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Outline

• Introduction: effects of granularity 

• Reconstruction schemes for single 
particles and software compensation 

• Energy resolution and granularity 

• AHCAL optimisation 

• Studies done at DESY, in co-operation  
with Argonne, Cambridge and CERN 
• see also talks by S.Green and H.L.Tran



MC

Granularity and Energy Resolution Felix Sefkow     DESY, February 25, 2016 

Energy and Granularity

• A central theme in jet calorimetry since the times of H1 and ZEUS

3

“Energy resolution 
is everything!”

“Granularity
is everything!”

Digital Hadron Calorimeter (DHCAL)!

2*

Concept(of(the(DHCAL(
*
• *Imaging*hadron*calorimeter*
op)mized*for*use*with*PFA***

• *1Cbit*(digital)*readout*

• *1*x*1*cm2*pads*read*out*individually*
(embedded*into*calorimeter!) **

• *Resis)ve*Plate*Chambers*(RPCs)*as*
ac)ve*elements,*between*steel/
tungsten*

  Each*layer**with*an*area*of*~*1*x*1**m2*is*read*
out*by*96*x*96*pads.*

  The*DHCAL*prototype*has*up*to*54*layers*
including*the*tail*catcher*(TCMT)*~*0.5M*
readout*channels*(world*record*in*calorimetry!)*

*
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Particle flow performance

• Separating the energy depositions of 
individual particles requires high 
granularity  

• Calorimeter resolution still does matter 
– dominates for jets up to ~ 100 GeV 
– contributes to resolve confusion

ARTICLE IN PRESS

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

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

rms90
E

¼
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where E is the jet energy in GeV. The four terms in the expression,
respectively, represent: the intrinsic calorimetric resolution;
imperfect tracking; leakage and confusion. This functional form
is shown in Fig. 10. It is worth noting that the predicted jet energy
resolutions for 375 and 500GeV jets are in good agreement with
those found for MC events (see Table 3); these data were not used
in the determination of the parameterisation of the jet energy
resolution.

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

ffiffi
s

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

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

resolution ðrms90Þ obtained from a simple sum of the total

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

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
EðGeVÞ

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

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

8. Dependence on hadron shower modelling

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

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

Contribution Jet Energy Resolution rms90ðEjÞ=Ej

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

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

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

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
EðGeVÞ

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

using a traditional calorimetric approach.

M.A. Thomson / Nuclear Instruments and Methods in Physics Research A 611 (2009) 25–4034

4

M.Thomson, Nucl.Instrum.Meth. A611 (2009) 25-40

Types of confusion: 
i) Photons ii) Neutral Hadrons iii) Fragments

Failure to resolve photon
Failure to resolve  
neutral hadron

Reconstruct fragment as 
separate neutral hadron

Pattern recognition 
based on topology and energy
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Calorimeter cost

• Costing is at a very early stage 
• Yet, many lessons learnt from 2nd 

generation prototypes 
• Example ILD scint HCAL: 45M 

– 10M fix, rest ~ volume 
– 10M absorber, rest ~ area (nLayer) 
– 16M PCB, scint, rest ~ channels 
– 10 M SiPMs and ASICs 

• HCAL cost is rather driven by 
instrumented area then by cell 
size 

• ECAL cost driver: silicon area 
• Still, high granularity drives the 

design and needs to be justified

6

ILD

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 
of 392

Chapter 12. SiD Costs

Table II-12.2
Summary of Costs per
Subsystem.

M&S M&S
Base Contingency Engineering Technical Admin

(M US-$) (M US-$) (MY) (MY) (MY)

Beamline Systems 3.7 1.4 4.0 10.0
VXD 2.8 2.0 8.0 13.2
Tracker 18.5 7.0 24.0 53.2
ECAL 104.8 47.1 13.0 288.0
HCAL 51.2 23.6 13.0 28.1
Muon System 8.3 3.0 5.0 22.1
Electronics 4.9 1.6 44.1 41.7
Magnet 115.7 39.7 28.3 11.8
Installation 4.1 1.1 4.5 46.0
Management 0.9 0.2 42.0 18.0 30.0

314.9 126.7 186.0 532.1 30.0

Structure using the SLAC program WBS. WBS facilitates the description of the costs as a hierarchical
breakdown with increasing levels of detail. Separate tables describe cost estimates for purchased
M&S and labour. These tables include contingencies for each item, and these contingencies are
propagated by WBS. The M&S costs are estimated in 2008 US-$ except for those items described in
Table II-12.1.

Labour is estimated in man-hours or man-years as convenient. The WBS had about 50 labour
types, but they are condensed to engineering, technical, and clerical for this estimate. The statement
of base M&S and labour in man-years by the three categories results in a cost which we believe is
comparable to that used by the ILC machine, and is referred to here as the ILC cost.

Contingency is estimated for each quantity to estimate the uncertainties in the costs of the
detector components. However, we do not use the ILC value system for these estimates. Items
which are commodities, such as detector iron, have had costs swinging wildly over the last few years.
While there is agreement on a set of important unit costs, those quantities also have ”error margins”.
SiD, ILD, and CLIC have worked together to reach agreed values for some unit costs as shown in
Table II-12.1.
Figure II-12.1
Subsystem M&S Costs
in million US-$, the
error bars show the
contingency per subsys-
tem.
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There are a substantial set of interfaces in the interaction region hall. For the purpose of this
estimate, the following has been assumed:

• The hall itself, with finished surfaces, lighting, and HVAC are provided by the machine.

• Utilities, including 480 VAC power, LCW, compressed air, and Internet connections are provided.

• An external He compressor system with piping to the hall is provided. The refrigeration and
associated piping is an SiD cost.

• All surface buildings, gantry cranes, and hall cranes are provided by the machine.

174 ILC Technical Design Report: Volume 4, Part II

sum = 315
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Gaseous calorimeters

• Gaseous HCAL with analogue readout 
would have poor resolution 
– small sampling, large Landau fluctuations 

• Digital calorimeter idea: count particles, 
ignore fluctuations 
– 1cm2 cells: saturate above 30 GeV 

• Semi-digital idea: mitigate saturation 
using several thresholds and weights 
– assumes signal prop. to E deposition

7
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Gaseous hadron calorimeter (“AHCAL”)

A Monte Carlo simulation shows that
a gaseous sampling Fe HCAL as proposed by CALICE

Is not compensated (e/h > 1) and therefore non-linear.

Should have a poor energy resolution due to the
Landau fluctuations arising from a small sampling fraction. 

MC sim. Proto.: 2 m deep  (~ 10 λint), 100 layers of 1x1 m2 with 1x1 cm2 pads – Assume proportionality: Evis = Edep

...

Resolution to π-

~ 90% / √E + 3%

Performance of a gaseous HCAL with analogue readout

Visible energy

E/h ratio

M.Chefdeville
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GEM performance (1/2)

Detailed characterisation with KPIX

Radioactive sources
→ MIP values
→ Gain curves
→ P/T dependence

Particle beams
→ efficiency & multiplicity
→ threshold effects
→ uniformity

Efficiency VS threshold

55Fe spectrum in Ar/CO2

MIP distribution

TB data

TB data

GEM

M.Chefdeville
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Is it worse with a digital readout?

Saturated response described by e.g. N(E) = a/b * log (1 + b*E).

(In the meantime: e/h is now < 1 for E > 10 GeV)

After reconstructing the energy in the simplest way: N(E) → E(N)

The resolution is better than the one obtained with an analogue readout up to 40 GeV.

Beyond ~ 30 GeV, saturation degrades the energy resolution.

Gaseous hadron calorimeter (DHCAL)

Number
of hits

Nhit response Resolution

Software compensation is a possible way to restore linearity and resolution (not used here)

19

GEM performance (1/2)

Detailed characterisation with KPIX
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→ Gain curves
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→ efficiency & multiplicity
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→ uniformity

Efficiency VS threshold

55Fe spectrum in Ar/CO2
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GEM
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Improve the resolution above 30 GeV with additional readout thresholds (2 bit / cell)

Combine the information in some way (weighting, likelihood...).
With a particular set of thresholds, simulation promises quite some improvement w.r.t. the pure digital case.

Better energy resolution over simulated energy range

This conclusion is independent of the type of detector used (3 mm of argon).

Nevertheless, it assumes proportionality: cell signal are proportional to the deposited energy.

Gaseous hadron calorimeter (SDHCAL)

Reconstructed energy Energy resolution
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RPC operation principle

Avalanche or streamer mode (depending on HV)

Fast (< 1 ns) and large MIP signals (1-10 pC)

Spark-proof but rate limited (100 MIP/cm2/s with typical resistivities)

The multiplication stops by itself when the space charge field becomes too high.

The applied field settles back after a certain recovery time given by the resistivity of the glass.

Avalanche mode
MIP signals

Avalanche charge
VS applied voltage

Gaseous calorimeters

• Gaseous HCAL with analogue readout 
would have poor resolution 
– small sampling, large Landau fluctuations 

• Digital calorimeter idea: count particles, 
ignore fluctuations 
– 1cm2 cells: saturate above 30 GeV 

• Semi-digital idea: mitigate saturation 
using several thresholds and weights 
– assumes signal prop. to E deposition

7

5

Gaseous hadron calorimeter (“AHCAL”)

A Monte Carlo simulation shows that
a gaseous sampling Fe HCAL as proposed by CALICE

Is not compensated (e/h > 1) and therefore non-linear.

Should have a poor energy resolution due to the
Landau fluctuations arising from a small sampling fraction. 

MC sim. Proto.: 2 m deep  (~ 10 λint), 100 layers of 1x1 m2 with 1x1 cm2 pads – Assume proportionality: Evis = Edep

...

Resolution to π-

~ 90% / √E + 3%

Performance of a gaseous HCAL with analogue readout

Visible energy

E/h ratio

6

Is it worse with a digital readout?

Saturated response described by e.g. N(E) = a/b * log (1 + b*E).

(In the meantime: e/h is now < 1 for E > 10 GeV)

After reconstructing the energy in the simplest way: N(E) → E(N)

The resolution is better than the one obtained with an analogue readout up to 40 GeV.

Beyond ~ 30 GeV, saturation degrades the energy resolution.

Gaseous hadron calorimeter (DHCAL)

Number
of hits

Nhit response Resolution

Software compensation is a possible way to restore linearity and resolution (not used here)

7

Improve the resolution above 30 GeV with additional readout thresholds (2 bit / cell)

Combine the information in some way (weighting, likelihood...).
With a particular set of thresholds, simulation promises quite some improvement w.r.t. the pure digital case.

Better energy resolution over simulated energy range

This conclusion is independent of the type of detector used (3 mm of argon).

Nevertheless, it assumes proportionality: cell signal are proportional to the deposited energy.

Gaseous hadron calorimeter (SDHCAL)

Reconstructed energy Energy resolution

19

GEM performance (1/2)

Detailed characterisation with KPIX

Radioactive sources
→ MIP values
→ Gain curves
→ P/T dependence

Particle beams
→ efficiency & multiplicity
→ threshold effects
→ uniformity

Efficiency VS threshold

55Fe spectrum in Ar/CO2

MIP distribution

TB data

TB data

RPC

GEM

M.Chefdeville



MC

Granularity and Energy Resolution Felix Sefkow     DESY, February 25, 2016 

Initial choices

• Analogue:  
• 3cm x 3cm at ~ 3cm sampling pitch 
• corresponds to Molière radius and X0; 

hadron shower sub-structure scale 
• small effect on plain energy response 

and resolution, only via threshold 
• more direct effects when software 

compensation methods are applied 

• Digital:  
• 1cm x 1cm at ~ 3cm sampling pitch 
• to limit saturation effects 
• affects single particle linearity and 

resolution directly

8

2. Optimization of cell size.

The depth of the proposed [1] sampling HCAL
is 4.5λ in the barrel and 12.9λ in the end-cap re-
gion. The sampling structure is 20 mm (0.12λ) of
stainless steel and 6.5 mm for the active layer. The
DHCAL active detector should:
– be insensitive to the 4 T magnetic field;
– fit into the thin (∼ 6 mm) active layers;
– be cheap, because the total area of active layers

amounts to 6000 m2

The detector response can be rather slow: the ex-
pected rate in the barrel is < 10−4 Hz/cm2, a
rough estimate of the forward end-cap rate is ∼

10 Hz/cm2.
The cell size of the DHCAL active layer was op-

timized with respect to energy resolution by means
of Monte-Carlo simulations based on GEANT 3.2.
The incident particles were charged pions with en-
ergies of 2 − 50 GeV . The total depth of the sim-
ulated calorimeter was 7λ which ensures 98% lon-
gitudinal energy containment for these hadron en-
ergies. Glass RPCs with 1 mm gas gap filled with
tetrafluorethane (C2H2F4) were simulated as ac-
tive detector. Following the digital approach, the
energy was reconstructed from the number of fired
cells. A cell was counted to be fired if an energy
of at least half of the mean value for a minimum
ionizing particle (MIP ) was deposited in the gas
gap within the considered cell area. The resolu-
tion was determined taking the nonlinearity of the
DHCAL response into account. For comparison,
an analogue HCAL (AHCAL) version with 5 mm
polystyrene scintillator layers was also simulated.

Fig.1 shows the DHCAL energy resolution as a
function of energy for different cell sizes and for
the ”utmost case”, corresponding to infinitesimal
granularity where all shower particles with ioniza-
tion greater than MIP/2 are counted.

As the figure shows a DHCAL with a cell area
of 1× 1 cm2 has a resolution which is close to that
obtained in the ”utmost” case. The 1× 1 cm2 cell
size is thus considered to be the optimal choice for
the DHCAL active detector. Below 10 GeV the
DHCAL with 1× 1 cm2 cells has better resolution
than the AHCAL. At higher energies the number of
fired cells starts to deviate from being proportional

Fig. 1. Hadron energy resolution of the DHCAL as a func-
tion of energy for different sizes of read-out cells. The res-
olution of the AHCAL is also given for comparison.

Fig. 2. Energy resolution of the DHCAL as a function of
energy: (left) for different efficiencies; (right) for different
fired pad multiplicities.

to the energy of the incoming pion. This nonlin-
earity of the DHCAL response increases with cell
size.

The RPCs have so far been assumed to be ideal
detectors with 100% efficiency and with only one
cell firing per particle crossing its area. In a real
RPC some inefficiency may occur, and one dis-
charge can fire several adjacent pads. These ef-
fects have been included in the simulation, and fig-
ures 2 show how they affect the DHCAL energy
resolution. For energies above 6 GeV the resolu-
tion is rather insensitive to the efficiency degraded
by as much as 50%. At lower energies the numbers

2

V. Ammosov et al, 
DESY-04-057
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Event displays: Analogue HCAL

• pions 80 GeV 
• W absorber  
• 3cm scintillator + SiPM

9
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Semi-digital RPC HCAL

10

• pions 80 GeV 
• Fe absorber  
• 1 cm RPC, 3 thresholds
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Effects of high granularity
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Perfomance
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Granularity
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Analogue and (semi-) digital 
reconstruction of single hadrons 

12

1x1 3x3 
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AHCAL and SDHCAL

• Scint and gas prototypes differ in medium, cell size and read-out scheme 
• All of them affect single hadron and jet energy resolution 
• Disentangle with validated simulations, and optimise, incl. s/w comp 

13

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 ◊ 1.3m

3

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
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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 –

Description CERN SPS TB & Data Taking Particle Identification Energy Response Summary back-up

Binary vs Multi-threshold

 [GeV]beamE
0 10 20 30 40 50 60 70 80 90

re
co

/E
re

co
σ

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

SDHCAL binary mode
SDHCAL multi-threshold mode

CALICE PRELIMINARY

• Raw resolution (untuned calorimeter) in
two modes Binary and Multi-threshold

• Raw performances ∆ no pattern
recognition

• Response to single pions
• electron and muon rejection
• leakage reduction

• Visible improvement of resolution for
E

beam

Ø 50 GeV (‡(E)/E Æ 10% at
80 GeV)

Yacine Haddad ( LLR ) First Results of the SDHCAL technological prototype 22 avril 2013 17 / 26
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(Semi-) digital reconstruction of AHCAL 

• Update of CAN-049 in preparation 
– optimise semi-digital weights, add software compensation

14
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Energy Resolution 

>  Digital 

!  Granularity of max. 3x3 cm2 not 
sufficient 

 

>  Semi-digital 

!  Semi-digital resolution better than 
analogue? " weighting include 
Software Compensation strategy 

 

>  Software Compensation 

!  Best results 

!  New algorithm achieves the same 
resolution as previous analysis 
including TCMT 

!  Difference in higher energies originate 
from fitting method (including tails due 
to leakage) 
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Comparison of 1x1 AHCAL MC & DHCAL Data 
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>  Same reconstruction method 

>  FTFP_BERT Simulation for 3x3 
and 1x1 AHCAL 
!  digitised without noise! 

!  Different thresholds " impact on 
resolution  

>  Agreement with DHCAL Data in 
50 and 60 GeV point 

>  Hint that higher efficiency  of 
Scintillator tiles improves digital 
reconstruction for low energies 

Thesis work in progress
C.Neubüser, DESY

Simulate smaller granularities

• Simulate with same degree of 
realism as in AHCAL test beam 
• except noise (not an issue 

with present SiMs)  
• and adjust threshold in 

order to obtain similar 
linearity 

• Apply digital and (re-
optimised) semi-digital 
reconstruction 

• Differences between gas and 
scintillator to be understood 
• validated simulations on 

their way

15
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• except noise (not an issue 

with present SiMs)  
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order to obtain similar 
linearity 

• Apply digital and (re-
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reconstruction 

• Differences between gas and 
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• validated simulations on 

their way
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>  Same reconstruction method 

>  FTFP_BERT Simulation for 3x3 
and 1x1 AHCAL 
!  Different thresholds " impact on 

resolution  

>  SDHCAL data taken with 10 
more active layers! 
!  Nevertheless 1x1 AHCAL MC better 

>  Hint that higher efficiency  of 
Scintillator tiles improves digital 
reconstruction for low energies 

Thesis work in progress
C.Neubüser, DESY
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Software compensation

16

• Electromagnetic showers: higher density, larger response  
• Software compensation: weight has according to cell energy
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Analogue and digital weighting

• Analogue:                                     ω =     ω(Ei, Etot)                           
• Semi-digital:                                                       α = α(Ntot), Ntot ~ Etot

α 

• Counting is equivalent to weighting with 1/Ehit: ω = α/Ehit  
• Use common formalism and learn from each other

17

New Software Compensation Method

> using same algorithm like for
Semi-Digital energy reconstruction

> but with sum over hit energies in i-th
energy density bin E

i

E

rec,SC

=
P

i

!
SC,i · E

i

! optimization of energy dependence of
!

SC,i done within Chi2 minimization

> 8 energy dependent weights
> translate semi-digital weights to SC

scale

E
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· e
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, with energy per hit e
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Semi-digital weights show same trend
like SC weights

Coralie Neubüser | Semi-digital E
rec

and Software Compensation | AHCAL Main Meeting, November 11th 2015 | 6/16

Semi-digital Energy Reconstruction

E

rec,semi�digital

= ↵ · N1 + � · N2 + � · N3

! N

i

, number of hits above 0.5 below 5 MIP
& above 5 below 15 MIP

& above 15 MIP
�2 = (E

rec,semi�digital

� E

beam

)2

> Minimization input 20,000 events for 11
different beam energies 10-80 GeV

> ↵, �, � are 2nd order polinomials of
N

hits

= N1 + N2 + N3

Figure : Old semi-digital weights
extracted by constraining all
parameters to be positive.
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in principle the same
differences in detail 
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Different ways of Software Compensation 
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>  Software Compensation with 
truncation 

!  Very high energy hits treated 
digitally 
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Read-out scheme and resolution

• vary number of bins and 
energy dependence 
within bins   

• small differences once 
some weighting is applied

18
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>  Software Compensation with 3 
weights 

!  Compared to Semi-Digital 
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Energy Resolution of 1x1 AHCAL simulation 

>  Major change 3x3"1x1:   

!  Threshold lowered to 0.3MIP 

!  No noise (realistic nowadays!) 

 

>  Analogue 
!  3x3"1x1 no change! 

>  Digital 
!  Better resolution than Analogue 

reconstruction for energies below 30 
GeV due to Landau fluctuations? 

>  Semi-Digital & Software 
Compensation 
!  Semi-digital resolution achieves 

~Software Compensation 
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Granularity and resolution 1

• 1x1: semi-digital as 
good as analogue with 
s/w comp  
• 2 bits are enough 

• 3x3: analogue with s/w 
comp better than SD, as 
good as 1x1 
• for analogue read-

out 3x3 is enough
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Comparison of 1x1 AHCAL MC & 3x3 AHCAL Data 

>  Same reconstruction method 

>  Semi-Digital energy 
reconstruction very dependent 
on granularity 

>  1x1 Semi-Digital equivalent to 
3x3 Software Compensation 

>  Software Compensation doesn’t 
improve much with higher 
granularity 

Thesis work in progress
C.Neubüser, DESY
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Comparison of 1x1 AHCAL MC & 3x3 AHCAL Data 

>  Same reconstruction method 

>  Semi-Digital energy 
reconstruction very dependent 
on granularity 

>  1x1 Semi-Digital equivalent to 
3x3 Software Compensation 

>  Software Compensation doesn’t 
improve much with higher 
granularity 

Thesis work in progress
C.Neubüser, DESY
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S.Green LCWS15 20

HCal Hadronic Energy 
Truncation

Within PandoraPFA a hadronic energy 
truncation can be applied, which aids the 
reconstruction in both intrinsic energy 
resolution and pattern recognition, by 
improving the energy estimator for the 
calorimeter hits. 

The exact value of this truncation 
significantly impact the energy resolution.

Here we aim to show the extent of this 
impact.

Single Particle Energy Analysis:
Here we will look at:

1. Raw reconstructed energy 
distributions;

2. Mean reconstructed energy;
3. Energy resolution.

Jet Energy Analysis:
Here we will look at:

1. Raw reconstructed energy 
distributions;

2. Mean jet energies;
3. Jet energy resolution.
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s/w compensation and PFLOW

• Jet energy resolution is the goal 
• In principle can benefit in two-fold way:  

– improve resolution for neutral objects - done  
– improve cluster energy estimators for track-cluster association - 

on its way

20

studies with Pandora PFA 
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• New procedure defined: 

• No longer enforce weight to follow exponential behaviour  

• Weights determined for each bin of hit energy as a function of beam energy (all-at-one fit) 

• Correction for neutral hadrons energy, after clustering and re-clustering step 

!(⇢) = p1.exp(p2.⇢) + p3

Single particle level: 

• Better compared to previous results 

• Improves linearity in whole range 

• Improves resolution ~ 20% 

    For higher energies ~ 30%

Software Compensation in S-D style

HLTran - AHCAL optimisation - CALICE AHCAL main meeting 10-11/12/2015

work in progress
Huong Lan Tran, DESY
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no cell energy truncation
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s/w compensation and clustering

• Hypothesis testing at re-clustering stage 
– use track energy  
– benefits demonstrated earlier (fractal dim.) 

• However: Weighting the energy before or 
during the clustering stage of particle flow 
reconstruction is not straightforward 
– In general ω = ω(Ei, Etot)  
– Easy only for truncation  

• General issue for all weighting schemes, 
inevitable for  digital and semi-digital 
reconstruction 

• Non-linear response: cannot revert to plain 
E flow in dense environments  
– ω E1 + ω E2 ≠ ω (E1 + E2)

21
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Granularity and resolution 2

22

HCAL cell sizes
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Granularity and resolution 2

• 3 cm still a very reasonable choice 
22

HCAL cell sizes
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Granularity and resolution 2

• 3 cm still a very reasonable choice 
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Cost optimisation: long. sampling

• fewer layers: not for free, but at least no knee  
• not necessarily the same for SDHCAL 

23

Number Of Layers In The HCal
20 40 60

) [
%

]
j

(E
90

) /
 M

ea
n

j
(E

90
RM

S

2.5

3

3.5

4

4.5

45 GeV Jets

100 GeV Jets

180 GeV Jets

250 GeV Jets

- 5M

Steve Green, 
Cambridge



MC

Granularity and Energy Resolution Felix Sefkow     DESY, February 25, 2016 

Cost optimisation: depth

• this plot n(layers) = const; should have constant pitch also 
• additional savings from coil and yoke - or smaller reduction 
• but should be studied with missing energy performance 
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Cost optimisation: inner radius

25

S.Green, J.S.Marshall ILD Software and Optimisation Workshop
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ECal Inner Radius

HCal Timing Cuts : 100 ns 
ECal Timing Cuts : 100 ns 
HCal Hadronic Cell Truncation: 1 GeV 
Software : ilcsoft_v01-17-07, including PandoraPFA v02-00-00 
Digitiser : ILDCaloDigi, realistic ECal and HCal digitisation options enabled 
Calibration : PandoraAnalysis toolkit v01-00-00

• shown: cost variation is for 18 cm smaller HCAL inner radius 
• additional savings from coil and yoke - or smaller reduction 

- 5M

Steve Green, 
Cambridge
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Conclusion

26

• We are getting close to collecting the remaining 
pieces for the complete picture 

• Still some way to finalise these studies 

• More to come:  
• Scintillator and gaseous comparison 

• finalise data and simulation 
• Timing cuts for energy reconstruction and pattern 

recognition  
• Integration of ARBOR and its new algorithms 

• Cost optimisation: from HCAL point of view 
smaller radius is safest way 



Back-up 
slides 
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Granularity optimisation

• Based of Pandora PFA 

• Large radius and B field 
drive the cost 

• Both ECAL and HCAL 
segmentation of the 
order of X0 

• longitudinal: resolution 
• transverse: separation 

• Cost optimisation to be 
done
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The study of the optimal HCAL thickness depends on the
possible use of the instrumented return yoke (the muon system)
to correct for leakage of high energy showers out of the rear of the
HCAL. The effectiveness of this approach is limited by the fact that,
for much of the polar angle, the muon system is behind the
relatively thick solenoid (2lI in the MOKKA simulation of the
detector). Nevertheless, to assess the possible impact of using the
muon detector as a ‘‘tail-catcher’’, the energy depositions in the
muon detectors were included in the PandoraPFA reconstruction.
Whilst the treatment could be improved upon, it provides an
indication of how much of the degradation in jet energy
resolution due to leakage can be recovered in this way. The
results are summarised in Fig. 11 which shows the jet energy
resolution obtained from PandoraPFA as a function of the HCAL
thickness. The effect of leakage is clearly visible, with about half of
the degradation in resolution being recovered when including the
muon detector information. For jet energies of 100 GeV or less,
leakage is not a major contributor to the jet energy resolution
provided the HCAL is approximately 4:7lI thick (38 layers).

However, for 180–250 GeV jets this is not sufficient; for leakage
not to contribute significantly to the jet energy resolution atffiffi

s
p
¼ 1 TeV, the results in Fig. 11 suggest that the HCAL thickness

should be between 5:526:0lI for an ILC detector.

9.4. Magnetic field versus detector radius

The LDCPrime model assumes a magnetic field of 3.5 T and an
ECAL inner radius of 1820 mm. A number of variations on these
parameters were studied: (i) variations in the ECAL inner radius
from 1280 to 2020 mm with B¼ 3:5 T; (ii) variations the B from 2.5
to 4.5 T with R¼ 1825 mm; and (iii) variations of both B and R. In
total 13 sets of parameters were considered spanning a wide range
of B and R. The parameters include those considered by the LDC, GLD
[35], and SiD [36] detector concept groups for the ILC. In each case
PFlow performance was evaluated for 45, 100, 180, and 500 GeV jets.

Fig. 12 shows the dependence of the jet energy resolution as a
function of: (a) magnetic field (fixed R) and (b) ECAL inner radius
(fixed B). For 45 GeV jets, the dependence of the jet energy
resolution on B and R is rather weak because, for these energies, it
is the intrinsic calorimetric energy resolution rather than the
confusion term that dominates. For higher energy jets, where the
confusion term dominates the resolution, the jet energy
resolution shows a stronger scaling with R compared to B.

The jet energy resolutions are reasonably well described by the
function:

rms90

E
¼

21ffiffiffi
E
p " 0:7" 0:004E

" 2:1
R

1825

" ##1:0 B
3:5

" ##0:3 E
100

" #0:3

%

where E is measured in GeV, B in Tesla, and R in mm. This is the
quadrature sum of four terms: (i) the estimated contribution to the
jet energy resolution from the intrinsic calorimetric resolution; (ii)
the contribution from track reconstruction; (iii) the contribution
from leakage; and (iv) the contribution from the confusion term
obtained empirically from a fit to the data of Fig. 12 and several
models where both B and R are varied [13]. In fitting the confusion
term, a power-law form, kBaRbEg, is assumed. This functional form
provides a reasonable parameterisation of the data; the majority of
the data points lie within 2s of the parameterisation.

These studies show that for the PandoraPFA algorithm, the
confusion term scales as approximately B0:3R, i.e. for good PFlow
performance a large detector radius is significantly more important
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Fig. 11. Jet energy resolutions ðrms90Þ for the LDCPrime as a function of the
thickness (normal incidence) of the HCAL. In addition, the ECAL contributes 0:8lI .
Results are shown with (solid markers) and without (open markers) taking into
account energy depositions in the muon chambers. All results are based on
Z-uu;dd; ss with generated polar angle in the barrel region of the detector,
jcosyqq jo0:7.
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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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