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Outline and idea 

>  Data selection 

>  Analogue, digital and semi-digital reconstruction modes  

>  Response and resolution 

>  Further steps  

•  With analogue read-out, (semi-) digital reconstruction is possible, too 

•  Understand impact on energy resolution 

•  AHCAL granularity not optimised for (semi-) digital methods 

•  Validate simulation for the study of finer segmentations 

•  Study trade-offs between spatial and energy information  
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CALICE test beam 2007 at CERN 
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>  SPS at CERN 2007 (10-80GeV π/e/µ) 

>  Silicon-Electromagnetic Calorimeter 
(Si-ECAL) +                                        
1m3 Analog Hadronic Calorimeter 
(Fe-AHCAL) +                                                            
Tail Catcher/Muon Tracker (TCMT) 

>  Fe-absorber ~2cm 

 

>  38 layers Scintillator tile Analog 
HCAL  (12bit readout) 

>  Granularity: 12x12, 6x6 and 
3x3cm2 tiles/cells 

>  Read out of scintillation light by 
SiPMs C
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selected pions

pre-selection
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π- runs 10-80GeV: Event Selection 

>  Test beam is a composition of different particle types 

>  Event selection follows „Hadronic energy resolution of a highly granular 
scintillator-steel hadron calorimeter using software compensation 
techniques“ 2012_JINST_7_P09017: 29 Runs, 11 Energies 
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π- beam, HCAL Esum, 15GeV Particle identification 

§ Muons (e.g. decayed pions) 

§ Other hadrons (e.g. Protons) 

Additional selection 

§  Shower start in first 5 HCAL 
layers to study full shower in 
AHCAL 

§ Require track in ECAL 
Pre-selection: only Cherenkov Counters 
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π- runs 10-80GeV: Event Selection 

>  Test beam is a composition of different particle types 

>  MC sample with GEANT 4 version 9.6, physics list FTFP_BERT 

>  Same runs like data with corresponding noise files 

>  FTFP_BERT overestimates HCAL response for high energies 

Selected π-, HCAL Esum, 80GeV 

Data
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Particle identification 

§ Muons (e.g. decayed pions) 

§ Other hadrons (e.g. Protons) 

Additional selection 

§  Shower start in first 5 HCAL 
layers to study full shower in 
AHCAL 

§ Require track in ECAL 
Pre-selection: only Cherenkov Counters 
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π- runs 10-80GeV: Event Selection 

>  Test beam is a composition of different particle types 

>  MC sample with GEANT 4 version 9.6, physics list FTFP_BERT 

>  Same runs like data with corresponding noise files 

>  FTFP_BERT describes HCAL response for energies below 45GeV 

Selected π-, HCAL Esum, 10GeV 

Data

FTFP_BERT
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Particle identification 

§ Muons (e.g. decayed pions) 

§ Other hadrons (e.g. Kaons) 

Additional selection 

§  Shower start in first 5 HCAL 
layers to study full shower in 
AHCAL 

§ Require track in ECAL 
Pre-selection: only Cherenkov Counters 
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Digital (1bit readout) 

>  Number of hits 

Semi-digital (2bit readout) 

>  Number of hits above each of 
3 thresholds  

!

1st, 2nd, 3rd threshold 

300 GeV π- 
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80 GeV π- 

Calice Analysis Note CAN-037 

Analogue (12bit readout) 

>  Deposited Energy 

ESum 

N2 N1 N3 

CALICE Hadronic Calorimeters (3 approaches) 

Nhits 
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Digital (1bit readout) 

>  Number of hits 

Semi-digital (2bit readout) 

>  Number of hits above each of 
3 thresholds 

Analogue (12bit readout) 

>  Deposited Energy 
ESum Nhits 

N2 N1 N3 

Pion responses in AHCAL 

Data

FTFP_BERT
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+ + 
“Standardised” mean extraction procedure: 
1.  Gaussian pre-fit 
2.  Novosibirsk fit within µ±3σ of Gaussian 

(χ2<3) 
3.  Novosibirsk parameters for filling 

histogram randomly from 0 to 3σ 
4.  Mean & RMS of histogram 

80GeV 80GeV 



Coralie Neubüser, Felix Sefkow  |  LCWS 2014, Belgrade |  07.10.14  |  Page 10 

> 
[h

its
]

hi
ts

<N

0

100

200

300

400

500

600

700

800

Data

Data fit

FTFP_BERT

FTFP_BERT fit

Fe-AHCAL preliminary
CALICE

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

D
ev

ia
tio

n

-0.06

-0.04

-0.02

0

0.02

0.04

0.06

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

> 
[h

its
]

i
<N

0

100

200

300

400

500

 data1N
    FTFP_BERT

 data2N
    FTFP_BERT

 data3N
    FTFP_BERT

Fe-AHCAL preliminary
CALICE

Mean pion responses in AHCAL 

Non-linear response  
>  Multi-traversing particles & pad size 

>  Requires more sophisticated reconstruction method to 
linearise  

Linear correlation to 
beam energy  
>  ADC counts è Minimum 

Ionizing Particles 
(calibration with muons)  

>  Energy reconstruction 
with constant conversion 
factor 

>  Linear to good 
approximation since e/π 
close to 1 
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<Esum>  Analogue Semi-Digital Digital 

Ni = number of hits with 
•  N1 : 0.5MIP < Ehit < 5MIP 
•  N2 :    5MIP < Ehit <15MIP 
•  N3 :  15MIP < Ehit 

<Nhits>  

Ntot = a ⋅Ebeam
b

<Ni>  
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Analogue energy reconstruction 

Erec,ana log = 0.3805GeV +
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>  Mean deposited track energy in ECAL 0.3805GeV  

>  Conversion factor ω taken from positron runs 

>  Non-compensation (response for electrons 1.19 times higher than for pions) 

>  Non-linearity less than 5% 

>  Good agreement between data and MC 

Data 
MC 

ω = 0.0236GeV /MIP
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From the data fit: 

Digital energy reconstruction 

Erec,digital =
Ntot

a
b

a = 30.06GeV −b

b = 0.71
Ebeam = Erec,digital
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>  Tail on left hand side of distributions due to multiple particles traversing same cell  

>  Non-linearity less than 8% after correction 

>  Agreement between data and MC better with increasing energies 

Data 
MC 

and assuming  
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Semi-digital energy reconstruction 

Erec,3thr =αN1 +βN2 +γN3
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χ 2 =
Ebeam
i −Erec,semi−digital

i( )
2

Ebeam
i

i=1

N

∑

>  Weighting hits depending on energy 
content 

>  α,β and γ assumed to be quadratic 
polynomials of Nhits 

 

>  From minimisation: α,β and γ show 
none or linear dependence on Nhits 

>  Results in bad linearity, additional 
linearisation step needed 

N1 : 0.5MIP < Ehit < 5MIP
N2 : 5MIP < Ehit <15MIP
N3 :Ehit >15MIP
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Semi-digital energy reconstruction 

>  Linearisation step similar to digital 
reconstruction 

 

>  Reduced tail on the left, compared to Erec,digital 

>  Non-linearity less than 3% after correction 
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Energy Resolution  
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>  Analogue: 
§  Without TCMT, resolution for high energies 

degrades 

>  Digital: 
§  Steep increase above 20GeV 

>  Semi-digital: 
§  Best resolution below 35GeV 

>  But:  
§  AHCAL+TCMT, especially with software 

compensation shows best results 

§  Semi-digital energy reconstruction uses 
similar “weighting” method as SC 
techniques 
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Conclusion 
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The AHCAL physics prototype 
at CERN and FNAL 2006-2011  
 

Prototypes for an imaging calorimeter 
optimised for particle flow algorithm at the 
future International Linear Collider (ILC) 
•  SiPM scintillator tile hadron calorimeter 

with 12bit read-out (AHCAL),     
 (3cm)2 granularity 

•  Glass RPC hadron calorimeter with   
1bit read-out (DHCAL),     

 (1cm)2 granularity 
•  Glass RPC hadron calorimeter with    

2bit read-out (SDHCAL),     
 (1cm)2 granularity 

Test beam setup CERN 2007: 
•  Si-W ECAL     

 (30 layers) 
•  Fe-AHCAL     

 (38 layers, ~ 2cm steel absorber) 
•  Tail Catcher/Muon Tracker  

 (16 layers) 

Measurement observables:  
Hit energy sum Esum and the number of hits Nhits in the AHCAL   

 (for hits above 0.5MIP threshold) 

Analogue, Digital and Semi-Digital Energy 
Reconstruction in the CALICE AHCAL.  

Eine Partnerschaft der 
Universität Hamburg und DESY

TIPP International Conference on Technology and Instrumentation in Particle Physics, 2-6 June 2014, 
Amsterdam, The Netherlands 

http://www-flc.desy.de/hcal/ 

CALICE Hadron 
Calorimeters 

One active 
AHCAL layer 

1m3 DHCAL 
physics 
prototype 

Event display 

•  Track in ECAL      
•  Shower start in first 5 AHCAL layers 
•  >150MIP in AHCAL 

Simulation with GEANT4 9.6 patch 1 and 
Mokka v08_02 software packages 
•  Conversion coefficient 846keV/MIP 
•  Optical crosstalk 15% 
•  Physics list: FTFP_BERT 

•  ~20% of events per run selected 
•  At high energies Esum distributions 

show energy leakage 
•  Nhits distributions show left hand side 

tail, due to particles traversing same 
cell, limited granularity 

•  MC data comparison: FTFP_BERT 
slightly overestimates the AHCAL 
response 
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Digital Energy 
Reconstruction 
with Nhits 

Semi-digital 
Energy 
Reconstruction 
with  
Nhits = N1+N2+N3 

Ni = number of hits with 
•  N1 : 0.5MIP<Ehit< 5MIP 
•  N2 : 5MIP<Ehit<15MIP 
•  N3 : 15MIP<Ehit 
•  α,β and γ: quadratic 

polynomials of Nhits 

Analogue 
Energy 
Reconstruction 
with Esum 

•  e/π=1.19, higher 
response to electron 
than to pions 

•  ω=0.02364, 
electromagnetic 
calibration factor 

•  EECAL,track=0.381GeV 

•  Linear response, due 
to linearity of Esum 

Systematic errors:       
Esum: beam energy, MIP GeV conversion 
Nhits : beam energy 

•  Non-linear response, 
due to particles 
traversing same cell 
(not optimized 
granularity for digital 
read-out) 

•  Linearisation by fitting 
the mean of Nhits with 
a power law 

 

•  Reconstruction on 
event-by-event        
basis with fit 
parameters a & b 

Nhits = a ⋅ Ebeam( )b Erec,digital =
Nhits

a
b •  Parameters calculated 

by minimising  
χ 2 =

Ebeam
i −Erec,semi−digital

i( )
2

Ebeam
i

i=1

N

∑

•  With an additional 
linearisation step, 
a non-linearity 
smaller than 3% is 
achieved 

•  Threshold values 
not optimised for 
AHCAL 

Investigating the advantages and disadvantages of the method 
in terms of relative energy resolution 

•  Resolutions shown after linearisation 
 
Analogue: 
•  Finest resolution at high energy, with software 

compensation superior at all energies 
•  Without energy deposits in ECAL and TCMT some 

leakage effects at high energy 
 
Digital: 
•  Achieves 16% at 20GeV 
•  Resolution degrades at larger energies because of 

several particles traversing same cell 

Semi-Digital:  
•  Achieves 12% at 30GeV 
•  At low energies better than simple analogue 

reconstruction 

30GeV pion cascade 

ECAL 

π- event selection 10-80GeV 
 

<Esum> and <Nhits> taken from Mean and RMS of fitted Novosibirsk  

Comparison between different 
reconstruction procedures 

•  Software compensation algorithms 
weight high density areas of the 
shower differently from low density 
areas and improve the resolution 

 
•  The semi-digital energy 

reconstruction weights hits 
depending on their energy content 
and improves in that way the 
resolution 

 
 
Future plans: 
•  MC describes data, can be used to 

study analogue, digital and semi-
digital performance for (1cm)2 
scintillator tile sizes 

Erec,SD =αN1 +βN2 +γN3
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CALICE Analysis Note CAN-049

May, 2014

Analogue, Digital and Semi-Digital
Energy Reconstruction in the CALICE

AHCAL

The CALICE Collaboration

Abstract

In this note, di↵erent energy reconstruction methods for the Analogue Hadronic1

Calorimeter (AHCAL) are compared. These methods were developed for the ana-2

logue, digital and semi-digital CALICE Hadronic Calorimeter physics prototypes and3

were used in analyses of data taken at various test beams.4

The analogue data can also provide digital information, thus the advantages and dis-5

advantages of di↵erent energy reconstruction procedures can be studied in the same6

data sample. In this work this comparison is done by applying these procedures to7

AHCAL pion test beam data collected with the 1m3 physics prototype in 2007 at8

CERN. The results are compared to a GEANT4 based simulation.9

10

This note contains preliminary CALICE results, and is for the use of members11

of the CALICE Collaboration and others to whom permission has been given.

1
12
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Analogue, Digital and Semi-Digital Energy
Reconstruction in the CALICE AHCAL

Coralie Neubüser, on behalf of the CALICE Collaboration⇤
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Within the CALICE collaboration different CALorimeter technologies are studied for a future
linear collider. These technologies differ in active material, ganularity and readout systems. The
Analog Hadronic Calorimeter (AHCAL) reads out the signal height of the energy deposition in
each calorimeter cell, while the digital HCAL detects hits by firing RPC pad sensors above a
certain threshold. A 3 bit readout is provided by the semi-digital HCAL, which counts hits above
three different thresholds per cell. For these three options different energy reconstruction proce-
dures are developed. The analog data can also provide digital information, thus the advantages
and disadvantages of different energy reconstruction procedures can be studied.
In this work this comparison is done by applying these procedures to AHCal beam test data,
collected with the 1m3 physics prototype at CERN, and simulated data, generated with GEANT4.

Technology and Instrumentation in Particle Physics 2014,
2-6 June, 2014
Amsterdam, the Netherlands

⇤Speaker.
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Outlook 

NEXT STEPS: 
>  Optimise semi-digital thresholds, motivated by shower composition  

>  Reconstruction procedure study on AHCAL MC data with DHCAL 
(1x1)cm2 cell size, optimised for digital reconstruction 

>  Comparison to Fe-DHCAL data  
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Backup 

>  0.5% (in absolute values) 
above ”paper”-values 

>  Fitting method including tail 
show expected increase 
with increasing energy 
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Analogue reconstruction without (detailed) ECAL and TCMT compared to 
ECAL+AHCAL+TCMT analysis from “Software Compensation”-paper 
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Backup 

>  ~20% of all event selected 
from data and MC 

Run list & event selection 
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Backup 

>  Energy deposits from all 
selected events 

>  Deviation from different 
beam energies max. 10% 

ECAL track energy contribution: 

Entries  996977

Mean   0.000272± 0.3805 

RMS    0.0001923± 0.2716 
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Backup 

Analogue, Digital and Semi-digital resolutions   
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