mechanism that lies at the core of the standard
model.

The aim of our study is to demonstrate how to measure the trilinear self-coupling λhhh in
e+e− collisions at center-of-mass energies delivered by the future Linear Collider. The note is
organized as follows : the framework of the study is defined in Section 2. The Monte Carlo
simulation is reported in Section 3. Analyses and results are described in Section 4 and 5.

2 Signal

The trilinear Higgs self-coupling, λhhh, could be extracted from the measurement of the cross-
section of each of the following processes : double Higgs-strahlung (e+e− → Zhh) or WW
double-Higgs fusion (e+e− → ν̄eνehh) [1]. Figure 1 indicates the major Feynman diagrams
involved in the first process.

Z

H
e−

e+

H

H

Z

Z

H

H

Z

Z

H

H

Z

Figure 1: Feynman diagrams involved in the e+e−→hhZ cross-section via the double Higgs-strahlung.

For light Higgs boson masses, the Higgs boson decays predominantly in a bb̄ pair. When
the Z decays in a lepton pair, the final state is hhZ→bb̄bb̄$+$−. With a high b content and two
leptons, this topology produces an easy signature but represents only ∼ 8% of the total final
state. By contrast, the hhZ→bb̄bb̄qq̄ final state benefits from a high statistics with ∼ 60% of
the final states but requires a more complicated analysis.

In the minimal super-symmetric extension (MSSM) of the standard model, the Higgs sector
is richer with three neutral Higgs bosons (h, H and A). The Higgs potential is therefore more
intricate and further trilinear self couplings are possible beyond λhhh : λhhH, λHHH, λhAA,
and λHAA. At the tree level, these depend on two parameters (tanβ and mA for instance).
The radiative corrections are driven mainly by the top quark, so that the stop mass effectively

1

σZHH ~ ghhh

   L  = 2000 fb-1

√s  = 500 GeV

60%/√E

30%/√E

➙

Typical !

2



US ECAL Design (SiD)

ECAL

1.25 m

Rolled
Tungsten

Silicon
Wafers

Polyimide
Cables

ECAL
Module
[30 layers]

Segmentation:
 Transverse: 12 mm2

 Longitudinal: 30 layers 
 [0.7 - 1.4 X0]

Energy resolution: ~ 17%/√E



Calorimetric Systems

FIGURE 5.16. Structure of a detector slab.
The tungsten plate in the center (light grey) is
enclosed by silicon sensor planes (light red) and
PCBs (green) on both sides. The FE chip is
integrated in the PCB.

FIGURE 5.17. The mechanical structure for
the ECAL proposed by US institutes. Tung-
sten planes (grey) of 200 kg weight are joined
to a module by rods (black). Hexagonal sensor
planes (green) are placed in between the tung-
sten plates.

shower maximum using 12 mm2 pixels. More tests are needed to understand e.g. channel-
by-channel variations.

The goal of the R&D is to fabricate a full-depth electromagnetic calorimeter prototype
module. This will consist of 30 longitudinal layers, each consisting of an about 15 cm diam-
eter silicon detector outfitted with a KPiX chip sandwiched between 2.5 mm thick tungsten
radiator layers. The module will be fully characterized for electromagnetic response and res-
olution in an electron beam, probably at SLAC in 2007. A first round of 10 silicon detectors,
made from a 6 inch wafer, is purchased and tested in the laboratory. Several prototypes of
the KPiX chip are successfully tested. A second, improved version, is under preparation. The
light cable for signal transport inside the gap is being designed and preparations for bump
bonding are underway.

FIGURE 5.18. A silicon sensor pro-
totype with hexagon pads.

FIGURE 5.19. The cross section of the ECAL. The silicon sensors
interspersed between tungsten plates and readout by the KPiX FE
chip bump bonded to metallic traces connected to each sensor cell.
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US ECAL Design (SiD)
1024
hex-diodes
[12 mm2]

6-inch
wafers

ECAL layer structure

Sensors

Tungsten

~ 1.0 mm

Metallization 
Bump Bonds

Thermal contact

Kapton
Data Cable

2.5 mm ECAL
Cross Section
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Analog HCAL – Technical Prototype

Goal:  Compact & realistic design, i.e.
  scaleable with embedded electronics

Integration issues:

 • readout architecture 

 • ultra-low power ASICs 

 • calibration system 

 • tile and SiPM integration 

 • absorber mechanics 
   with minimal cracks 

Feedback from
test beam essential
[e.g. calibration concept, overall detector optimization]

Desgin: 2008
Construction :2009



Digital HCAL: GEM
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[30 x 30 cm2 GEM chamber]

Why digital ?

 - better PFA performance
 - cheap, robust detectors ...
 - small total thickness ...

A first
Test chamber works
 - 80% Ar & 20 % CO2
 - Pad Size: ~ 1x1 cm2

Full size
test beam module: 2008
[equipped with 100 x 30 cm2 chambers]



Digital HCAL: µMEGAS
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~ 800 V

Micromesh ~ 500 V

e–

Strips

Electrode

~ 1 kV/cm
3 mm

~ 40 kV/cm
100 µm

ParticlePads
[1x1 cm2]

Connectors

Stainless
Steel

R/O electronics

PCB

Plane with 1x1 m2 size planned 
for 2008 test beam

Status:
Cosmics with
6 x 16 cm2 Protoype



!"#$%"$&$'()*$+ ,-'"
."/ .0"1$2")$34'5678"9$6:

!$7$';4& )<='6>"7$?-<7$5"

@"1$2"$+ $&$'(

@"1$2"$+ $&$'("%<(A")6($>><($) @"1$2"$+ $&$'(

@"1$2"$+ $&$'(

!!

!

!"#$%&!''$()*+*+,(-$+-%+%$*.$/)0+0/!'$(!)+%1$2$%345%-/+0*"$*.$!$&*#3'-$"--#%$+*$4-$430'+$4,$6778$!%$9-'':$

0"$*)#-)$+*$-%+!4'0%;$+;-$&-/;!"0/!'$0"+-)('!,$*.$+;-$!/+0<-$'!,-)$90+;$+;-$!4%*)4-)$%+)3/+3)-1$

=;-$2>?2@$-..*)+$ /*"+0"3-%$ +*$ !++)!/+$ "-9$ /*''!4*)!+*)%$ .)*&$A-)&!",$ !"#$ !4)*!#1$ B"$ 677C:$ +9*$

D!(!"-%-$E)*3(%$ FG*4-$ !"#$H;0"%;3$3"0<-)%0+0-%I$9*)J0"E$*"$ +;-$ %/0"+0''!+*)$ +-/;"*'*E,$ -"+-)-#$ +;-$

/*''!4*)!+0*":$ 0"$ 677K:$ +;-$ L"0<-)%0+,$ *.$ >-0#-'4-)E$ !"#$ +;-$ M!N$ O'!"/J$ B"%+0+3+-:$ M3"0/;:$ ;!<-$

P*0"-#:$L"0<-)%0+,$*.$Q3((-)+!'$ 0%$('!""0"E$+*$.*''*9$%**"1$B+$ 0%$.*)-%--"$+;!+$ +;-$A-)&!"$E)*3(%$0"$

(!)+0/3'!)$9*)J$0"$/'*%-$/*''!4*)!+0*"$90+;$RSHT$*"$-'-/+)*"0/$!"#$&-/;!"0/!'$!%(-/+%$*.$+;-$#-+-/+*)$

#-%0E"$!"#$()*+*+,(0"E$!%$9-''$!%$0"$+;-$+-%+$4-!&$#!+!$!"!',%0%1$=;-$-N!/+$+!%J$%;!)0"E$0%$%+0''$4-0"E$

9*)J-#$*3+1$

Q-$!)-$!%J0"E$RSHT$+*$/*"+0"3-$0+%$%+)*"E$%3((*)+$90+;$%/0-"+0.0/$!"#$+-/;"0/!'$)-%*3)/-%$+*$()*<0#-$!$

4!%0%$.*)$0"+-E)!+0"E$+;-$!/+0<0+0-%$*.$*3)$"!+0*"!'$!"#$0"+-)"!+0*"!'$(!)+"-)%1$$

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

! =;-$R0E0+!'$>!#)*"$?!'*)0&-+-)$FR>?2@I$E)*3($/*&('-+-#$0+%$UVR$90+;$F&3'+0540+I$!"!'*E$

)-!#*3+$*.$U-%0%+0<-$O'!+-$?;!&4-)%$FUO?%I$!"#$(34'0%;-#$+;-$)-%3'+%$0"$WXY1$=;-$"-N+$%+-($0"<*'<-#$

+;-$ !%%-&4',$ !"#$ +-%+0"E$ *.$ !$ /*&('-+-$ #!+!$ !/Z30%0+0*"$ %,%+-&$ !4'-$ +*$ )-!#$ *3+$ '!)E-$ "3&4-)%$ *.$

/;!""-'%$ !+$ !$ )-!%*"!4'-$ /*%+$ F'-%%$ +;!"$ [6\/;!""-'I1$ =;-$ %,%+-&$ /*"%0%+%$ *.$ !$ .)*"+5-"#$2HB?$ F+;-$

R?2@$/;0($90+;$%0"E'-540+$*)$#0E0+!'$)-!#*3+I:$(!#$4*!)#%$F/*"+!0"0"E$+;-$X$N$X$/&6$(!#%I:$.)*"+5-"#$

4*!)#%$F;*3%0"E$+;-$R?2@$/;0($!"#$E'3-#$*"$+*($*.$+;-$(!#$4*!)#%I:$#!+!$/*"/-"+)!+*)$4*!)#%$F'*/!+-#$

+*$ +;-$ %0#-$ *.$ +;-$ !/+0<-$ '!,-)I:$ #!+!$ /*''-/+*)$ 4*!)#%$ F!$ ]MS54!%-#$ #!+!$ /*''-/+0*"$ %,%+-&I$ !"#$ !$

+0&0"E$ !"#$ +)0EE-)$&*#3'-$ F!'%*$ '*/!+-#$ 0"$ +;-$]MS$ /)!+-I1$ ^*)$ +;-$ (3)(*%-$ *.$ +-%+0"E$ +;-$ )-!#*3+$

/;!0":$ +;-$ E)*3($ 430'+$ X7$UO?%$ F-!/;$90+;$ !"$ !)-!$ *.$ 67$ N$ 67$ /&6I$ !"#$ X$A!%$S'-/+)*"$M3'+0('0-)$

FASMI$/;!&4-)1$=;-$/;!&4-)%$9-)-$!%%-&4'-#$0"$!$;!"E0"E$.0'-$/*".0E3)!+0*"$!"#$9-)-$-N+-"%0<-',$

+-%+-#$90+;$/*%&0/$)!,%$!"#$0"$+;-$^-)&0'!4$+-%+$4-!&1$=;-$!/+0<-$'!,-)%$9-)-$0"+-)'-!<-#$90+;$67$&&$

%+--'$!"#$/*((-)$('!+-%$+*$0"/0+-$+;-$#-<-'*(&-"+$*.$%;*9-)%1$=;-$()*+*+,(-$/!'*)0&-+-)$/*3"+-#$3($+*$

6:_77$0"#0<0#3!'$)-!#*3+$/;!""-'%1$

^0E3)-$X$%;*9%$!$(;*+*E)!(;$*.$+;-$^-)&0'!4$+-%+$4-!&$%-+3(1$`<-)$!$

(-)0*#$ *.$ !(()*N0&!+-',$ +;)--$ 9--J%$ +;-$ E)*3($ /*''-/+-#$ /!'04)!+0*"$

#!+!$ F&3*"%I:$ !"#$ -'-/+)*"$ *)$ (0*"$ -";!"/-#$ %!&('-%$ 0"$ +;-$ -"-)E,$

)!"E-$ 4-+9--"$ X$ !"#$ XC$ A-]1$ B"$ !##0+0*":$ .*)$ -%+!4'0%;0"E$ +;-$

/;!&4-)a%$ )!+-$ /!(!40'0+,:$ X67$ A-]$ ()*+*"$ #!+!$ 90+;*3+$ !4%*)4-)$

('!+-%$9-)-$ /*''-/+-#$ !+$ <!)0*3%$ 4-!&$ 0"+-"%0+0-%1$ ^0E3)-$ 6$ %;*9%$ !"$

-<-"+$ #0%('!,$ *.$ !$ /'-!"$ &3*"$ +)!/J$ +)!<-)%0"E$ +;-$ ()*+*+,(-$

/!'*)0&-+-):$%;*90"E$%0"E'-$(!#%$.0)0"E$!'*"E$+;-$+)!/J$#0)-/+0*"1$$

=;-$ /!'04)!+0*"$ #!+!$ 0%$ 4-0"E$ 3%-#$ +*$ &-!%3)-$ +;-$ MBO$ #-+-/+0*"$

-..0/0-"/,$!"#$ +;-$(!#$&3'+0('0/0+"#! $%&'()! *! +,-.+! /01! )2/345)! -6!

+'7,! /!3)/+'()3)08!-98/%0)1!.,%5)! -4)(/8%0&! 8,)! +8/7:! /8! /! &%;)0!

,%&,! ;-58/&)! /01! +)88%0&! 8,)! 8,()+,-51! 8-! /! &%;)0! ;/5')! '0%6-(35"!!!!!!!!!!!!$$$$$

!/)*%%$$$!''$'!,-)%$!"#$/;!""-'%1$
-$%./0!1"!234&4%/'53!46!!&30!708$90!

Digital HCAL: RPCs

Pad Size: 1 x 1 cm2 
Total thickness: < 6 mm possible

Vertical Slize Test with
9 small chambers successful

Large Prototype to be built

Slice Test Setup
[Fermilab]

8 GeV
e+ event

RPC: 
Resistive Plate Chamber



ILC Calorimeter R&D — Overview
 ILC CALORIMETRY R&D

 ECALs  Silicon – Tungsten

 MAPS – Tungsten

 Scintillator – Tungsten

 HCALs  Scintillator – Steel

 RPCs – Steel

 GEMs – Steel

 µMegas – Steel

 Dual-
 Readout

 Scintillator – Steel

 TCMT  Scintillator – Steel

 Detector
 Concept

 Optimized
 for PFA

 Compensating
 Calorimetry

 SiD  Yes  No

 LDC  Yes  No

 GLD  Yes  Yes

 4th

 Concept
 No  Yes
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Path to High Precision Hadron Calorimetry: 
Compensate for the Nuclear Energy Losses

 Compensation principle: E = Eobs + k*Nnucl

 Two possible estimators of Nnucl:

 Nnucl ~ Nslow neutrons

 Nnucl ~ (1-Eem/Etot)

Cherenkov-assisted hadron calorimetry: 
Eem/Etot ~ ECherenkov/Eionization

• ‘EM’ shower: relativistic electrons, 
relatively large amount of Cherenkov 
light

•‘hadronic’ shower – most of the 
particles below the Cherenkov threshold

from Zaho et al.
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Chips and bonded wires
inside the PCB

6&7&*"#'+&%1,(#(8$%"#'$99:&9'
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! Gaps (slab integrat ion) : 500 µm ?

! Heat shield : 400 µm ?

     but real thermal dissipation ?

    (active cooling ?)

! PCB : 800 µm (tolerances : ±  ?)

 but chips embedded in PCB ? 

! Thickness of glue : < 100 µm ?

 study of the size of dots

! Thickness of wafer : 320 µm – (±  ?)

     30 matrix ordered  (90! 90 mm2)

! Kapton® f ilm HV feeding : 
100 µm -  OK    (DC coupling)

! Thickness of W : 2100 µm  (±  80 µm)
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Jet Energy Resolution

of the track reconstruction, or tracks may be used to guide the calorimeter clustering. The
algorithms differ significantly in details of how calorimeter clusters are formed but all utilize
the high granularity and tracking ability of the proposed calorimeters. Charged particle PFOs
are formed from the tracks and those clusters associated with them. The four-momenta of
charged PFOs are determined solely with the reconstructed track parameters and the results
of any particle identification procedure. Calorimeter clusters which are not associated with
tracks are considered as neutral PFOs and may be identified as either photons or neutral
hadrons. The reconstruction of the four-momenta of neutral objects is based on calorimetric
energy and position measurements and particle identification from the shower profiles.

6.6.1.2 PFA performance

The results presented here represent the current status of the particle flow algorithms. As
the algorithms are further developed significant improvements are anticipated. For these
initial studies the performance has been evaluated by summing the entire energy for hadronic
events at the Z pole. These simulated events provide a clean environment for evaluating PFA
performance since uncertainties associated with jet finding and the association of particles
with the decaying bosons are avoided. PFA performance can be straightforwardly quantified
in terms of the resolution of the total reconstructed energy and visible mass. Studies in a
multi-jet environment are at a relatively early stage.
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FIGURE 6.10. Distributions of reconstructed energy for Z → qq̄ (uds only) events at
√

s = 91.2 GeV
obtained using WolfPFA and PandoraPFA for a GEANT4 simulation of the LDC detector.

Figure 6.10 shows a typical reconstructed energy distribution for Z0 pole events which
were generated without initial state radiation and the Z decays only to u, d and s quarks
(avoiding the need to account for unobserved neutrinos). These results come from the LDC,
using two different algorithms, WolfPFA [119] and PandoraPFA [120]. The distribution of
measured energy is characterized by a narrow core and a wider tail, which results from the
failure to detect some low momentum particles and those forward particles which miss the
detector fiducial volume, and the imperfect subtraction of charged track energy from the
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Particle Flow Performance
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The expected alveolar thickness 
    is 6.5 mm if :

 Gaps (slab integration) : 500 µm - OK
 Heat shield : 400 µm ?

     but real thermal dissipation ?
    (active cooling ?)
 PCB : 800 µm 
     but chips embedded in PCB ?

 Thickness of glue : 100 µm ?
     study of the size of dots ?

 Thickness of wafer : 300 µm ?

 Ground or isolate foil : 100 µm ?
     AC vs DC ?

 Thickness of W : 2100 µm - OK
                      

Heat shield: 100+400 µm 
(copper)

Design EUDET Slab

PCB: 800 µm

glue: 100 µm
(needs tests)

wafer: 300 µm

Chip without packaging

ground foil: 
100 µm

60
00

 µ
m

Design of  the module…

… based on the definition of the detector slab :
      

Chips and bonded wires
inside the PCB Several technological issues 

have to be studied and validated

From M. Anduze
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Chip on board design

ILC_PHY4 Last prototype

EUDET prototype


