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Track Segments in Hadronic Showers: Calibration
Possibilities for a Highly Granular HCAL

Frank Simon1,2 for the CALICE Collaboration

1- Max-Planck-Institut für Physik, Föhringer Ring 6, 80805 München, Germany

2- Excellence Cluster ’Universe’, Boltzmannstrasse 2, 85748 Garching, Germany

The CALICE collaboration has constructed a highly granular hadronic calorimeter
based on small scintillator tiles read out with silicon photomultipliers. With this de-
tector, data was taken at CERN and at Fermilab. The high granularity of the detector
allows the identification of minimum-ionizing track segments within hadronic showers,
demonstrating the imaging capabilities of particle flow calorimeters. These tracks can
be used for the cell-by-cell calibration of such a calorimeter. The possibility to calibrate
a complete ILC calorimeter with such track segments in the absence of muons is also
investigated.

1 Introduction: The CALICE Calorimeters

The goal of the CALICE experimental program is to establish novel technologies for calorime-
try in future collider experiments and to record electromagnetic and hadronic shower data
with unprecedented three dimensional spatial resolution for the validation of simulation
codes and for the test and development of reconstruction algorithms. Such highly gran-
ular calorimeters are necessary to achieve an unprecedented jet energy resolution at the
International Linear Collider [2] using particle flow algorithms [3].

The CALICE test beam setup [4] consists of three separate sampling calorimeters: a
silicon-tungsten electromagnetic calorimeter (ECAL), an analog scintillator-steel hadron
calorimeter (AHCAL) and a tail catcher/muon tracker (TCMT). The scintillator cells in
the latter two detectors are individually read out by silicon photomultipliers (SiPMs) [5].
This setup has been tested extensively in electron, muon and hadron beams at CERN and
at Fermilab. Figure 1 shows the schematic setup of the CALICE detectors in the CERN H6
test beam area, where data was taken in 2006 and 2007.

The AHCAL consists of 38 layers, each with a 1.6 cm thick steel absorber plate and a
scintillator layer build out of individual tiles housed in steel cassettes with a wall thickness
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Figure 1: Schematic of the CALICE experimental setup at CERN, with electromagnetic
and hadronic calorimetry as well as a tail catcher and muon tracker downstream of the
calorimeters.
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The Scintillator HCAL Prototype

1 m
3 calorimeter:

Purpose:
test shower simulation and validate
particle flow algorithm (talk by E.
Garutti on Thursday)

establish the SiPM technology on large
scale

7608 channels, each read out by a SiPM

38 layers in sandwich structure:
scintillator tiles + 2 cm steel as absorber
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56 Chapter 5. The analogue hadronic calorimeter prototype

(a) (b)

Figure 5.1: (a) AHCAL module fine granularity for the first 30 layers. (b) AHCAL module
coarse granularity for the last 8 layers.

• 2 mm steel housing - rear plate,

• 115 µm 3M reflector foil,

• 5 mm scintillator tile,

• 115 µm 3M reflector foil,

• 1 mm FR4 plastic board,

• 1 mm cable fibre air mixture (PVC, fibre),

• 2 mm steel housing - front plate.

To this structure 16 mm of steel S235 is added to complete a sampling layer. About 1 mm
of air gap is left between the steel cassette and the main absorber on both sides. Since the
cassette housing has a total thickness of 4 mm, the total absorber thickness per layer adds up
to 2 cm of steel. S235 is a standard steel product and is a composition of iron, nickel, chrome,
carbon, manganese, phosphor and sulphur. The FR4 plastic board and the 3M reflector foil
glued on it have for every tile two drilled holes. One hole is needed to solder the SiPM contact
pins to the cable which provides the voltage and the readout line. The other hole is needed
to inject UV-light distributed by clear fibres from a LED. The SiPM pins are soldered to
copper strips on a specially designed printed circuit. The other end of the flexible strips are
connected via coaxial cables to the very front-end base boards, also referred to as HCAL Base
Boards (HBAB)1. Two base boards are needed to read out all 216 tiles of a module. Each base
board houses six HCAL Analog Boards (HAB), which hosts each one ILC-SiPM chip. The
ILC-SiPM chip has been produced by the LAL 2 Orsay group [80] and is described in detail in
section 5.3.4. It houses 18 individual channels, each containing a variable-gain charge-sensitive
amplifier, a variable shaper, track and hold stage and a multiplexing unit. In addition it has
an 8-bit DAC, which gives the possibility to perform single channel voltage adjustment in the
range between 0 and 5 V. On the other edge of the cassette a calibration and monitoring board
(CMB) is mounted, which holds and flashes the LED and is described shortly in section 5.3.1.

1in the following addressed as base board
2Laboratoire de l’Acceĺerateur Linéare

• Isolated tile: if it has no ‘neighbor’.

• Track like cluster: 

! consists of isolated hits; 

! The hits need to be in consecutive layers

! The two hits in consecutive layers need to be in tiles with 
the same I and J coordinates or the neighboring these.

! Allow that a layer inside a track may be ‘blank’.

The definition of isolation tiles and  track like cluster 
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Isolated tile: if it has no ‘neighbor’.
Track like cluster:

consists of isolated hits.
The hits need to be in consecutive layers
The two hits in consecutive layers need to be in tiles with the same 
I and J coordinates or the neighboring these.
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Tracking in Hadronic Showers in Test Beam Data

Tracking in Hadronic Showers from test beam data. 

Tracking only in HCAL for current study (ECAL upstream not used).

6

Frank Simon: ILD HCAL Calibration with Track Segments in Hadron Showers 20.02.2009

Tracking in Hadronic Showers works in HCAL!

• Find tracks from isolated hits (tiles that don’t have energy deposits in their 

next neighbors on the same layer)

5

Beam
25 GeV !-

ECAL upstream

identified tracks
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Tracking in Hadronic Showers in Test Beam Data

Track finding applied to Muon runs and Hadron runs:

clean spectrum of energy deposit in both cases

Most probable value extracted with a Landau+Gauss fit

typically around 2 tracks per incoming hadron (energy dependent)

After 4.5 λ still more than 0.1 cells per incoming hadron crossed by tracks
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Cells on Tracks: Amplitudes (Muons & Hadrons)

• Track finding applied to Muon runs and Hadron runs:

• clean spectrum of energy deposit in both cases

• Most probable value extracted with a Landau+Gauss fit

6
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Tracks as Tools: Temperature Study

Use hadron runs taken at different 
ambient and detector temperatures 
to investigate the temperature 
dependence of the SiPM response
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Average change: -3.6%/K

Consistent with observations made 
with muons, more temperature points 
available in hadron analysis
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Full Detector Calibration: Motivation

The classical way: Use cosmic muons: they come for free, are 
everywhere, ... But:

low rate, in particular in underground locations

combined with the extreme channel count in the HCAL, this is a 
serious problem

very hard to get statistics on the detector sides

power pulsing of electronics: duty cycle only ~0.5%
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➫ Alternative calibration methods needed! For example using of hadronic 
showers.
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➫ Alternative calibration methods needed! For example using of hadronic 
showers.

➫  Monitoring of coherent effects in the detector over time (for example 
potential aging of the scintillator, ...)
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Simulation for the Full ILD Barrel and Endcap HCAL
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THE ILD SUB-DETECTOR SYSTEMS

FIGURE 4.4-15. Layout 1 of the HCAL (left), and view of the integrated ECAL and HCAL beam test
setup (right).

Presently the boundaries between modules are pointing in ϕ and in z. Variants with
non-pointing boundaries have been validated in finite element calculations as well, but are
disfavoured to ease the mechanical construction. The pointing geometry does not degrade
the performance as long as the cracks are filled with absorber material, and if the active
instrumentation extends up to the boundary within tolerances, which is the case in the
present scintillator layer design.

4.4.4.1.3 Design 2 This design intends to reduce cracks both in ϕ and θ and to reduce
the distance between the barrel and the endcaps. The barrel part is made of 5 independent
and self supporting wheels along the beam axis which eliminates the θ=90 degree crack. The

FIGURE 4.4-16. Design 2 layout of the HCAL (left) and layout of one module (right).

segmentation of each wheel in 8 identical modules is directly linked with the segmentation
of the ECAL barrel. A module is made of 48 stainless steel absorber plates (welded with 2
transverse 10mm stainless steel plates) with independent readout cassettes inserted between
the plates. They define the rigid structure on to which the corresponding ECAL modules are
mounted. A drawing of the structure is shown in figure 4.4-16(right). The absorber plates
consist of a total of 20 mm stainless steel: 16 mm absorber from the welded structure and
4 mm from the mechanical support of the detector layer.

78 ILD - Letter of Intent

detector model: ILD_00
barrel HCAL has total ~4M channels
endcap HCAL has total ~4M channels
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The ILD Barrel HCAL
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Figure 3: x − y view of the HCAL barrel. The angle of symmetry is π/8.
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Figure 4: The HCAL barrel is formed of two modules
along the z-direction.
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Figure 5: The HCAL barrel is formed of the bottom
and top barrel (x − y view).

The z-offset is also used when calculating the j-coordinate of an HCAL cell (see Subsection 3.3.2).

An HCAL barrel stave is formed of two trapezoids (G4Trd): bottom and top barrel, as shown in Figure 5.

The HCAL is a sampling calorimeter. The basic sampling structure (see Figure 6) consists of 20 mm
(Hcal radiator thickness) thick absorber plates, interleaved with 6.5 mm (Hcal chamber thickness) deep
gaps into which the scintillator plates are inserted. In addition, a gap of 1.5 mm (Hcal fiber gap) is left
free for cables.

The scintillator thickness is given by:

scintillator thickness = Hcal chamber thickness− Hcal fiber gaps. (3)

Note: The basic sampling structure is the same for barrel, endcaps and endcap rings (just the number of
layers differs).

3.1 General Calculated Parameters

From the input parameters which are given in the Mokka steering file (see Table 1), other parameters can
be calculated.

The radius of an HCAL module is:

Hcal module radius = Hcal inner radius + Hcal total dim y ; (4)

4

5236 cells on layer 18, with16 
modules (2 rings a 8 modules): 
~90k cells

To get 1000 tracks per cell on 
average: ~90M tracks

Frank Simon: ILD HCAL Calibration with Track Segments in Hadron Showers 20.02.2009

So: How much is needed?

• For a good calibration (e.g. very well defined MIP peak): ~ 1000 Entries per cell

11

Rough ballpark estimate:

The ILD HCAL module:
average x dimension 
~ 2094 mm, corresponds to 
70 cells of 30 x 30 mm2

Length in z: 2350 mm, 
corresponds to 78 cells

2518 mm

1670 mm

! On average 5460 cells per layer, 

with 16 modules (2 rings a 8 modules): ~ 90k cells / layer

! To get 1000 tracks per cell on average: 90 M tracks per layer

4312 cells

6006 cells

3388 cells
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One Event for the Barrel HCAL from the Mokka Data

one event for the Barrel HCAL in the Monte Carlo data out of Mokka with 
ILD_00. (The yellow shows the boundary of the inner radius of Barrel 
HCAL)

12

e+e− → Z0 → qq̄ @ 91GeV
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One Event for the Barrel HCAL from the Mokka Data

one event for the Barrel HCAL in the Monte Carlo data out of Mokka with 
ILD_00. (The yellow shows the boundary of the inner radius of Barrel 
HCAL)
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e+e− → Z0 → qq̄ @ 91GeV
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Prospects for Calibration with Full Energy Data
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>1 track / Layer out to 18 layer 
(counting from 0)

Average over all events, no 
requirement that the jets 
actually go into barrel HCAL

High statistics in the first few 
layers, then a fast drop to late 
layers: Made worse by the 
presence of the strong 
magnetic field.

Barrel HCAL only

e+e− → Z0 → qq̄ @ 500GeV

Frank Simon: ILD HCAL Calibration with Track Segments in Hadron Showers 20.02.2009

How much do we get?

• Study at full energy: 500 GeV

12

• Average over all events, no requirement that jets actually go into the Barrel

• High statistics in the first few layers, then a fast drop to later layers: Made 

worse by the presence of the strong magnetic field 

> 1 Track / layer out to 
layer 18 (counting from 0)

e+e− → qq̄@500GeV
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Full Energy: Rough Luminosity Estimate
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σ(e+e− → qq̄) @ 500GeV ∼ 3000 fb

Frank Simon: ILD HCAL Calibration with Track Segments in Hadron Showers 20.02.2009

What Integrated Luminosity is needed?

• To get high statistics (e.g. ~1000+ tracks per cell) to layer 18, 90 M events are 

needed

13

90 M events ! 30 ab-1

at L = 2 x 1034 cm-2s-1:  ~1.7 fb-1/day

... no need to say more... but anyway:

! 50 years of continuous operation at peak 
luminosity...

Reference:
G. Weiglein et al. Physics Reports 426, 47 (2006)

cross section is 3000 fb

at Luminosity                                :

~                        

5000 identified tracks per day in 
layer 18, only ~ 0.06 tracks per cell!
➫ no hope of getting 1000 hits per 
cell at full energy

The good news: Grouping of cells 
possible for most (if not all) studies!

2× 1034cm−2s−1

1.7fb−1/day
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A look at the      Resonance
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σ(e+e− → qq̄) @ 500GeV ∼ 3000 fb

Frank Simon: ILD HCAL Calibration with Track Segments in Hadron Showers 20.02.2009

What Integrated Luminosity is needed?

• To get high statistics (e.g. ~1000+ tracks per cell) to layer 18, 90 M events are 

needed

13

90 M events ! 30 ab-1

at L = 2 x 1034 cm-2s-1:  ~1.7 fb-1/day

... no need to say more... but anyway:

! 50 years of continuous operation at peak 
luminosity...

Reference:
G. Weiglein et al. Physics Reports 426, 47 (2006)

Z0

                                              

cross section is 30 nb, about 104 times 
higher than at 500 GeV

Luminosity for 91GeV is lower than 
500GeV:

                                                 
(This luminosity is for GigaZ option)

10 Million events per day!

4× 1033cm−2s−1 ∼ 0.33fb−1/day

σ(e+e− → Z0 → qq̄)@91GeV
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Study the Calibration for Barrel and Endcap HCAL
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Rough Estimate for the Barrel HCAL
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For a good cell-by-cell calibration:1000 entries per cell

combining several cells will significantly reduce luminosity needs, 
does not compromise the calibration studies

Natural unit: One electronics board (HBU) with 144 scintillator tiles

already get somewhere with a few 10 pb-1!
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Rough Estimate for the Endcap HCAL
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For a good calibration:1000 entries 
per cell

combining several cells will 
significantly reduce luminosity needs 
does not compromise the calibration 
studies: same as for the Barrel: group 
~150 cells together

Only HCAL is used for tracking

The time estimates are based on a 
very optimistic luminosity
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Summary

Track segments in hadronic showers can be found both in real CALICE test beam 
data and in ILD Monte Carlo data.

the tracks are of high quality, can be used for calibration.

the ILD MC study suggest that several 10M events are needed to get sufficient 
statistics in most cells of the HCAL to provide a precise cell-by-cell intercalibration; 
only possible at the Z resonance 

Grouping several cells together, for example one HBU with 144 cells, reduces 
luminosity requirements, w/o compromising the power of this method: get 
somewhere with a few 10 pb -1

Would require good intercalibration of the cells within one HBU before 
installation, and stability of this over time

Data / MC comparisons for CALICE data ongoing, first studies indicate reasonable 
agreement: This will be a powerful test of the hadronic shower models 
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