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Outline
This Talk.

Design overview 
• particle-flow driven 

Construction and Quality Assurance 
• automation and scalability 

Commissioning 
• DESY and CERN test beams  

Software and Impressions from last week’s data taking 
• see Christian Graf’s talk 



Design Principles
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Particle Flow Paradigm
Tackle the jet energy challenge.

In e+e- physics every event counts - exclusive reconstruction possible 
• Heavy objects - multi-jet final states  
W / Z mass splitting dictates required jet energy resolution of 3-4% 
• Cannot be archived with classical calorimeters (e.g. ZEUS: 6%) 
Reconstruct each particle individually and use optimal detector 
• 60% charged, 20% photons, 10% neutral hadrons 
Requires fine 3D segmentation of and sophisticated software 
• ECAL few 10 mm2, HCAL 1-10 cm2 - millions of channels 
Today all linear collider detector concepts follow particle flow concept

EJET = EECAL + EHCAL EJET = ETRACK + Eγ + En 

n
π+

γ
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Technologies for Highly Granular Calorimeters
Because we can.

Large area silicon arrays 
•  silicon calorimetry grows out of the domain of small plug devices 

New segmented gas amplification structures (RPC, GEM, µMs) 
Silicon photomultipliers on scintillator tiles or strips

small, B-insensitive, cheap, robust

1mm2 SiPM

3x3cm2 tile

2004
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SiPM-on-Tile Evolution
A long way

separately using a wavelength-shifting (WLS) fiber
that is coupled to a photodetector. Further details
about MiniCal design, construction and quality
control can be found in [12].

The MiniCal is mounted inside an electrically
shielded light-tight box that can be positioned
horizontally to take beam data or vertically to
perform calibrations with cosmic muons. The box
is placed on a moving table allowing to aim the
beam at a particular transverse position in the
cassette.

2.1. Scintillator tile-fiber system

To optimize the light yield of the tile-fiber
system various studies of scintillators, tile shapes,
fiber configurations and couplings have been
carried out during the past two years [8]. Thus,
the group obtained tremendous expertise for the
assembly of a large number of tiles with very high
efficiency and low light yield spread.

For SiPM readout a plastic scintillator (BASF
130) produced by the Vladimir company (Russia)
has been chosen. The tile edges are chemically
treated to produce small reflecting bubbles on the
surface. This technique producing efficient diffuse
reflectors is thus suited for large quantity applica-
tions. A 1mm thick green WLS fiber is inserted in
a circular groove on the tile. The WLS fiber is a
double clad type (Y11, 300 ppm) from Kuraray.
The total length needed for one tile is about 13 cm.
The fiber ends are cut with a special zirconium-
dioxide blade that provides surface quality com-

parable to polishing. One end of the WLS fiber is
connected via a !100mm air gap to the SiPM
mounted on the tile. The open end of the WLS
fiber, and the tiles upper and lower surfaces are
covered with reflector foil (VN2000, superradiant
produced by the 3M company). The light
yield with such optimized tile-fiber systems is
!200 photons per minimum ionizing particle
(MIP), which is sufficient for SiPM readout. The
light yield non-uniformity over a tile, excluding the
tile edges, is about 4%. At the tile edges the light
yield loss is at most 20%. The optical cross talk
through the chemically treated edges of neighbor-
ing tiles is smaller than 2.5% [12].
The tile-fiber system for readout with multi-

anode vacuum phototubes is slightly different.
In this case BICRON BC408 scintillator
material is used, which yields a factor 1.5 times
more light than the BASF 130 scintillator. The
same type of WLS fiber is housed in a 7.5 cm
quarter-circle groove. An additional ! 50 cm of
WLS fiber is needed to connect the vacuum
phototube which is mounted on a window
on the MiniCal light tight box. The tiles are
entirely wrapped with reflector foil since the edges
in this case are not chemically treated. This system
also produces a light yield of ! 200 photons
per MIP.
The construction procedure has been tested on a

sample of over 130 pieces for the latter configura-
tion and a light yield spread of 7% is achieved. For
each tile the homogeneity is better than 4% for
more than 90% of the area.

ARTICLE IN PRESS

Fig. 1. (a) An open cassette housing 9 tiles with a WLS fiber placed in a circular groove read out by a SiPM. (b) Zoom on the SiPM
connection on tile. The SiPM mounted on a plastic support is inserted in the tile in front of the open end of a WLS fiber. The signal is
read out from the two rear pins via a coaxial cable.

V. Andreev et al. / Nuclear Instruments and Methods in Physics Research A 540 (2005) 368–380370
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Experience with a small (108ch) prototype (MINICAL)

Tile with SiPM

cassette

3x3 tiles

SiPM

Moscow Hamburg
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SiPM-on-Tile Evolution
A long way

2006: Physics Prototype
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The Next Step: Scalability
Technological prototypes.

• 1000’s of channels per m2  
• 1000’s of m2 
• must embed electronics and 

go digital as early as 
possible; power pulsing 

• Integrate SiPMs in read-out 
board, too

32 segments (16 in φ, 2 in z)

MPPCs on HBU 

(un)wrapped tiles

Mathias Reinecke  |  HGCAL technology meeting  |  March 1st, 2017  |  Page 2 

Outline 

> AHCAL PCB concept. 

> PCB production experiences. 

> First considerations for HGCAL 
PCBs.  

SP2E in BGA on HBU5 



CALICE High Granularity SiPM-on-Tile Prototype  |  Felix Sefkow  |  May 29, 2018 !7

The Next Step: Scalability
Technological prototypes.

• 1000’s of channels per m2  
• 1000’s of m2 
• must embed electronics and 

go digital as early as 
possible; power pulsing 

• Integrate SiPMs in read-out 
board, too

32 segments (16 in φ, 2 in z)

MPPCs on HBU 

(un)wrapped tiles

Mathias Reinecke  |  HGCAL technology meeting  |  March 1st, 2017  |  Page 2 

Outline 

> AHCAL PCB concept. 

> PCB production experiences. 

> First considerations for HGCAL 
PCBs.  

SP2E in BGA on HBU5 
SPIROC2E 
(OMEGA, F)

MPPCS13360-5PE 
(Hamamatsu, JP) 

polystyrene tiles 
(Uniplast, RU)  
with ESR film
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Goals of a New Prototype
LC and beyond

Technology: 
• establish the scalability of SiPM technology  
• high granularity at the scale of a collider detector 
• validate the automated construction and QA procedures 
• establish operation with 

• active temperature compensation 
• on-detector zero-suppression 
• power pulsing 

• re-establish calorimeter performance 
Physics: 
• study shower evolution in 5 dimensions  

• add timing capabilities (ns level)  to electronics 
• validate Geant4 in time domain 
• study use of timing for particle flow 
• use different absorber materials (Fe and W) 

planned prototype in 2018



Construction and  
Quality Assurance
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Automated Production and Quality Assurance
Establishing the concept.

In addition test infrastructures: 
• Multi-channel SiPM tests 
• Automated ASIC tests 
• PCB tests using LEDs 
• Coscmic tests after tile assembly

AHCAL: latest mass assembly activities

23.05.2017 AHCAL Overview, TIPP17 (yong.liu@uni-mainz.de) 10

• Surface-mount tile design
– Baseline design for the tech. prototype
– 6 new SMD-HBUs assembled in 2016

• New SiPMs with updated tile design
– 2017: ~170 new boards will be fully 

assembled and tested

• New generation of SiPMs
– Reduced DCR and low inter-pixel crosstalk 
– Noise free in AHCAL
– Improved uniformity (SiPM- and pixel-wise)

Camera system 
with flash light

Pick-and-place 
head

Tray for tiles 
to be placed

1.3%

Low crosstalk SiPM

Tile position

SMD-SiPM

LED

25.09.2017 | Johannes Gutenberg-Universität Mainz

New Pick and Place Machine at Uni Mainz

8

Custom made reels (56 mm)
• 420 tiles stored in a reel
• Feeder for the pick and place machine.
• Test for placing the tiles stored in the reels in 

progress.

injection-moulded tiles reflector wrapping machine tile-board assembly

read-out boards LED tests
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Tile Wrapping

!11

Custom-made machine

• University of Hamburg 

22

The Status of the Machine Now 

13.12.2017Stephan Martens3 CALICE AHCAL main meeting: Tile re⌥ector wrapping

Our Workspace – Occupied 10h a Day

start in October
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Pick & Place
Standard Machine

• University of 
Mainz

start in November
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Quality Assurance
at Each Step

Tiles:  
• spot checked for mechanical tolerances 
• some deviations affected automatic wrapping 

SiPMs:  
• spot checked for break-down voltage gain, 

noise, cross-talk 

• all samples passed, excellent uniformity 
ASICs: 
• semi-automated tests on dedicated board, 

yield ~ 80-90% 

HBUs (bare):  
• tested with integrated LED system before 

mounting tiles (see previous page) 
• 158 out of 160 boards OK 

HBUs with tiles:  
• Cosmics tests 

• Most boards: very good light yield uniformity

Testing setup - SMD SiPM

8.2.2017 4

SMD SiPM schematic view

SMD SiPM Setup with fibre fan-out (incomplete)

• System components:
• Laser head with 12 optical fibers
• Base plate

• Up to 144 SMD SiPMs
• SiPMs spaced with 3 cm x 3 cm 

(compatible to HBU)
• RO- 12 KLauS2 chips
• Multiplexing of Klaus2 output signals 

to 12 channels ADC
• Advantages:

• Measure 24 SiPMs in ~4 min
• Can be use for SMD SiPM QA and also 

directly on the equipped/semi-equipped 
HBU (if needed)

• Disadvantage
• Need to take SiPMs out of the sealed tape

(problematic if needed to QA all SiPMs)

Result- Gain

3.7.2017 AHCAL	meeting 8

• All	result	are	way	above	the	requirement	
• ~~6-7x105
• Will	be	calibrated	soon

σG=2.6%

Gain Measurements with Auto Trigger

Figure on the left shows the measurement of the Gain by injecting di�erent
charges for di�erent preamplifier capacitor: Qin[pC ] : 1, 2, 3, 4, 5, 6, 7, 8, 9, 10.
We fit the dynamic range with a linear fit between 0pC and 7pC .
Figure on the right is the slopes of the dynamic range for HG and LG for all
the memory cells.

∆ No Gain Variation between the 16 memory cells

Amine Elkhalii (Wupp. Uni. ) AHCAL meeting June 27, 2017 4 / 8

U Heidelberg

U Wuppertal
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Active Layers: Cosmics and Beam
Cosmics and Beam Tests

Layer integration: 
• one set of interface modules serves up to 18 HBUs 

• DIF: DAQ interface, data concentration,  
• CALIB: LED control 
• POWER regulators, distribution, cycling capacitances 

Commissioning with cosmic muons: 
• strip hodoscope for central area 
• light yield and DAQ stability 
Commissioning with DESY electron test beam: 
• 5 layers at a time in “air stack" 
• automatic scan for all channels 

• movable stage controlled by DAQ 
• initial MIP calibration 

• active temperature compensation ensures portability 
8 dead channels out of 21’888 total

January - March
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Stack integration 
and Cosmic Test

Stack services dimensioned for full collider 
detector module 
• Data concentration 

• output via single ethernet line 
• Power distribution 

• 3 voltages per layer  
• Cooling 

• pipe cross-sections suitable for “leak-
less” operation 

Commissioning with cosmics  
• benefit from self-triggering capabilities 
• test the full software chain April
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Ready for Test Beam



!17

May



!17

May

CALICE waiting for beam
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Conclusions
and Outlook

CALICE SiPM-on-tile HCAL prototype with 22’000 channels built and 
successfully commissioned 

Design and procedures for construction and QA are scalable to a full 
collider detector 

Beam test at CERN SPS just finished, more in June 
• include layer with large (6x6cm2) tiles  

Combined test with CMS High Granularity silicon prototype this fall 
• representing SiPM-on-Tile section of endcap hadron calorimeter  
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/20

Naoki Tsuji, The University of TokyoCurrent status of HBUs with 60mm tiles

 12

Completed HBU with 60mm tiles
Front view Back view

Edge Side

HBU with 6x6cm2 tiles, U Tokyo



Back-up
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Detector Requirements for LC and LHC
Accelerator environment.

Compared to LHC, LC radiation tolerance and bandwidth 
requirements are benign  
Precision requirements are more demanding for LC: 
• 2x for jet energies, 10x for track momenta, 5-10x for material budgets, 

2x for strip and pixel dimensions  
At LC, bunch train structure allows power cycled operation (~1%) 
• simplifies powering and cooling: thinner trackers, denser calorimeters 
Backgrounds from beamstrahlung and hadronic 2-photon 
interactions 
• more relevant for CLIC, higher E and smaller beam spot (5x1nm2) 
• somewhat higher emphasis on fine granularity and precise timing 
Shifted focus and unwanted long time span led to development of 
new detector concepts up to TDR readiness level 
• Imaging calorimeters  
• Other examples: MAPS / ALICE ITS, ….



CALICE High Granularity SiPM-on-Tile Prototype  |  Felix Sefkow  |  May 29, 2018 !21

High Granularity and Pile-up
Particle flow with harsher backgrounds.

Studied intensively for CLIC: backgrounds from γγ → hadrons and short BX 0.5 ns 
• Overlay γγ events from 60 BX, take sub-detector specific integration times, multi-hit capability and time-

stamping accuracy into account 
• Apply combination of topological, pt and timing cuts on cluster level (sub-ns accuracy) 
High granularity essential for pile-up rejection capabilities

Z @ 1 TeV + 1.4 TeV BG (reconstructed particles)
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Figure 7: Energy (left) and mass (right) distributions of reconstructed W at an energy of 500 GeV. Separate distribu-
tions are shown for events without background and for events with 60 BX of background before and after application
of Tight PFO selection cuts.

bias the reconstructed jet axis towards the beam axis.
Consequently, the reconstructed di-jet mass distribution
is badly distorted. With the PFO selection, a narrow
W mass peak is recovered. It is found that the differ-
ences between the three PFO selection cuts are small
and henceforth only the Tight cuts are considered.

The energy and mass resolutions were studied by cal-
culating the RMS90 and mean90 for the distributions of
jet energy and jet mass. With the overlay of 60 BX
of background, the energy and mass distributions were
distorted and the tails became more prominent. The
RMS90 method to calculate the resolution is robust
against these changes,whilst considering all features of
the distribution, not just the main part of the peak. The
resolutions given in this section are therefore purely a
measure of peak quality, but cannot be used directly to
assess the power to distinguish between W and Z parti-
cles. This is addressed in Section 7.2.

Figure 8 shows the energy and mass resolution of the
reconstructed W as a function of the W energy. Separate
distributions are shown for the samples without back-
ground, for the samples with 60 BX of background and
for the samples with 2⇥60 BX of background. With-
out background, the resolutions are comparable to those
obtained in the study described in Section 6, without
jet reconstruction. In the presence of background, the
degradation of the energy resolution at lower energies

is significant. With increasing W energy, the impact of
the background on the energy resolution becomes rather
small. As the mass resolution is more sensitive to the jet
quality, the background still leads to appreciable degra-
dation of the mass resolution, even at higher energies.
The additional degradation upon moving from 60 BX to
2⇥60 BX of background is rather small.

7.2. W and Z Separation

A key requirement for the physics programme at
CLIC is the ability to separate hadronic W and Z
decays. For this purpose, the di-jet mass distribu-
tions obtained from the simulated W decays were com-
pared to those obtained from Z decays using simulated
e+e� ! ZZ ! ⌫⌫qq events. As for the W datasets, fully
simulated and reconstructed events were available with
Z energies of 125, 250, 500 and 1000 GeV. Samples
were produced without background and with 60 BX
and 2⇥60 BX of overlaid ��! hadrons background.
The same reconstruction and selection procedure was
used and the reconstruction performance was found to
be very similar to that obtained for the Ws. Figure 9
shows the reconstructed mass peaks for W and Z par-
ticles with an energy of 500 GeV. Without background,
there is clear separation between the peaks. With 60 BX
of background, the separation is somewhat degraded.

10

EW = 500 GeV
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Figure 7: Energy (left) and mass (right) distributions of reconstructed W at an energy of 500 GeV. Separate distribu-
tions are shown for events without background and for events with 60 BX of background before and after application
of Tight PFO selection cuts.

bias the reconstructed jet axis towards the beam axis.
Consequently, the reconstructed di-jet mass distribution
is badly distorted. With the PFO selection, a narrow
W mass peak is recovered. It is found that the differ-
ences between the three PFO selection cuts are small
and henceforth only the Tight cuts are considered.

The energy and mass resolutions were studied by cal-
culating the RMS90 and mean90 for the distributions of
jet energy and jet mass. With the overlay of 60 BX
of background, the energy and mass distributions were
distorted and the tails became more prominent. The
RMS90 method to calculate the resolution is robust
against these changes,whilst considering all features of
the distribution, not just the main part of the peak. The
resolutions given in this section are therefore purely a
measure of peak quality, but cannot be used directly to
assess the power to distinguish between W and Z parti-
cles. This is addressed in Section 7.2.

Figure 8 shows the energy and mass resolution of the
reconstructed W as a function of the W energy. Separate
distributions are shown for the samples without back-
ground, for the samples with 60 BX of background and
for the samples with 2⇥60 BX of background. With-
out background, the resolutions are comparable to those
obtained in the study described in Section 6, without
jet reconstruction. In the presence of background, the
degradation of the energy resolution at lower energies

is significant. With increasing W energy, the impact of
the background on the energy resolution becomes rather
small. As the mass resolution is more sensitive to the jet
quality, the background still leads to appreciable degra-
dation of the mass resolution, even at higher energies.
The additional degradation upon moving from 60 BX to
2⇥60 BX of background is rather small.

7.2. W and Z Separation

A key requirement for the physics programme at
CLIC is the ability to separate hadronic W and Z
decays. For this purpose, the di-jet mass distribu-
tions obtained from the simulated W decays were com-
pared to those obtained from Z decays using simulated
e+e� ! ZZ ! ⌫⌫qq events. As for the W datasets, fully
simulated and reconstructed events were available with
Z energies of 125, 250, 500 and 1000 GeV. Samples
were produced without background and with 60 BX
and 2⇥60 BX of overlaid ��! hadrons background.
The same reconstruction and selection procedure was
used and the reconstruction performance was found to
be very similar to that obtained for the Ws. Figure 9
shows the reconstructed mass peaks for W and Z par-
ticles with an energy of 500 GeV. Without background,
there is clear separation between the peaks. With 60 BX
of background, the separation is somewhat degraded.

10

EW = 500 GeV
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CALICE Test Beam Experiments
Large prototypes, complex systems.

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

section.134

1provided by KURARAY Co., Ltd.
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The SDHCAL prototype Test beam and data taking Particle identification Energy Reconstruction Summary

SDHCAL Description

Sampling calorimeter
Size : 51 stainless steel plates + 50 active
layers æ 1 ◊ 1 ◊ 1.3m3

Active layer :
- Gaseous detector : GRPC (Glass Resistive

Plate Chamber) of 1m2

- Gas mixture : 93%TFE ; 5%CO2; 2%SF6

- HV : ≥ 6.9kV in avalanche mode

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

channels for the whole prototype

- Semi-digital readout : 3 thresholds on the

induced charge to have a better idea on

the deposited energy

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

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

SiW ECAL Scint AHCAL, Fe & WScintW ECAL

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

- ECAL, AHCAL with 
integrated electronics

- Micromegas and GEMs
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Proof-of-Principle
Validation of performances, simulations and algorithms.

• 38 layers, 7608 channels - first large-scale application of SiPMs 
• 6 years of data taking at DESY, CERN, Fermilab 

• 12 journal papers (from SiPM-on-tile phototype alone) 
• resolution for electrons and hadrons, shower shapes and shower 

separation, different particle types and absorber materials,… 
• All CALICE results  

• https://twiki.cern.ch/twiki/bin/view/CALICE/CalicePapers
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Figure 4. Energy resolution versus beam energy without compensation and after local and global software
compensation. The curves show fits using Equation 2.2, with the black solid line showing the fit to the
uncorrected resolution, the red dotted line to the global software compensation and the blue dashed line to
the local software compensation. The stochastic term is (57.6± 0.4)%, (45.8± 0.3)% and (44.3± 0.3)%,
with constant terms of (1.6± 0.3)%, (1.6± 0.2)% and (1.8± 0.3)% for the uncorrected resolution, global
software compensation and local software compensation, respectively.

signal by a single energy-independent factor accounting for the non-measured energy depositions
in the passive absorber material.

The calorimeter response to hadron-induced showers is more complicated [14], since these
showers have contributions from two different components: an electromagnetic component, origi-
nating primarily from the production of p0s and hs and their subsequent decay into photon pairs;
and a purely hadronic component. The latter includes “invisible” components from the energy
loss due to the break-up of absorber nuclei, from low-energy particles absorbed in passive material
and from undetected neutrons, depending on the active material. This typically leads to a reduced
response of the calorimeter to energy in the hadronic component, and thus overall to a smaller
calorimeter response to hadrons compared to electromagnetic particles of the same energy. Since
the production of p0s and hs are statistical processes, the relative size of the two shower compo-
nents fluctuates from shower to shower, which, combined with the differences in visible signal for
electromagnetic and purely hadronic energy deposits, leads to a deterioration of the energy resolu-
tion. In addition, the average fraction of energy in the electromagnetic component depends on the
number of subsequent inelastic hadronic interactions and thus on the initial particle energy. The
electromagnetic fraction of hadronic showers increases with increasing particle energy [15], often
resulting in a non-linear response for non-compensating calorimeters.

– 8 –

σ/E = 45.1%/√E ⊕1.7% ⊕ 0.18/E

software compensation 
now implemented in Particle Flow

Eur. Phys. J. C77 (2017) 698 

Rev.Mod.Phys. 88 (2016) 015003 

https://twiki.cern.ch/twiki/bin/view/CALICE/CalicePapers

