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Chapter 1
ILD: Executive Summary

The International Large Detector (ILD) is a concept for a detector at the International Linear Collider,
ILC [198]. In a slightly modified version, it has also been proposed for the CLIC linear collider [199].

The ILD detector concept has been optimised with a clear view on precision. In recent years
the concept of particle flow has been shown to deliver the best possible overall event reconstruction.
Particle flow implies that all particles in an event, charged and neutral, are individually reconstructed.
This requirement has a large impact on the design of the detector, and has played a central role in
the optimisation of the system. Superb tracking capabilities and outstanding detection of secondary
vertices are other important aspects. Care has been taken to design a hermetic detector, both in
terms of solid-angle coverage, but also in terms of avoiding cracks and non-uniformities in response.
The overall detector system has undergone a vigorous optimisation procedure based on extensive
simulation studies both of the performance of the subsystems, and on studies of the physics reach
of the detector. Simulations are accompanied by an extensive testing program of components and
prototypes in laboratory and test-beam experiments.

Figure III-1.1
View of the ILD detec-
tor concept.

The ILD detector concept has been described in a number of documents in the past. Most
recently the letter of intent [198] gave a fairly in depth description of the ILD concept. The ILD
concept is based on the earlier GLD and LDC detector concepts [200, 201, 202]. Since the publication
of the letter of intent, major progress has been made in the maturity of the technologies proposed for
ILD, and their integration into a coherent detector concept.
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Chapter 1
SiD Concept Overview

1.1 SiD Philosophy

SiD [63] is a general-purpose detector designed to perform precision measurements at a Linear Collider.
It satisfies the challenging detector requirements that are described in the Common Section. SiD is
based on the PFA paradigm, an algorithm by which the reconstruction of both charged and neutral
particles is accomplished by an optimised combination of tracking and calorimetry. The net result
is a significantly more precise jet energy measurement that results in a di-jet mass resolution good
enough to distinguish between W and Z hadronic decays.

SiD (Figures II-1.1, II-1.2) is a compact detector based on a powerful silicon pixel vertex
detector, silicon tracking, silicon-tungsten electromagnetic calorimetry (ECAL) and highly segmented
hadronic calorimetry (HCAL). SiD also incorporates a high-field solenoid, iron flux return, and a muon
identification system. The use of silicon sensors in the vertex, tracking and calorimetry enables a
unique integrated tracking system ideally suited to particle flow.

Figure II-1.1
SiD on its platform,
showing tracking (red),
ECAL (green), HCAL
(violet) and flux return
(blue).

The choice of silicon detectors for tracking and vertexing ensures that SiD is robust with respect
to beam backgrounds or beam loss, provides superior charged particle momentum resolution, and
eliminates out-of-time tracks and backgrounds. The main tracking detector and calorimeters are
“live” only during each single bunch crossing, so beam-related backgrounds and low-p

T

backgrounds
from gg processes will be reduced to the minimum possible levels. The SiD calorimetry is optimised
for excellent jet energy measurement using the PFA technique. The complete tracking and calorimeter
systems are contained within a superconducting solenoid, which has a 5 T field strength, enabling the
overall compact design. The coil is located within a layered iron structure that returns the magnetic
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Charge

• Update: latest developments 

• Specific questions: 

a) Remaining R&D which needs to be done if any  ?

b) What are the open systems and engineering issues

c) Calibration, Stability, etc

d) Cost estimates

e) Future improvements which are on the horizon ...

f) Simulation/software Status & Issues

g) Services, Power
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EUDET

BeamParticle from IP

HCAL Barrel in ILD

EUDET: a part of barrel model of HCAL in the ILD

3 EBUs

HBUs
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Getting real

• Test beam at CERN PS in Oct and Nov/Dec 2014
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New HBUs: production 

• Uni HH and Uni HD finished production of (in total) 8 HBUs with KETEK 
SiPMs and 8 HBUs sensL SiPMs

• last 6 HBUs finished on last Friday
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New HBUs: production 

• Uni HH and Uni HD finished production of (in total) 8 HBUs with KETEK 
SiPMs and 8 HBUs sensL SiPMs

• last 6 HBUs finished on last Friday

Katja Krüger  |  HBU & EBU Commissioning and Detector assembly  |  5 September 2014  |  Page  15/15

Transport to CERN

> On 15th September 2014, everything will go into the big box and 
will be shipped to CERN

pack & go 
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Pions data

• Hits with energy > 0.5 MIP

Event 180 - Run 20233 Event 1075 - Run 20233

HLTran - Software tools & First look into PS data - CALICE AHCAL main meeting 16-17/12/2014
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2nd gen AHCAL to test beam

• EUDET stainless steel prototype stack  
• 4 large, 8 small HCAL layers, 3 strip-

ECAL 
• New fully HDMI-based DAQ 
• Different types of tiles and SiPMS 
• Germany, Russia, Czech, US, Japan

5

Katja Krüger  |  Report from PS Testbeam  |  17 December 2014  |  Page  17/17

Many thanks to all participants!

© Katsu

+ many people not visible here!
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New MPPCs

• Prototype from 
Hamamatsu 

• Tested at Mainz and 
Munich 

• Low inter-pixel cross-talk 
• Very low noise above 

threshold

6

DCR vs Threshold: 25 µm pixel 

17.12.2014 5 Yong Liu, CALICE AHCAL Meeting 2014 

MPPC 12571-025P 
1x1mm², 25µm pixel pitch 
Vop = 67.3 V (recommended) 
Temperature = 23.7 °C 
Characterized at MPI Munich 

DCR at 0.5 p.e. = 100 kHz 
Crosstalk Prob. = 23% 

No trenches 

1x1-25um LCT4 (Serial: 123) 
1x1mm², 25µm pixel pitch 
Temperature = 21.0 °C 
Characterized at PRISMA Detector Lab 

DCR at 0.5 p.e. = 21.8 kHz 
Crosstalk Prob. = ~0.05 % 

Trenches 

LCT-25µm prototype 
• ~14 V lower operational voltage 
• Promising low level of DCR and crosstalk probability 

Vop = 52.8 V 
(recommended) 

Vop = 67.3 V 
(recommended) 

Physics prototype: 
 DCR 2 MHz, XT 30%

N. van der Kolk    AHCAL main meeting   17.12.2014

New Hamamatsu MPPC - Dark count rate
• Count the signal above 

the trigger voltage for a 
fixed amount of time  

• The new Hamamatsu 
MPPC has a very low 
dark rate; a factor 5 
lower 

• Very low optical cross 
talk  

• Needed time interval of 
600 s to get entries at the 
3 p.e. level
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new MPPC

standard MPPC

Low-crosstalk MPPC prototypes 

• LCT MPPCs in ceramic package (within pins) 

16.12.2014 3 Yong Liu, CALICE AHCAL Meeting 2014 

1×1 mm² (50µm) 

1×1 mm² (25 µm) 

400 pixels 

1600 pixels 

2 samples by courtesy of  
Mr. Kramer in Hamamatsu  
GmbH 

1 sample by courtesy of 
Felix Sefkow 

Serial No.: LCT4-123 

Serial No.: LCT4-116 
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Surface-mounted SiPMs

• Originally proposed 
by NIU, now followed 
by different groups 

• Vishnu Zutshi 
coordinating role 

• First board 
assembled - tiles 
mounted by machine 
– important step 

towards mass 
production 

• Board works on test 
bench, will be 
included in 2015 SPS 
run

7
17.12.2014 | Johannes Gutenberg-Universität Mainz 

 

Tile assembly 
 

• SMD HBU board assembly 
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17.12.2014 | Johannes Gutenberg-Universität Mainz 

 

Goal: Optimize AHCAL design for mass assembly 

• SMD HBU board 

2 

 
• Use of SMD SiPMs which are soldered on HBU board (similar to standard       

SMD components) 
• Use of Scintillator with centered dimple 

 

Scintillator tile 

SiPM 

Reflector foil 

PCB 

Schematic of Uni Mainz SMD design SMD HBU board with scintillators 
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Uni Mainz
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Optimisation studies

• Effort in Cambridge, in 
CLICdp framework 
– software support by DESY 

• Study absorber material, 
thickness, tile size and 
longitudinal segmentation 

• On-going work, dependence 
on timing and energy cut-offs 
still under study 

• NB: number of layers has 
strong cost impact

8

Number of HCal Layers

Number of HCal Layers

Figure : Jet energy resolution breakdown vs number of HCal layers
using a steel HCal.

Steel HCal.

Infinite timing cut in HCal.

HCal cell hadronic energy
truncation 1 GeV.

QGSP BERT physics list.

Summary

Relatively small degradation in
detector performance when
reducing layer number.

Steven Green (University of Cambridge) CALICE AHCAL Meeting December 17, 2014 16 / 19

Tile Size

HCal Timing Cut: TC, HCal Cell Hadronic Energy Truncation: ET

ET=1GeV,
TC=10ns

ET=106GeV,
TC=10ns

ET=1GeV,
TC=106ns

ET=106GeV,
TC=106ns

Steven Green (University of Cambridge) CALICE AHCAL Meeting December 17, 2014 10 / 19

Tile Size

HCal Timing Cut: TC, HCal Cell Hadronic Energy Truncation: ET

ET=1GeV,
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ET=1GeV,
TC=106ns

ET=106GeV,
TC=106ns

Steven Green (University of Cambridge) CALICE AHCAL Meeting December 17, 2014 10 / 19

10 ns cut no cut

Steven Green



Specific questions
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Remaining R&D

• - if any? Oh, yes! 
• Finalise and establish SiPM-tile-

electronics integration design 
amenable at mass-production 

• Develop automated production  
and quality assurance procedures 

• Re-establish performance with 
integrated electronics:  
– ultimately need full hadronic 

prototype (20-40’000 ch.) 
– do not repeat Geant4 study 

• Power pulsing 
– e.m. performance is sufficient 

- and harder anyway 

10
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Open systems & engineering issues

• Not many (for ILD), and on the way 
• Dynamical seismic stability of absorber 

structure 
– simulations 
– validation? 

• Leak-less under-pressure cooling system 
• In-situ compensation of temperature 

variations (optional) 

• For SiD, in addition: 
• Active layer integration into absorber 

structure 
• Space for interfaces, routing of services

11
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Calibration and stability

• Cell-wise equalisation: MIP 
• Saturation correction: gain 
• All SiPM properties depend 

on one parameter 
– ΔV = V - Vbreak-down(T) 

• Needed time to find right 
procedures 
– some limitations from test 

bench data 
– large spread of SiPM 

parameters 
• Guidance for future 

developments 
– e.g. gain stabilisation

12
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How to calibrate the AHCAL

Simple calibration procedure per cell:

MIP constants

Saturation behaviour

Gain (for saturation and temperature 
correction) and intercalibration

Global calibration to electromagnetic 
scale, e/pi ratio for hadronic scale

Required single cell precision for hadronic 
calorimeter is moderate, collective effects 
easy to control

 → Go beyond this to fully understand all 
 aspects of SiPM operation

 → Provide excellent performance for 
 electromagnetic showers

Signal[ADC]

MPV
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After layer-wise 
correction stable to 
better than 0.2%/K

no climate  
control
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AHCAL cost drivers and scaling

• ILD scint HCAL total: 45M 
• 10M fix, rest ~ volume 
• 10M absorber, rest ~ area 

(nLayer) 
• 16M PCB, scint, rest ~ 

channels 
• 10M SiPMs and ASICs 

• Not cost drivers: 
• Scintillator  1.5M      
• ASICs         1.8M 
• Interfaces   1.4M 
• ... 
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7.3. ILD cost evaluation

Figure III-7.2
Summary plot of the
relative contribution
by the di�erent 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 di�erent 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 di�erent
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
o�ine 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

Detectors: ILD Detailed Baseline Design ILC Technical Design Report: Volume 4, Part III 309

fraction

• DBD costing is far from final, but 
much better than anything before 

• Yet, many lessons learnt from 2nd 
generation prototypes 

• What are the real cost drivers at 
present?  

• What are the scaling laws?

ILD
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Improvements on the horizon

• Benefits of SiPM progress 
• Device uniformity: dramatic 

simplification of commissioning 
procedures 

• Many degrees of freedom become 
obsolete 

– no need anymore for bias 
adjustment to equalise light yield 

– no need anymore for pre-amp 
compensation of SiPM gain variation 

– no need anymore for channel-wise 
trigger thresholds 

• Low noise: auto-trigger works 
• Higher over-voltage possible - 

reduce temperature dependence

14

13/15Sebastian Laurien – AHCAL Meeting02.09.2014

~0.5 MIP, false trigger

Cuts Trigger:
● HitBit ==1 
● 1220<ADC<1280
● 1000<TDC<2125

Cuts Events:
● HitBit==1
● 1000<TDC<2750
● ADC-Ped<150

 
4 HBUs 

>500 channels 
- before 

calibration
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Temperature dependence

• Temperature measurements from 6 sensors on the board

• T1 & T2 close to power board 

• 11 measurement points  

• Max. temperature deviation: ~7ºC

HLTran - Test new ITEP tiles - 14/07/2014

Temp variation 7K
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Simulation software status & issues

• AHCAL test beam simulations include 
– variation of light yield (and calibration) 
– saturation (and correction) 
– finite photo-electron statistics 
– noise from data 
– 0.5 MIP threshold 

• Scintillator non-uniformities had been 
implemented, not run routinely  

– negligible effect, CPU intensive 
• Temperature variation and correction not 

included 
• Constant terms of 1-2% measured and 

simulated 
• ILD simulation includes threshold only 
• The other effects are currently being 

implemented 
• Effects visible for muons, small for electrons, 

negligible for hadrons

15Oskar Hartbrich  |  ScEcal + AHCAL Analysis  |  17.12.2014  |  Page 5

MC Digitisation

> Implemented AHCAL-like digitisation

 Binomial smearing

 Noise overlay from data

 Saturation

> Muon hits in good agreement with data

 MIP shape description similar to AHCAL level

ScECAL 
O.Hartbrich
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Services, Power

• Detailed 
implementation 
in ILD 
engineering 
model and 
simulation 

• Being realised 
with upcoming 
2nd generation 
prototype

16

data concentrator

5.1. ILD integration

• material budget and impact on physics performance.
The requirements for both service lines and patch panels define the space that needs to be reserved
in the detector for gaps. The geometry of these gaps is a major issue to be optimised as these gaps
are dead zones in the detector. In addition to the space that is needed for services, additional dead
zones are needed for construction tolerances, mechanical deformation of detector parts under loads
(gravitational and magnetic), space needed for integration and assembly, alignment tools. etc..

Each sub-detector group has begun to define the amount of cables they foresee for power
distribution and signal transmission as well as the power consumption. The later is particularly critical
as it is needed to define the cooling method and the distribution of fluids. Currently, the amount of
cables for the barrel calorimeters and the TPC is estimated to be small with respect to the numbers
of channels in these sub-detectors, less than 3000 cables per side of the detector. For the inners part
(SIT, FTD, VTX) up to 600 cables per side might be needed. This represents an average are of about
2000 cm2 occupied by cables and piping at the radius of the HCAL. Figure III-5.11 shows the cable
paths and their occupancies in the gap between barrel and endcap detectors.

Figure III-5.11
Front view of the
barrel calorimeters
(green/blue), TPC (yel-
low), inner part and of
their associated ser-
vices. (1) The volume
occupied by cables and
services in each way-
out has been translated
into equivalent thick-
ness of conductor and
insulator to be imple-
mented in the simula-
tion model. (2) Lateral
view of one way-out,
with representation of
the space needed per
sub-detectors services.

The inner detector layout is very challenging as the amount of cables from the inner silicon
detectors (VTX, FTD, SIT) represent dead material immediately around the beam pipe and may
become a source of background. It is presently estimated to be some few percent of X

0

at some
positions of the beam pipe. In addition a mass of some few kg of material needs to be supported by
the light structure of the beam pipe. Specific R&D on the definition of the cables according to the
nature of the conductor and the optimisation of the insulator is mandatory in order to minimise the
e�ects of the services on the physics performance of the detector. A schematic view of the cable
routing in the inner detector is shown in Figure III-5.8.

5.1.4 General Safety Issues

The final ILD installation needs to follow the applicable safety rules, given by the collaborative
aspect of the project and requested by the site retained. Some general rules have been established
to allow the co-existance of the two detectors, ILD and SiD, in one underground experimental hall
(c.f. section 2.3). Other safety aspects need to be respected in the integration scheme for ILD. Among
others, this covers:

• Mixing of flammable gases will be done in protected areas and only non-flammable mixtures
will be sent to the experimental cavern;

• Fire prevention will be an important feature of the integrated design - a particular worry is to
prevent fire from propagating inside the vaccum vessel of the coil, e.g. caused by the explosion

Detectors: ILD Detailed Baseline Design ILC Technical Design Report: Volume 4, Part III 261



MC

Scintillator HCAL Felix Sefkow    SiD workshop, 13.1.2015

Conclusion

• Very nice and important progress recently 

• Few remaining open issues being addressed 

• Looking forward to the next steps

17



Back-up
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AHCAL groups in CALICE

19

Uni Bergen

Prag
Northern  
Illinois Uni

DESY

CERN

Uni Hamburg

Omega@LLR

Dubna

ITEP

MPI München

Uni Wuppertal Uni Mainz
Uni Heidelberg

Matsumoto, 
Japan

thanks, Katja!

Tokyo



MC

Scintillator HCAL Felix Sefkow    SiD workshop, 13.1.2015

AHCAL physics prototype

• Constructed in 2005-06: first 
device using SiPMs at large scale 

• Now many followers: T2K, Belle2, 
CMS, medical applications,... 

• Extremely robust: 6 years of data 
taking 
– 2006-7 CERN: Fe with SiW ECAL 
– 2008-9 FNAL: Fe with Si/Sci ECAL 
– 2010-11 CERN: Tungsten

20

3x3cm2

1m2

1mm2

SiPM

7608 channels 
38 layers 
Fe & W

Many	  trips	  with	  disassembly	  &	  reassembly	  of	  the	  calorimeter: Many	  trips	  with	  disassembly	  &	  reassembly	  of	  the	  calorimeter: Many	  trips	  with	  disassembly	  &	  reassembly	  of	  the	  calorimeter: 

Many	  trips	  with	  disassembly	  &	  reassembly	  of	  the	  
calorimeter: 
DESY	  -‐	  CERN	  -‐	  DESY	  -‐	  FNAL	  -‐	  DESY	  -‐	  CERN	  PS	  -‐	  CERN	  SPS	  
...	  and	  the	  SiPMs	  survived	  without	  problems!
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Layer cross section
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Electronics integration

• Basic unit: 144 tiles, 36x36cm2 

• 36 ch. ASICs, power pulsed 
– self-trigger, 16x memory, ADC 

• embedded LED system 
• compact design 

– 5.4mm incl 3mm scintillator

22



MC

Scintillator HCAL Felix Sefkow    SiD workshop, 13.1.2015

Validation of Simulation 

• Validation with first generation prototype  
• Published 8 papers
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Figure 13. Energy resolution of the AHCAL for positrons (dots). The resolution agrees with that of a
previous prototype (full triangles) with the same sampling structure. The errors are the quadratic sum of
statistics and systematic uncertainties. The open triangles are the obtained from the analysis of the digitized
simulated events. Fit curves to the data and MC are shown in the region 10–50GeV. The dashed line is the
extrapolation of the fit to AHCAL data in the low energy region covered by the MiniCal data.

5.4 Shower profiles

The longitudinal profile of a shower induced by a particle with incident energy E in GeV traversing
a matter depth t can be described as [23]

f (t) =
dE
dt

= atω · e−bt , (5.3)

where the parameter a is an overall normalization, and the parameters ω and b are energy and
material-dependent. The first term represents the fast shower rise, in which particle multiplication is
ongoing, and the second term parametrizes the exponential shower decay. Given this parametriza-
tion with t in units of radiation lengths, the particle multiplication and the energy deposition reach
their maximum after

tmax =

[

ln
E
εc

−0.5
]

(5.4)

radiation lengths from the beginning of the cascade of a particle with energy E . The critical energy,
εc is a property of the calorimeter material and does not depend of the energy of the particle. The
position tmax is called the shower maximum.

The mean longitudinal profile of a 10GeV positron shower is shown in the left plot of fig-
ure 14. Due to the high longitudinal segmentation of the AHCAL, the shower rise, maximum and
decay are clearly visible. Data and simulation are in qualitatively good agreement. To quantify this
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Figure 13. Energy resolution for pions with local (a) and global (b) software compensation comparing data
and simulations. For both data and simulations compensation parameters derived from data are used. The
curves show fits using equation (2.2). The fit results for the local software compensation are (44.3±0.3)%,
(42.3±0.2)% and (40.4±0.3)% for the stochastic term, with constant terms of (1.8±0.2)%, (2.5±0.1)%
and (3.4±0.1)% for data, QGSP BERT and FTF BIC, respectively. For the global software compensation,
the results are (45.8±0.3)%, (43.6±0.2)% and (43.4±0.3)% for the stochastic term, with constant terms
of (1.6±0.2)%, (0.0±0.2)% and (1.1±0.2)% for data, QGSP BERT and FTF BIC, respectively.

Table 3. Fit results using the function given in equation (2.2) for simulations with and without software
compensation, compared to the corresponding values for data.

a [%] b [%] c [GeV]

uncorrected data 57.6±0.4 1.6±0.3 0.18

uncorrected QGSP BERT 51.8±0.3 4.0±0.1 0.18

uncorrected FTF BIC 49.4±0.3 6.1±0.1 0.18

local compensation data 44.3±0.3 1.8±0.2 0.18

local compensation QGSP BERT 42.3±0.2 2.5±0.1 0.18

local compensation FTF BIC 40.4±0.3 3.4±0.1 0.18

global compensation data 45.8±0.3 1.6±0.2 0.18

global compensation QGSP BERT 43.6±0.2 0.0±0.2 0.18

global compensation FTF BIC 43.4±0.3 1.1±0.2 0.18

The relative improvement in resolution compared to the uncorrected energy resolution is
shown in figure 14 for data and simulations. For the local software compensation, the improve-
ment with respect to energy observed in data is well reproduced by the QGSP BERT physics list.
For FTF BIC, a considerably bigger improvement is seen for the simulations at high energy than is
seen in data. This higher improvement at high energies results in the better agreement of the energy
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Figure 2. Event display of a typical hadronic shower in the CALICE AHCAL initiated by a negative pion
with an energy of 60 GeV. The identified minimum-ionising track segments are highlighted in red. The
beam enters from the lower left, indicated by the black arrow.

2 Track-finding

The tracking algorithm used here consists of two stages. The first stage is the identification of
track candidates in a layer by layer search using a nearest neighbour algorithm. In a second stage,
these candidates are passed through a filtering algorithm based on a Hough transformation to re-
move inconsistent hits such as noise hits and hits not due to energy depositions from the tracked
minimum-ionising particle.

2.1 The tracking algorithm

For the track finding, the coordinate system is defined as indicated in figure 4, with the z-axis given
by the beam axis, the x-axis pointing left when looking downstream in positive z direction and
the y-axis pointing up. The track finding algorithm used for the pattern recognition is a simple
implementation of a nearest neighbour algorithm. The algorithm was specifically developed for
the test beam data taken with the CALICE AHCAL. It exploits the primary flight direction of
incoming beam particles along the z axis by assuming that all particles found by the algorithm
have a sizeable momentum component along that axis. This is reflected by the assumption that any
MIP-like particle will only create at most one hit in a given layer, and that cells on the same track in
adjacent layers are neighbours, sharing at least one corner when projected on the same layer. With
the layer to layer distance of 31.6 mm and a cell thickness of 5 mm this limits the algorithm to the
identification of tracks with a maximum angle with respect to the beam axis of approximately 60�

in the central region with tiles of 30⇥30mm2, of 70� for the 60⇥60mm2 tiles and of 80� for the
outer 120⇥ 120mm2 tiles, respectively. It is important to note that these requirements also allow
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Figure 7. Distribution of track multiplicity for 25 GeV pion showers. The upper panel shows the normalised
distribution for test beam data, while the lower panel shows the normalised residuals (simulation/data�1)
between test beam data and the different physics lists. The grey area indicates the statistical error of the
residual between test beam data and QGS BIC.
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Figure 9. Mean longitudinal shower profiles from shower starting point for 8 GeV (left column), 18GeV
(center column) and 80GeV (right column) pions. First row: for data (circles) and for the FTFP BERT physics
list (histogram). Second to fourth rows: ratio between Monte Carlo and data for several physics lists. All
profiles are normalized to unity. The grey area indicates the systematic uncertainty on data. ⟨Erec⟩/ΔλI is the
average deposited energy in a ΔλI thick transverse section of the calorimeter. z is the longitudinal coordinate,
expressed in units of λI.
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6 CALORIMETRY
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tion obtained with a single weight factor for each of the calorimeters, while the lower reflects a simple
software compensation approach and uses weights for the hits that depend on the hit amplitude and on
the total measured shower energy.
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Figure 4. RMS (left) and RMS90 (right) deviations of the recovered energy of neutral 10 GeV hadrons
from its measured energy vs. the distance from charged 10 GeV (circles and continuous lines) and 30 GeV
(triangles and dashed lines) hadrons for beam data (black) and for Monte Carlo simulated data, for both
LHEP (red) and QGSP_BERT (green) physics lists.
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Figure 5. Probability of neutral 10 GeV hadrons energy recovering within 3 (left) and 2 (right) standard
deviations from its real energy vs. the distance from charged 10 GeV (circles and continuous lines) and
30 GeV (triangles and dashed lines) hadrons for beam data (black) and for Monte Carlo simulated data, for
both LHEP (red) and QGSP_BERT (green) physics lists.

This results in a smaller probability of neutral hadron energy recovery for small neutral hadron
energy (see right plot in figure 6).
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Fig. 6.12: Probability of separating hadron showers: The figure shows the degradation of neutral particle
resolution, expressed in terms of the probability to reconstruct the energy within 3 s of its calorimetric
resolution, as a function of transverse separation from a second shower induced by a charged hadron.

6.3.3.2 AHCAL Test Beam Results using Tungsten Absorbers
To test the energy resolution and timing performance of a tungsten-scintillator combination calorimeter,
and to validate the corresponding simulation model, a 30-layer (3.9 lI) AHCAL module was constructed
and exposed to beam at CERN in 2010. The scintillator tile and readout layers are the same as used by
CALICE for a number of earlier tests with steel absorber plates. Figure 6.13 shows the experimental
setup and an example of a pion candidate shower in the calorimeter stack.

High statistics event samples were recorded for electron, muon, pion, and proton beams with
energies from 1 to 10 GeV. Gain calibration was obtained from low intensity LED-pulser runs and the
results agree well with previous calibration from runs at Fermilab. MIP calibration was carried out using
a muon beam. Examples of calorimeter responses to muons and pions are shown in Figure 6.14.

Preliminary results indicate that the electromagnetic resolution is slightly worse than for steel,
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ILD optimisation

• Based on Pandora PFA 
• Extensive studies done for the LOI 
• AHCAL design parameters in plateau region 

• Cost optimisation postponed 
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than a very high magnetic field. From the perspective of designing
a real PFlow detector, this scaling law should be taken into account
in a cost-driven optimisation of the detector parameters.

9.5. ECAL and HCAL design

The dependence of PFlow performance on the transverse
segmentation of the ECAL was studied using modified versions of
the LDCPrime model. The jet energy resolution is determined for
different ECAL Silicon pixel sizes; 5! 5 mm2, 10! 10 mm2,
20! 20 mm2, and 30! 30 mm2. The two main clustering para-
meters in the PandoraPFA algorithm were re-optimised for each
ECAL granularity. The PFlow performance results are summarised
in Fig. 13a. For 45 GeV jets, the dependence is relatively weak
since the confusion term is not the dominant contribution to the
resolution. For higher energy jets, a significant degradation in
performance is observed with increasing pixel size. Within the
context of the current reconstruction, the ECAL transverse
segmentations have to be at least as fine as 10! 10 mm2 to
meet the ILC jet energy requirement of sE=Eo3:8% for the jet
energies relevant at

ffiffi
s
p
¼ 1 TeV, with 5! 5 mm2 being preferred.

A similar study was performed for the HCAL. The jet energy
resolution obtained from PandoraPFA was investigated for HCAL
scintillator tile sizes of 1! 1 cm2, 3! 3 cm2, 5! 5 cm2 and
10! 10 cm2. The PFlow performance results are summarised in
Fig. 13b. From this study, it is concluded that the ILC jet energy
resolution goals can be achieved an HCAL transverse segmenta-
tion of 5! 5 cm2. For higher energy jets going to 3! 3 cm2 leads
to a significant improvement in resolution. From this study there
appears to be no significant motivation for 1! 1 cm2 granularity
over 3! 3 cm2. The results quoted here are for an analogue
scintillator tile calorimeter. The conclusions for a digital, e.g. RPC-
based, HCAL might be different.

9.6. Summary

Based on the above studies, the general features of a detector
designed for high granularity PFlow calorimetry are:

# ECAL and HCAL should be inside the solenoid.
# The detector radius should be as large as possible, the

confusion term scales approximately with the ECAL inner
radius as R$1.

# To fully exploit the potential of PFlow calorimetry the ECAL
transverse segmentation should be at least as fine as
5! 5 mm2.
# For the HCAL longitudinal segmentation considered here, there

is little advantage in transverse segmentation finer than
3! 3 cm2.
# The argument for a very high magnetic field is relatively weak

as the confusion term scales as B$0:3.

These studies, based on the PandoraPFA algorithm, motivated the
design of the ILD detector concept for the ILC as is discussed in
more detail in Chapter 2 of [13].

10. Particle flow for multi-TeV colliders

In this section the potential of PFlow Calorimetry at a multi-
TeV eþ e$ collider, such as CLIC [37], is considered. Before the
results from the LHC are known it is difficult to fully define the jet
energy requirements for a CLIC detector. However, if CLIC is built,
it is likely that the construction will be phased with initial
operation at ILC-like energies followed by high energy operation
at

ffiffi
s
p
& 3 TeV. It has been shown in this paper that PFlow

calorimetry is extremely powerful for ILC energies. Given that
the confusion term increases with energy, it is not a priori clear
that PFlow calorimetry is suitable for higher energies. This
question needs to be considered in the context of the possible
physics measurements where jet energy resolution is likely to be
important at

ffiffi
s
p
& 3 TeV. For example, the reconstruction of the jet

energies in eþ e$-qq events is unlikely to be interest. Assuming
the main physics processes of interest consist of final states with
between six and eight fermions, the likely relevant jet energies
will be in the range 375–500 GeV. To study the potential of the
PFlow calorimetry for these jet energies the ILD concept, which is
optimised for ILC energies, was modified; the HCAL thickness was
increased from 6lI to 8lI and the magnetic field was increased
from 3.5 to 4.0 T. The jet energy resolution obtained for jets from
Z-uu;dd; ss decays at rest are listed in Table 7. For high energy
jets, the effect of the increased HCAL thickness (the dominant
effect) and increased magnetic field is significant. Despite the
increased particle densities, the jet energy resolution ðrms90Þ for
500 GeV jets obtained from PFlow is 3.5%. This is equivalent to
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Fig. 13. (a) The dependence of the jet energy resolution ðrms90Þ on the ECAL transverse segmentation (Silicon pixel size) in the LDCPrime model and (b) the dependence of
the jet energy resolution ðrms90Þ on the HCAL transverse segmentation (scintillator tile size) in the LDCPrime model. The resolutions are obtained from Z-uu ;dd; ss decays
at rest. The errors shown are statistical only.
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AHCAL implementation

• Short barrel (2x 2350 mm) 
– big endcap R = 3190 mm 

• 8-fold symmetry 
– 16 sub-modules 

• 6 λ deep, 48 layers x 2 mm 
– R = 2058-3410 mm 
– 8000m2 

• Cracks filled with steel 
• Embedded front end electronics 
• Accessible interfaces

25
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AHCAL end cap 

16 AHCAL end cap top tower 

14 AHCAL end cap bottom tower 

frontend electronic 

2 x 5mm side walls 
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Mechanical prototypes

• Horizontal and vertical test structures built 
– used cost-effective roller leveling - no machining 

• Tolerances verified: 1mm flatness over full area 
• To be used for integration studies, test beams 

– and earthquake stability tests
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started dynamic simulations  
of ILD structure
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SiPM response

• X = X(ΔV), ΔV(T) = Vbias - Vbreakdown(T)
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Calibration: look at full chain

• LOI validation: IDAG triggered study 
of required precision and luminosity 
for calibration 

• Using track segment finding 
established in test beam showers 

• Studied also impact of systematics 
due to calibration uncertainties on 
single particle and jet resolution  

• Very insensitive to single channel 
effects 

• For averages, statistics is not an issue 

• Test benches: “Precision” = 
measurement accuracy or device-to-
device non-uniformity
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Figure 1: Required luminosity for 1000 identified tracks in hadronic events per HBU at Z0

resonance running in the barrel AHCAL. One half of the AHCAL is shown, with the z coor-
dinate of the interaction point at the lower left corner; z is measured here in units of tiles (3
cm).

realistic running times. However, the method is well suited for the determination of average
corrections for a sub-section of the detector, e.g. a layer in a module.

With 1000 identified tracks, a calibration precision of about 3% to 4% can be reached, as
demonstrated in studies on CALICE data. A higher number of entries does not significantly
improve the precision, while with lower numbers of around 500 to 600 entries, about 6% are
achievable. Below 300 identified tracks, a reliable fit is not possible.

At the Z pole, 1 pb−1 is sufficient to provide at least 1000 identified tracks per layer module
(one layer in a stave, there are 32 such modules in a complete barrel calorimeter layer) out to
AHCAL layer 20, while 20 pb−1 are necessary to reach out to the last AHCAL layer, layer 48.
One layer module has about 3000 individual cells. Splitting the calibration into finer parts,
such as individual electronic modules (HBU, a unit of 144 cells) requires correspondingly larger
data samples. However, 20 pb−1 at the Z pole would be sufficient for a 3% HBU by HBU
calibration of the first 20 layers in the calorimeter.

For the last layers in the calorimeter, also Z0 → µ+µ− events contribute significantly to
the overall statistics. The branching ratio is only 5% of the branching ratio into quarks, but
the muons do not suffer significant attenuation in the calorimeter, so they also reach the last
layers. In fact, for the last layer they contribute about the same number of identified tracks
as the tracks in hadronic showers, reducing the required integrated luminosity to 10 pb−1.

Figure 1 shows the required luminosity for an HBU by HBU calibration based on hadronic
Z0 decays as a function of the position in the AHCAL barrel. It is clearly apparent that the
first layers can be quickly calibrated to high precision with this method, while for the outer
layers higher integrated luminosities are needed.

At 500 GeV, significantly larger integrated luminosities are necessary to achieve the same
precision due to the much lower cross section. Less than 2 fb−1 will allow for a 3% calibration
for each layer-module out to layer 20, so even at full energy running a monitoring of the
calibration on the layer-module level will be possible. Also here, muons contribute to the
calibration of the last layers in the detector.

4

Figure 3: Effect of AHCAL mis-calibrations on the di-jet energy resolution in Z0 decays to
light quarks at 500 GeV, for details see text.

last scenario also results in a shift of the reconstructed di-jet invariant mass, which would be
straightforward to correct.

In general, this study shows that the effect of the cell-by-cell calibration on the overall
detector performance is negligible. The required precision here is given by the needs of the
minimum-ionizing track calibration procedures. The layer module variations that can be
tolerated in terms of the overall energy resolution are much larger than the calibration accuracy
that can be achieved already with very moderate statistics. The highest precision is required
for overall correlated shifts of all detector cells, for example due to temperature or voltage
variations. These can be controlled both the MIP based monitoring procedures and with gain
monitoring of the photo-sensors using the LED calibration system.

We finally point out that the simulated mis-calibration effects include the implicit de-
adjustments of thresholds (set to 0.5 MIP) and the impact this has on the calorimeter’s
tracking efficiency for minimum ionizing particles. Therefore the observed changes in the jet
energy resolution do not only reflect shifts in the energy scale, but also the degradation of the
pattern recognition capabilities.

6 Achieved precision in the test beam

In the test beam, we usually apply a muon beam based MIP calibration to the hadron data,
which are taken only a few days or weeks later in exactly the same configuration. This required
already the development of temperature correction procedures.

In order to even more realistically mimic the calibration scheme for the final detector, we
present here a study where we transport the calibration obtained in one test beam site to data
taken at another. Between the running periods at CERN in 2007 and at Fermilab in 2008,

8
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Industrialisation: Numbers!

• The AHCAL 

• 60 sub-modules 

• 3000 layers 

• 10,000 slabs 

• 60,000 HBUs 

• 200’000 ASICs 

• 8,000,000 tiles and 

29

• One year 

• 46 weeks 

• 230 days 

• 2000 hours 

• 100,000 minutes 

• 7,000,000 seconds

Katja Krüger  |  AHCAL prototype overview   |  10 Sept 2013  |  Page 16/16

Conclusions and Outlook

preparations for a full engineering prototype:

> multi-layer DAQ: first version running, next steps:
 integration of LDA
 switch to HDMI readout

> work on quality assurance & infrastructure

> more hardware, especially tiles+SiPMs, 
in production

next testbeams at DESY:
> 1 week in October 2013
> 11 days in December 2013
> 2 weeks in January 2014

Katja Krüger  |  AHCAL prototype overview   |  10 Sept 2013  |  Page 3/16

going from 1 HBU to a detector prototype: 1D 

> single HBUs extensively tested and calibrated in lab
> cross check the calibration and the uniformity of all channels on one 

chip with MIPs in testbeam
> operation of a slab with 6 HBUs
> power pulsing with a full slab: started (more details in talk by S. Chen)

Mathias Reinecke  |  CALICE meeting  |  Sept. 10th, 2013  |  Page 5 

New 8 HBU2 boards 

> All 8 new HBU2s have been tested 
and work fine. 

> Problem: Significant spread of board 
dimensions within the 8 boards. 
Landmarks differ up to 0.4mm 
(0.1mm was specified). 

> Problems during PCB assembly and 
with the steel cassettes (individual 
cassettes needed). 

> From the discussion with PCB manufacturer: For the next order, there will be 
a pre-compensation process step for the inner pcb layers before the pressing 
operation. This will solve the problem as it did for the first 6 HBUs.   

Katja Krüger  |  AHCAL prototype overview   |  10 Sept 2013  |  Page 14/16

Going mass production: more tiles+SiPMs

> ITEP produced direct-readout tiles (+ Ketek 
SiPMs with 12100 pixels) for 2 HBUs, 
paperwork ongoing

> NIU: 1 HBU with top-view SiPMs being tested
> Uni HH produced direct-readout tiles for 

8 HBUs, Ketek SiPMs with 2300 pixels for 
8 HBUs delivered and being tested now
(more details in talk by K. Briggl)

> expect Hamamatsu MPPCs for 4 HBUs from 
Japan, ITEP agreed to produce direct-readout 
tiles 

> mass assembly: talk by P. Chau
> testing several different options now, but for

practical reasons will need to converge to
1 or 2 for larger prototypes (but this will not be 
an advance decision for ILD calo)

ITEP

Uni HH



Ongoing R&D Work – Heidelberg 

Front-end ASIC design
[optimized for low gain SiPMs]

Tile/SiPM characterization
Large scale tile testing

SiPM Simulation
[Program: Gossip]
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asKLauS ASIC [Version 2.0]

Large Tile Tester Prototype
[with Klaus readout]

Heidelberg

MC

Scintillator HCAL Felix Sefkow    SiD workshop, 13.1.2015

Quality control and production

• Can be done: our engineers are 
looking forward to it 

• There are interesting problems to 
solve 

• Some efforts started: 

• SiPM and tile QC and characterisation 
– with UV light and beta source 
– fully automatised, fast parallel 

readout 
• LED ad ASIC tests 
• HBU assembly 

– place tiles, solder SiPMs 
– close relation to tile design and SiPM 

coupling 
– impact on QC chain

30

CALICE Meeting   Annecy 09 / 2013 Konrad Briggl, Rene Hagdorn

Status of the LTT Prototype
● Movement and measurement fully automatized

● Synchronization between positioning and 

measurement working

● Electronic noise levels as expected

● Stable Alignment of Readout head to pins on tile palette

       → ready for first dark spectra measurements

To do:

– Validate stable electric connectivity

– Optical fibers to be reattached and optimized for 
uniformity

– System for reading QR codes of tiles.

– Scripts for parsing initial database informations 
(e.g. Tile ID from QR code)
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Flexible test beam roadmap

• 2013-14:  
– e.m. stack, 10-15 layers, ~2000 ch 

• 2015-16:  
– hadron stack w/ shower start 

finder 
– 20-30 ECAL and HCAL units, ~ 

4000 ch 

• 2017-18: 
– hadron prototype, 20-40 layers, 

10-20,000 ch 

• Gradual SiPM and tile technology 
down-select 

• Exercise mass production and QC 
procedures 

31

Katja Krüger  |  AHCAL short report    |  25 August  2014  |  Page 5 / 9

Testbeam at CERN PS: Configuration

> First 10(+1) layers: shower start finder
" 2 (+1) EBUs
" 1 NIU SM-HBU 
" 5 HBUs with 'old' ITEP tiles (with WLS)
" 2 HBUs with new ITEP tiles

> 4 large layers with 2*2 HBUs
" 8 HBUs with KETEK SiPMs (4 already 

operated already in Dec. 2013 in DESY 
beam)

" 8 HBUs with sensL SiPMs
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Scintillator HCAL Felix Sefkow    SiD workshop, 13.1.2015

Scintillator tile options

• Simplification, industrialisation 
• Blue-sensitive sensors: eliminated WLS fibre and reflector 

– Developed direct coupling - from side or from top 
• Megatiles interesting alternative for mass assembly 

– need to optimise design and production together

32
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Going mass production: more tiles+SiPMs

> ITEP produced direct-readout tiles (+ Ketek 
SiPMs with 12100 pixels) for 2 HBUs, 
paperwork ongoing

> NIU: 1 HBU with top-view SiPMs being tested
> Uni HH produced direct-readout tiles for 

8 HBUs, Ketek SiPMs with 2300 pixels for 
8 HBUs delivered and being tested now
(more details in talk by K. Briggl)

> expect Hamamatsu MPPCs for 4 HBUs from 
Japan, ITEP agreed to produce direct-readout 
tiles 

> mass assembly: talk by P. Chau
> testing several different options now, but for

practical reasons will need to converge to
1 or 2 for larger prototypes (but this will not be 
an advance decision for ILD calo)

ITEP

Uni HH
CPTA, KETEK or 

Hamamatsu 
sensors 

no WLS fibre
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Going mass production: more tiles+SiPMs

> ITEP produced direct-readout tiles (+ Ketek 
SiPMs with 12100 pixels) for 2 HBUs, 
paperwork ongoing

> NIU: 1 HBU with top-view SiPMs being tested
> Uni HH produced direct-readout tiles for 

8 HBUs, Ketek SiPMs with 2300 pixels for 
8 HBUs delivered and being tested now
(more details in talk by K. Briggl)

> expect Hamamatsu MPPCs for 4 HBUs from 
Japan, ITEP agreed to produce direct-readout 
tiles 

> mass assembly: talk by P. Chau
> testing several different options now, but for

practical reasons will need to converge to
1 or 2 for larger prototypes (but this will not be 
an advance decision for ILD calo)

ITEP

Uni HH

individually 
wrapped; 

KETEK sensors

Northern Illinois University 
Integrated Readout Layer 

- Uses HBU2 FE 
- Hamamatsu MPPC  mounted on small 
flex circuits 
- Scintillator “Megatile”    with  3  x  3  cm  cells  
optically isolated with white epoxy 
- Cells have a concave dimple improve the 
uniformity of the response and to direct 
light through hole in board onto MPPC 
- Easier to assemble, does not need WLS 
optical fiber 
 

Results by Kurt Francis 

First big  
commissioning 
steps accomplished. 
Great progress…!! 

Hamamatsu sensors, 
on PCB surface

Northern Illinois
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SiPM improvements

• Dynamic field, driven by medical 
applications (PET) 
– commercial use requires uniform 

devices, too, and moves to larger 
channel counts 

– SensL quotes 0.25V bias spread for 
several 100,000 devices 

• 1€ per piece not unrealistic 
– Hamamatsu, SensL 

• Improved performance in today’s 
prototypes 
– today’s sensors (Russian, German, 

Irish, Japanese) have 100x less noise 
than in physics prototype
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