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Introduction: Event Reconstruction in HEP

• The ideal event reconstruction in HEP: 4-vectors of individual final-state particles 
instead of jets formed from calorimeter towers  - “Particle Flow” 
➫ Opens up new possibilities in jet reconstruction, background rejection, …


‣ Requires the connection of information from all sub-detectors - and the separation of 
energy depositions of close-by particles in the calorimeters


‣ Best achieved with highly granular detectors
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CDF
ILD

• From towers to particles:

CDF
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A Few Words on CALICE

• Highly granular calorimeters were initially motivated by the requirements imposed by 
the physics program of future high-energy linear e+e- colliders - but the corresponding 
calorimeter technology was not available 


➫ Dedicated R&D program started to address this issue in 2001 - initially as  
DESY PRC R&D 01/02 in the context of TESLA
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• Completion of the formal founding of the CALICE collaboration in 2005 

CALICE today:

• 55 institutes in 19 countries (4 continents)

• ~ 350 members


• not exclusive to linear colliders: Also groups from ALICE and with generic  
calorimetry interest, strong links to LHC Phase 2 Upgrades

• … and open to new activities.
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The CALICE Prototypes

• A rich program exploring the full spectrum of imaging calorimeter technologies
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The CALICE Prototypes

• A rich program exploring the full spectrum of imaging calorimeter technologies
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physics 
prototype 
tested in beam
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The CALICE Prototypes

• SiW ECAL
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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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Testing in Beams 
Fermilab MT6  
 

  October 2010 – November 2011 
  1 – 120 GeV 
  Steel absorber (CALICE structure) 

 
CERN PS 
 

  May 2012 
  1 – 10 GeV/c 
  Tungsten absorber  
    (structure provided by CERN) 
 

CERN SPS 
 

   June, November 2012 
   10 – 300 GeV/c 
   Tungsten absorber 

Test Beam Muon events Secondary beam 

Fermilab 9.4 M 14.3 M 

CERN 4.9 M 22.1 M 

TOTAL 14.3 M 36.4 M 

A unique data sample 

RPCs flown to Geneva 
All survived transportation 

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
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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

• ScintW ECAL • AHCAL (Fe & W)

• DHCAL (Fe & W) • SDHCAL
+ a few layers of 
Micromegas, dedicated 
experiments to study 
timing, and a few layers 
of technological ECAL 
and HCAL prototypes
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The Scintillator-based  
Physics Prototypes
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The CALICE AHCAL

• The first large scale use of SiPMs in HEP: A 8000 channel detector, first operated in 
beam in 2006, used in various configurations until 2011 at DESY, CERN and FNAL
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• Based on 3 x 3 x 0.5 cm3 polystyrene scintillator tiles 
with WLS fiber in a machined groove (also using 6 x 6 
and 12 x 12 cm2 in outer / rear region)


• MEPhI/PULSAR SiPM, 1.1 x 1.1 mm2, 1152 pixels  
(32 x 32 µm2)

JINST 5 P05004 (2010)

• Signals digitized with custom electronics 
outside of detector, connected via micro-
coax cables up to 1 m long


• LED-based calibration system, UV light 
delivered to each tile via optical fibers from 
calibration board outside of detector


• 21.7 mm steel absorber per layer (~ 1 X0)
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The CALICE Scintillator ECAL

• Scintillator-Strip ECAL - with 3.5 mm thick Tungsten Carbide absorber plates (~ 0.7 X0)


• Operated at Fermilab in 2009, together with CALICE AHCAL

9

• Extruded PS scintillator strips with embedded 
WLS fiber


• Hamamatsu MPPC, equivalent of 
S10362-11-25P


• crossed strip orientation in adjacent layers, 
effective 1 x 1 cm2 granularity
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A rich Harvest - Performance and Shower Physics

• Energy resolution (electromagnetic)

• NB: Optimized on granularity / shower separation rather than single particle resolution
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analysis, and the other one, ScECALGainfit, was created by using a code in the CALICE
software, ScECALGainTempDependProcessor. The latter has the data elements of dcp.e./dT ,
cp.e.(T0 = 20◦C), and the error of those and the number of temperature points measured suc-
cessfully for each channel. Since the mean of dcp.e./dT of all the channels of the prototype from
ScECALGainfit was applied for the temperature correction on cp.e.(T0), cp.e.(T0) should have
been taken from the same database for consistency in CALICE Analysis Note 016-b (CAN-
016b) [1]. Therefore, we reanalyzed whole of events with ScECALGainfit instead of ScECALGain
in this update note.

3 Updated result with ScECALGainfit

Figure 1 left top shows the mean deposited energy as a function of the incident beam momentum
with ScECALGain, with the deviation from the fitted line shown in the bottom panel. These plots
are taken from CAN-016b. Figure 1 right also shows the same plots but with ScECALGainfit.
In particular the deviation from the fit shows the improvement of the linearity with the new
calibration.
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Figure 1: Response linearity with cp.e. of ScECALGain (left) and of ScECALGainfit (right).
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Figure 2: Energy resolution with cp.e. of ScECALGain (left) and of ScECALGainfit (right).

2

• Linear within ~ 1.5 %


• Energy resolution 12.8%/√E ⊕ 1.0%
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A rich Harvest - Performance and Shower Physics

• Energy resolution (electromagnetic)

• NB: Optimized on granularity / shower separation rather than single particle resolution
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Figure 2: Energy resolution with cp.e. of ScECALGain (left) and of ScECALGainfit (right).
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• Linear within ~ 1.5 %


• Energy resolution 12.8%/√E ⊕ 1.0%

2011 JINST 6 P04003
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Figure 13. Energy resolution of the AHCAL for positrons (dots). The resolution agrees with that of a
previous prototype (full triangles) with the same sampling structure. The errors are the quadratic sum of
statistics and systematic uncertainties. The open triangles are the obtained from the analysis of the digitized
simulated events. Fit curves to the data and MC are shown in the region 10–50GeV. The dashed line is the
extrapolation of the fit to AHCAL data in the low energy region covered by the MiniCal data.

5.4 Shower profiles

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

f (t) =
dE
dt

= atω · e−bt , (5.3)

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

tmax =

[

ln
E
εc

−0.5
]

(5.4)

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

The mean longitudinal profile of a 10GeV positron shower is shown in the left plot of fig-
ure 14. Due to the high longitudinal segmentation of the AHCAL, the shower rise, maximum and
decay are clearly visible. Data and simulation are in qualitatively good agreement. To quantify this

– 18 –

• Linear within ~ 1 % up to 30 GeV


• Energy resolution 21.9%/√E ⊕ 1.0%

JINST 6, P04003 (2011)
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Hadronic Energy Reconstruction

• Linear energy response of 
AHCAL + TCMT: within ± 1.5%


• High granularity allows 
software compensation: Use 
shower density to correct for 
different response to em and 
purely hadronic showers 

11
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Hadronic Energy Reconstruction

• Linear energy response of 
AHCAL + TCMT: within ± 1.5%


• High granularity allows 
software compensation: Use 
shower density to correct for 
different response to em and 
purely hadronic showers 
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The AHCAL Technical Prototype -  
A Closer Look
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• CERN

• DESY

• University Hamburg

• University Heidelberg

• University Mainz

• MPP Munich

• Lebedev Moscow

• Omega Palaiseau

• Prague

• University Wuppertal
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Overall Detector Concept

• Sandwich calorimeter based on scintillator tiles (3x3cm2) 
readout using Silicon Photomultipliers (SiPM)


• Fully integrated electronics


• HCAL Base Unit (HBU): 36x36cm2, 


• 144 channels readout by 4 ASIC chips


• In total 8M channels (full collider detector), challenge for 
data concentration


• Technological prototype: demonstrate scalability to full 
detector


• Improvement in all aspects compared to physics 
prototype

13
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Technological Choices

• Current SiPMs are blue-sensitive: No need for 
WLS fiber (apart from light collection)


• Latest generation available in SMD package: 
coupling from bottom rather than from the side


• Latest generation of MPPCs has very effective 
cross-talk suppression: Full auto-triggered 
system possible for light yields of  
~ 15 photons / MIP


• In technological prototype:  
MPPC S13360-1325PE


• Very good device-to-device uniformity: 
power full modules with one bias voltage 
setting

14

Trigger [p.e.]

0 0.5 1 1.5 2 2.5 3 3.5 4

D
ar

k 
R

at
e

-910

-810

-710

-610

-510

-410

-310

-210

-110

1

   Dark rate measurement:
new MPPC
standard MPPC

~ 1‰ crosstalk

~ 20% crosstalk



Frank Simon (fsimon@mpp.mpg.de)CALICE Scintillator Calorimeters 
DUNE ND WS, Fermilab, March 2017

Electronics

• Fully integrated electronics for mass production 


• Latest generation read-out ASIC SPIROC2E (OMEGA group, Palaiseau) 
successfully tested, interesting developments also in Heidelberg (KLauS chip)


• reduced power consumption and many improvements 


• BGA package of ASIC leads to significant PCB cost reduction and easier soldering


• HBU designed for surface mounted SiPMs & suitable for automated tile assembly


• LED driver circuit improved channel uniformity: minimise time for test and calibration 
runs

15

HCAL Base Unit (HBU)

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 
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The Prototype - Different Configurations

• component tests


• assembly procedures


• magnetic field test


• commissioning

16

Single HBU - 144 channels
15 layer “em prototype”,  
1 HBU / layer - 2k channels

40 - 48 layer “em prototype”,  
2 x 2 HBUs / layer - 23k - 30k channels

• electromagnetic & 
hadronic showers


• particle showers in 
magnetic field up to 3 T


• system integration, 
cooling, power

• full containment of hadronic 
showers


• large-scale production, 
integration, operation


• scalability to full detector


• rich physics program
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Working with large Numbers

• 28 000 scintillator tiles for TP 
produced in Russia, now delivered to 
Hamburg


• Automatic wrapping in development

17

• Placement and gluing of tiles on 
electronics with pick-and-place machine
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First Results - Beam, Magnetic Field

• Fully equipped HBUs have already been tested in up to 2T - also with power pulsing
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Test w/o beam; beam test with multiple layers in 
3T coming up in May at CERN SPS

AHCAL response to electron beam 

CALICE AHCAL 
work in progress 

CALICE AHCAL 
work in progress 

CALICE AHCAL 
work in progress 

energy spectrum for 1-5 GeV 

longitudinal shower shapes 1-5 GeV electron 

Beam Momentum (GeV) 

AH
CA

L 
re

sp
on

se
 P

P/
no

 P
P 

• Beautiful energy spectrums 
• Clear EM shower development 
• same behavior with 
 no power-pulsing 
 power-pulsing with test beam mode 
 power-pulsing with ILC timing structure 

layer av
er

ag
e 

of
 d

ep
os

ite
d 

en
er

gy
  (

M
IP

) 
AHCAL response (MIP) 

# 
of

 e
ve

nt
s 

* before gain  correction 

12 

Beam test at DESY, 
previous electronics 
/ tile design (side 
coupling)
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A Word on Timing

• CALICE AHCAL electronics provide capability for sub-ns timing - in “standard” test 
beam environment operated with x 20 slower TDC ramp, reduced resolution

19

Christian Graf CALICE Meeting - March '17 - LLR
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• Relative to T0 time: 9.7ns (FWHM), 5.6ns (RMS) 
    Resolution for steel dataset is slightly better (5.2ns RMS) due to the larger number 
    of working T0s

7

CALICE AHCAL 
Work in progress

Tungsten

• Single cell resolution for MIP-like amplitudes ~ 
5.5 ns in test beam mode - obtained at CERN 
SPS with 80 GeV muons


• Somewhat worse resolution in showers due 
to electronics problem - presumably fixed in 
new generation, will know more in a few 
months
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Muon Time Resolution

• Relative to T0 time: 9.7ns (FWHM), 5.6ns (RMS) 
    Resolution for steel dataset is slightly better (5.2ns RMS) due to the larger number 
    of working T0s
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CALICE AHCAL 
Work in progress

Tungsten

• Single cell resolution for MIP-like amplitudes ~ 
5.5 ns in test beam mode - obtained at CERN 
SPS with 80 GeV muons


• Somewhat worse resolution in showers due 
to electronics problem - presumably fixed in 
new generation, will know more in a few 
months

• Tested single scintillator tiles with SMD MPPCs read out 
with oscilloscope with 0.8 ns sampling (CALICE “spin-
off” used in SuperKEKB commissioning)


• Δt ~ 0.8 ns for two-tile setup: ~ 500 ps single tile 
resolution for MIPs (including oscilloscope sampling)
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Simulating the AHCAL - Focus on Digitization

• Simulation plays a key role in CALICE:


• Demonstrates understanding of detectors with em showers


• Enables comparison to / validation & improvement of G4 hadronic physics models


• Crucial for studies of full detector performance, development of algorithms,…

20

• Precise modeling of a highly granular SiPM-based calorimeter needs multiple steps:


• raw calibration: G4 Energy -> MIP


• timing cuts to model electronics / analysis time windows


• single cell amplitude thresholds


• light yield: number of fired pixels / MIP


• number of pixels per SiPM: saturation effects


• electronic noise, pixel-to-pixel non-uniformity
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• Precise modeling of a highly granular SiPM-based calorimeter needs multiple steps:


• raw calibration: G4 Energy -> MIP


• timing cuts to model electronics / analysis time windows


• single cell amplitude thresholds


• light yield: number of fired pixels / MIP


• number of pixels per SiPM: saturation effects


• electronic noise, pixel-to-pixel non-uniformity

Raw SimHits

+ timing

+ threshold

+ SiPM

realistic
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Simulating the AHCAL - Focus on Digitization
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Oskar Hartbrich  |  AHCAL Simulation Models  |  10.03.2015  |  Page 7

MIPs

> Notable effect of SiPM 
modelling on MIP spectrum

 Electronics noise smears 
out quantisation

> Good agreement in MIPs 
for every prototype

 Including 3mm ILD-like tiles 
from 2nd AHCAL prototype

• The impact of the different steps on the raw signal:
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Resolution Breakdown Electrons

> 30 GeV electrons

> ~10% impact on resolution

 No effect from fiducial cut, timing

 5% effect from threshold

 5% from SiPM (saturation)

 Small effect from noise
(affects fully saturated cells)

> Small influence from SiPM effects

 Smaller for lower energy electrons

 High energy electrons very rare in AHCAL

30GeV e-

• … and the consequence on resolution


• for em showers, threshold and SiPM most 
relevant - effects grow with energy


• for hadronic showers fiducial volume, timing 
and thresholds main drivers
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Scintillator Readout Schemes beyond Baseline

• Alternatives to individually wrapped tiles are also being explored:


• megatiles - larger plates optically separated into square tiles

22
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U Tokyo

• Larger scintillator plates with 
orthogonal groves machined into top 
and bottom - light read out via WLS 
fibers


• Position resolution on each 
coordinate from multiple fiber 
signals
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Conclusions

23
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How is this relevant for DUNE?

• The CALICE calorimeters are primarily developed for energy-frontier colliders - 
different location in “optimization space” than detectors for neutrino beams - but:


• The technology is a good match - with obvious modifications


• thinner absorbers to improve em resolution 


• less granularity required - but potentially maintaining / increasing effective 
granularity through crossed strips / crossed readout


• time resolution to reject pileup / enable exotic searches


• embedded electronics probably not required - relaxed space constraints

24



Frank Simon (fsimon@mpp.mpg.de)CALICE Scintillator Calorimeters 
DUNE ND WS, Fermilab, March 2017

How is this relevant for DUNE?

• The CALICE calorimeters are primarily developed for energy-frontier colliders - 
different location in “optimization space” than detectors for neutrino beams - but:


• The technology is a good match - with obvious modifications


• thinner absorbers to improve em resolution 


• less granularity required - but potentially maintaining / increasing effective 
granularity through crossed strips / crossed readout


• time resolution to reject pileup / enable exotic searches


• embedded electronics probably not required - relaxed space constraints

24

• Need to understand:


• requirements for and benefits of granularity - separation of e, γ; pointing accuracy 
of reconstructed showers, … 


• requirements for timing, resolution (em, hadrons)


• mechanical constraints
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• Need to understand:


• requirements for and benefits of granularity - separation of e, γ; pointing accuracy 
of reconstructed showers, … 


• requirements for timing, resolution (em, hadrons)


• mechanical constraints

Start a first simulation effort at 
MPP, complemented by some 
scintillator prototyping
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Summary

• CALICE: very extensive experience with highly granular calorimeters for energy-
frontier colliders with a wide variety of technologies


• Now being adopted in many different projects: LHC Phase 2 upgrades (approved or 
under consideration for all four experiments), spin-offs used also at SuperKEKB, …


• Also a key motivation for PandoraPFA


• CALICE analog HCAL technology potentially very relevant for Near Detector ECAL - 
with suitable modifications


• Currently gauging interest among contributing groups


• First studies about to begin at MPP - ideas & suggestions very welcome!
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Extras
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Combined System: PFA Performance

• A key performance criterion: Separation of showers


• NB: Full PFA performance essentially impossible to validate in test beams:  
requires magnetic field, tracking, “jets” with realistic particle distribution


‣ Use CALICE data projected into full detector geometry, apply PFA (PandoraPFA code) 
to separate neutral from charged hadrons - validate MC prediction

27

JINST 6, P07005 (2011)

Excellent 
reproduction of 
two-particle 
separation in  
SiW ECAL + Scint. 
AHCAL

2011 JINST 6 P07005
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Figure 5. Probability of neutral 10GeV hadrons energy recovering within 3 (left) and 2 (right) standard
deviations from its real energy vs. the distance from charged 10GeV (circles and continuous lines) and
30GeV (triangles and dashed lines) hadrons for beam data (black) and for Monte Carlo simulated data, for
both LHEP (red) and QGSP BERT (green) physics lists.

simulated neutral hadrons the standard deviation is calculated in the same manner, but using esti-
mations based on fits to the appropriate distributions.

If the charged hadron is situated in the vicinity of a neutral hadron with similar or higher
energy, the confusion is typically less than in the reversed situation. In figure 6 we use the test
beam data to estimate how the confusion depends on the energy of the neutral hadron. In jets in
a full detector such as ILD, the charged particles will tend to be separated from the neutrals by
the magnetic field. Therefore, in this figure the charged hadron is placed at a distance typical of
its deflection in a 4T magnetic field in the ILD geometry. The RMS90 deviation of the recovered
neutral hadron energy from its measured energy does not depend significantly on the neutral hadron
energy (see left plot in figure 6). The relative confusion is large for small neutral hadron energy.
This results in a smaller probability of neutral hadron energy recovery for small neutral hadron
energy (see right plot in figure 6).

5 Summary

To test the particle flow algorithm, PandoraPFA, we have mapped pairs of CALICE test beam
events, shifted by the definite distances from each other, onto the ILD geometry. Then we modified
the treatment of tracks in the PandoraPFA processor for the case of straight tracks. In this study
we have investigated the hadron energy range typical for a 100GeV jet. For jet fragment energies
from 10GeV to 30GeV we estimated the confusion error for the recovered neutral hadron energy
caused by the overlapping of showers.

We have confronted our result for test beam data with the result of Monte Carlo simulations
for LHEP and QGSP BERT physics lists. The results for the data and MC are in a good agree-

– 9 –
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Studying and Simulating Hadronic Showers

• Hadronic showers exhibit a complex structure

28

compact - characterizes regions close to 
inelastic interactions 

sparse - results in MIP-like particles 
connecting regions of higher activity

extended in time: 

• few 10 ns from travel time of 

MeV-scale neutrons

• longer delays up to µs (and more) 

from thermal neutron capture and 
subsequent photon emission
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Studying and Simulating Hadronic Showers

• Hadronic showers exhibit a complex structure

28

compact - characterizes regions close to 
inelastic interactions 

sparse - results in MIP-like particles 
connecting regions of higher activity

extended in time: 

• few 10 ns from travel time of 

MeV-scale neutrons

• longer delays up to µs (and more) 

from thermal neutron capture and 
subsequent photon emission

• Simulation is crucial to optimise detectors and to analyse data


‣ CALICE data with unprecedented granularity provides a new level of information to 
improve modelling of showers in GEANT4
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Understanding Hadronic showers
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Addendum to Paper 016: Longitudinal energy distribution in the

FTFP BERT physics lists of Geant4 version 10.1

N. van der Kolk

October 5, 2015

In version 9.6 of Geant4 the longitudinal energy profile of pions at 10GeV was not predicted
well by the FTFP BERT physics list. This in contrast to its satisfactory prediction of the profile
in version 9.3 of Geant4. Some errors have been identified by the Geant4 developers in version
9.6 which are corrected in the new release. Recently the latest version (version 10.1) of Geant4
became available for production within the CALICE simulation chain. In order to see if the
prediction of the longitudinal energy profile was improved, a sample of 500 k events at 10GeV
have been generated and analysed in the same way as was done for the published analysis.

Figure 1 shows Fig. 24 (b) from the paper with the addition of the profile found in version 10.1
of Geant4. The result from version 10.1 is closer to the data than the result from version 9.6,
however the improvement is not su�cient to describe the data in a satisfactory manner. The fact
that Geant4 physics lists are tuned exclusively on thin target scintillator data, could still be a
cause that for silicon the prediction deviates from the data.
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Figure 1: Longitudinal energy profile for 10GeV pions compared to predictions from the
FTFP BERT physics list in di↵erent versions of Geant4.

The average hit energy per layer predicted in di↵erent versions of Geant4 is also compared to
data. Figure 2 shows a modification of Fig. 21 (c) from the paper; the data is now compared to
only FTFP BERT, but from 3 di↵erent Geant4 versions. Additionally the y-axis is shown with
a log scale, so that small di↵erences between the di↵erent curves can be more easily seen. This
observable is overall best described in version 10.1, but near the shower start the energy per hit
is too high in all studied Geant4 versions. Version 9.6 has a lower mean hit energy than version
10.1, which explains the improvement seen in the longitudinal energy profile.
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Figure 11: Fit of function (2) (black curves) to longitudinal profiles of showers initiated
by (a,c) pions or (b,d) protons with initial energy 40 GeV and extracted from (a,b) data
or (c,d) simulations with FTFP BERT physics list. The red and blue curves show the
contributions of the ”short” and ”long” components, respectively.
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Figure 1: Longitudinal energy profile for 10GeV pions compared to predictions from the
FTFP BERT physics list in di↵erent versions of Geant4.

The average hit energy per layer predicted in di↵erent versions of Geant4 is also compared to
data. Figure 2 shows a modification of Fig. 21 (c) from the paper; the data is now compared to
only FTFP BERT, but from 3 di↵erent Geant4 versions. Additionally the y-axis is shown with
a log scale, so that small di↵erences between the di↵erent curves can be more easily seen. This
observable is overall best described in version 10.1, but near the shower start the energy per hit
is too high in all studied Geant4 versions. Version 9.6 has a lower mean hit energy than version
10.1, which explains the improvement seen in the longitudinal energy profile.
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Figure 11: Fit of function (2) (black curves) to longitudinal profiles of showers initiated
by (a,c) pions or (b,d) protons with initial energy 40 GeV and extracted from (a,b) data
or (c,d) simulations with FTFP BERT physics list. The red and blue curves show the
contributions of the ”short” and ”long” components, respectively.
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Addendum to Paper 016: Longitudinal energy distribution in the

FTFP BERT physics lists of Geant4 version 10.1

N. van der Kolk

October 5, 2015

In version 9.6 of Geant4 the longitudinal energy profile of pions at 10GeV was not predicted
well by the FTFP BERT physics list. This in contrast to its satisfactory prediction of the profile
in version 9.3 of Geant4. Some errors have been identified by the Geant4 developers in version
9.6 which are corrected in the new release. Recently the latest version (version 10.1) of Geant4
became available for production within the CALICE simulation chain. In order to see if the
prediction of the longitudinal energy profile was improved, a sample of 500 k events at 10GeV
have been generated and analysed in the same way as was done for the published analysis.

Figure 1 shows Fig. 24 (b) from the paper with the addition of the profile found in version 10.1
of Geant4. The result from version 10.1 is closer to the data than the result from version 9.6,
however the improvement is not su�cient to describe the data in a satisfactory manner. The fact
that Geant4 physics lists are tuned exclusively on thin target scintillator data, could still be a
cause that for silicon the prediction deviates from the data.
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Figure 1: Longitudinal energy profile for 10GeV pions compared to predictions from the
FTFP BERT physics list in di↵erent versions of Geant4.

The average hit energy per layer predicted in di↵erent versions of Geant4 is also compared to
data. Figure 2 shows a modification of Fig. 21 (c) from the paper; the data is now compared to
only FTFP BERT, but from 3 di↵erent Geant4 versions. Additionally the y-axis is shown with
a log scale, so that small di↵erences between the di↵erent curves can be more easily seen. This
observable is overall best described in version 10.1, but near the shower start the energy per hit
is too high in all studied Geant4 versions. Version 9.6 has a lower mean hit energy than version
10.1, which explains the improvement seen in the longitudinal energy profile.
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Figure 11: Fit of function (2) (black curves) to longitudinal profiles of showers initiated
by (a,c) pions or (b,d) protons with initial energy 40 GeV and extracted from (a,b) data
or (c,d) simulations with FTFP BERT physics list. The red and blue curves show the
contributions of the ”short” and ”long” components, respectively.
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