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The Core Group 

• Post-Docs 
Naomi van der Kolk (until 07/2017),  Marco Szalay (since 07/2017)


• PhD Students 
Miroslav Gabriel, Christian Graf, Yasmine Israeli, Marco Szalay (until 06/2017), 
Hendrik Windel (since 03/2017 - also in Belle II group)


• Master Students 
Lorenz Emberger (since 04/2017), Daniel Heuchel, Hendrik Windel (until 02/2017)


• Technical Students 
Guia Resina (since 12/2017) 


• Group Leader 
Frank Simon

• Close collaboration with:

• Belle / Belle-II group


• And the technical departments!

funded by Excellence 
Cluster

With key roles in collaborations and projects, among them:

• Spokesperson of the CALICE collaboration

• Member of the CLICdp Executive Team

• Member of the ILC Physics Group
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Highly granular calorimeters

Katja Krüger  | CALICE AHCAL Testbeam at SPS  |  01 June 2017  |  Page  3/6

Data Taking 

> impossible to operate magnet at nominal field, could only run at half field
> data taken without B field, and with 1.5 T

! muons for calibration
! energy scan for electrons: 10 – 60 GeV

> very clean beams, very stable SPS conditions, well-working and stable 
detector

120 GeV
muon

60 GeV
electron
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Applications of CALICE technologies

Highly granular calorimeters

Katja Krüger  | CALICE AHCAL Testbeam at SPS  |  01 June 2017  |  Page  3/6

Data Taking 

> impossible to operate magnet at nominal field, could only run at half field
> data taken without B field, and with 1.5 T

! muons for calibration
! energy scan for electrons: 10 – 60 GeV

> very clean beams, very stable SPS conditions, well-working and stable 
detector
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The Main Driver: Linear Colliders

• Two possibilities discussed in international contexts:

4

ILC, now as a staged machine  
starting at 250 GeV

• Stage 1: Precision Higgs physics, SM 

physics, BSM searches

• Top physics, substantially extended Higgs 

and BSM program after energy upgrade

still in discussion in Japan



Frank Simon (fsimon@mpp.mpg.de)Future Detectors 
Project Review, December 2017

The Main Driver: Linear Colliders

• Two possibilities discussed in international contexts:

4

ILC, now as a staged machine  
starting at 250 GeV

• Stage 1: Precision Higgs physics, SM 

physics, BSM searches

• Top physics, substantially extended Higgs 

and BSM program after energy upgrade

still in discussion in Japan

CLIC, a staged machine reaching into the 
multi-TeV region 
starting at 380 GeV

• Stage 1: Broad precision Higgs, top and 

SM program, BSM searches in stage 1

• Extended BSM and Higgs program with 

energy upgrades, up to 3 TeV

one of the options for CERNs future
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Physics: Higgs @ CLIC
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Hadronic decays of the  
Higgs boson:

H -> bb, cc, gg
hard or even impossible  
at the LHC

• Understanding the potential for precision Higgs physics 
the study here (CLIC @ 350 GeV):

PhD Thesis Marco Szalay



Frank Simon (fsimon@mpp.mpg.de)Future Detectors 
Project Review, December 2017

Physics: Higgs @ CLIC

5

Hadronic decays of the  
Higgs boson:

H -> bb, cc, gg
hard or even impossible  
at the LHC

• Understanding the potential for precision Higgs physics 
the study here (CLIC @ 350 GeV):
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Physics: Higgs @ CLIC

• Taking projected uncertainties from full detector simulations

6

Higgs Physics at CLIC: EPJC 77, 475 (2017)

Eur. Phys. J. C (2017) 77 :475 Page 17 of 41 475
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(f) fit template: SM background

Fig. 11 bb̄ likelihood versus cc̄ likelihood distributions for e+e− →
ZH events at

√
s = 350 GeV, for (a) all events and for the different

event classes: (b) H→bb̄, (c) H→cc̄, (d) H→gg, background from (e)

other Higgs decays and (f) non-Higgs SM background. All distributions
are normalised to an integrated luminosity of 500 fb−1
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Fig. 12 Reconstructed Higgs candidate transverse momentum distri-
butions for selected Hνν̄ events at

√
s = 350 GeV, showing the contri-

butions from Higgsstrahlung, WW-fusion and non-Higgs background.
The distributions are normalised to an integrated luminosity of 500 fb−1

Table 10 Summary of statistical uncertainties for events with a H →
bb̄, H → cc̄ or H → gg decay, where the Higgs boson is produced by
Higgsstrahlung or WW-fusion, at

√
s = 350 GeV derived from the tem-

plate fit as described in the text. All numbers correspond to an integrated
luminosity of 500 fb−1

Decay Statistical uncertainty

Higgsstrahlung (%) WW-fusion (%)

H → bb̄ 0.86 1.9

H → cc̄ 14 26

H → gg 6.1 10

5.2.2 H → τ+τ−

Because of the neutrino(s) produced in τ decays, the sig-
nature for H → τ+τ− is less distinct than that for other
decay modes. The invariant mass of the visible decay prod-
ucts of the τ+τ− system will be less than mH, and it is dif-
ficult to identify H → τ+τ− decays from the WW-fusion

123

350 GeV

… and combining them with many other 
studies at the three CLIC energy stages in a 
global fit

Eur. Phys. J. C (2017) 77 :475 Page 37 of 41 475

applies to the measurements of σ × BR for H → bb̄, cc̄, gg
in Higgsstrahlung and WW-fusion events at 350 GeV and in
WW-fusion events only at 1.4 and 3 TeV, which are extracted
in a combined fitting procedure at each energy. These mea-
surements show correlation coefficients with absolute values
as large as 0.32.

In signal channels with substantial contaminations from
other Higgs decays, penalty terms were added to the χ2 to
take into account the normalisation of the other channels.
These additional uncertainties, which are also of a statisti-
cal nature, are derived from the statistical uncertainties of
the respective Higgs final state analysis, taking the level of
contamination into account. The channels where this results
in non-negligible effects are the H → WW∗ analyses at all
energies, in particular in the all-hadronic decay modes, with
corrections to the statistical uncertainties as large as 8% at
350 GeV.

12.1 Model-independent fit

The model-independent fit uses the zero-width approxima-
tion to describe the individual measurements in terms of
Higgs couplings and the total width, ΓH. Here, the total cross
section of e+e− → ZH depends on:

CZH = g2
HZZ,

while for specific final states such as e+e− → ZH; H → bb̄
and e+e− → Hνeν̄e; H → bb̄:

CZH,H→bb̄ = g2
HZZg

2
Hbb

ΓH

and:

CHνe ν̄e,H→bb̄ = g2
HWWg2

Hbb

ΓH
,

respectively.
The fit is performed with 11 free parameters: gHZZ, gHWW,

gHbb, gHcc, gHττ, gHµµ, gHtt and ΓH, as well as the three
effective couplings g†

Hgg, g†
Hγγ and g†

HZγ. The latter three
parameters are treated in the same way as the physical Higgs
couplings in the fit.

The fit is performed in three stages, taking the statisti-
cal uncertainties obtainable from CLIC at the three con-
sidered energy stages (350 GeV, 1.4, 3 TeV) successively
into account. Each new stage also includes all measure-
ments of the previous stages. Table 32 summarises the results.
They are graphically illustrated in Fig. 27. Since the model-
independence of the analysis hinges on the absolute mea-
surement of σ (ZH) at 350 GeV, which provides the coupling
gHZZ, the precision of all other couplings is ultimately limited
by this uncertainty.

Table 32 Results of the model-independent fit. Values marked “−”
can not be measured with sufficient precision at the given energy. For
gHtt , the 3 TeV case has not yet been studied, but is not expected to
result in substantial improvement due to the significantly reduced cross
section at high energy. The three effective couplings g†

Hgg, g†
Hγγ and

g†
HZγ are also included in the fit. Operation with −80% electron beam

polarisation is assumed above 1 TeV

Parameter Relative precision

350 GeV + 1.4 TeV + 3 TeV
500 fb−1(%) + 1.5 ab−1 (%) + 2 ab−1 (%)

gHZZ 0.8 0.8 0.8

gHWW 1.4 0.9 0.9

gHbb 3.0 1.0 0.9

gHcc 6.2 2.3 1.9

gHττ 4.3 1.7 1.4

gHµµ − 14.1 7.8

gHtt − 4.2 4.2

g†
Hgg 3.7 1.8 1.4

g†
Hγγ − 5.7 3.2

g†
HZγ − 15.6 9.1

ΓH 6.7 3.7 3.5

co
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Fig. 27 Illustration of the precision of the Higgs couplings of the three-
stage CLIC programme determined in a model-independent fit without
systematic or theoretical uncertainties. Thedotted lines show the relative
precisions of 1 and 5%

12.2 Model-dependent fit

For the model-dependent fit, it is assumed that the Higgs
decay properties can be described by ten independent param-
eters κHZZ, κHWW, κHbb, κHcc, κHττ, κHµµ, κHtt, κHgg, κHγγ

and κHZγ. These factors are defined by the ratio of the Higgs
partial width divided by the partial width expected in the
Standard Model as:

123

results in sub-1% - level precision for key 
couplings in a model-independent framework


few per-mille when using the “kappa framework”
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Physics: The Top Threshold

• Understanding the physics potential of a top threshold scan in e+e- colliders - taking 
into account latest theory uncertainties

7
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NNNLO QCD scale uncertainties  
(collaboration with M. Beneke et al.)  
change the picture a bit:
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independent of the collider luminosity spectrum
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CALICE: Towards a Technological Prototype

• Years of development on various technological details of scintillator-based highly 
granular hadronic calorimeters are now being put to a concrete test: 
The CALICE AHCAL Technological prototype
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Scintillator tiles for direct readout with SiPMs 
original developments at MPP, then Mainz 
detailed tests at MPP
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Combined with integrated electronics 
(DESY, ASICs from OMEGA)
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Scintillator tiles for direct readout with SiPMs 
original developments at MPP, then Mainz 
detailed tests at MPP

Combined with integrated electronics 
(DESY, ASICs from OMEGA)

Automatic wrapping 
and placing of tiles 
(UHH, Mainz)
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The CALICE AHCAL Technological prototype

9

Scintillator tiles for direct readout with SiPMs 
original developments at MPP, then Mainz 
detailed tests at MPP

Combined with integrated electronics 
(DESY, ASICs from OMEGA)

Automatic wrapping 
and placing of tiles 
(UHH, Mainz)

Small AHCAL prototype TB at DESY 2016 July-Aug

Stack
MPP Munich

16

Setup:
• 15 good, low-noise layers for electromagnetic 

shower
* 6 brand new HBU4 with new generation MPPCs
* 9 older but still good HBU3

Aim:
• demonstrate response to 1-5 GeV electrons
• power-pulsing performance for a calorimeter 

system

layer 1-6
HBU4
Surface mount type 
with trench
2668 pixels

layer 7
HBU3
Surface mount type 
with no trench
1600 pixels

layer 8-15
HBU3
SiPM (SensL)
1300 pixels

Inserted in non-magnetic precision absorber 
structures (MPP)
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CALICE: Test Beams, Test Beams, Test Beams…

• Tests of a compact “em prototype) with 
electrons in fields up to 3T in summer


• Proof of principle of power pulsing in 
strong magnetic fields: Involved the 
construction of “magnet-safe” power 
distribution at MPP

10Katja Krüger  | CALICE AHCAL Testbeam at SPS  |  01 June 2017  |  Page  3/6

Data Taking 

> impossible to operate magnet at nominal field, could only run at half field
> data taken without B field, and with 1.5 T

! muons for calibration
! energy scan for electrons: 10 – 60 GeV

> very clean beams, very stable SPS conditions, well-working and stable 
detector

120 GeV
muon

60 GeV
electron

Christian Graf
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! muons for calibration
! energy scan for electrons: 10 – 60 GeV

> very clean beams, very stable SPS conditions, well-working and stable 
detector

120 GeV
muon

60 GeV
electron

Energy Sum [MIP]
200 400 600 800 1000 1200

N
or

m
al

iz
ed

 E
nt

rie
s

0.001

0.002

0.003

0.004

0.005

0.006

0.007

0.008
Electrons

10GeV Magnet Off
10GeV Magnet On
20GeV Magnet Off
20GeV Magnet On

Work in progress
CALICE AHCAL

Christian Graf



Frank Simon (fsimon@mpp.mpg.de)Future Detectors 
Project Review, December 2017

CALICE: Test Beams, Test Beams, Test Beams…

• Tests of a compact “em prototype) with 
electrons in fields up to 3T in summer


• Proof of principle of power pulsing in 
strong magnetic fields: Involved the 
construction of “magnet-safe” power 
distribution at MPP

10Katja Krüger  | CALICE AHCAL Testbeam at SPS  |  01 June 2017  |  Page  3/6

Data Taking 

> impossible to operate magnet at nominal field, could only run at half field
> data taken without B field, and with 1.5 T

! muons for calibration
! energy scan for electrons: 10 – 60 GeV

> very clean beams, very stable SPS conditions, well-working and stable 
detector

120 GeV
muon

60 GeV
electron

Energy Sum [MIP]
200 400 600 800 1000 1200

N
or

m
al

iz
ed

 E
nt

rie
s

0.001

0.002

0.003

0.004

0.005

0.006

0.007

0.008
Electrons

10GeV Magnet Off
10GeV Magnet On
20GeV Magnet Off
20GeV Magnet On

Work in progress
CALICE AHCAL

Christian Graf



Frank Simon (fsimon@mpp.mpg.de)Future Detectors 
Project Review, December 2017

CALICE: Energy Reconstruction & PFA

• Studying energy resolution in a “real-world” 
setting: A combined system of 
SiW ECAL, Scintillator/FE HCAL, Tail Catcher


• Exploiting granularity: Local energy density can be 
used to improve energy resolution with software 
compensation methods
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CALICE: Energy Reconstruction & PFA
• Local software compensation: each “hit” is weighted according to its amplitude


• weights are energy dependent: Needs first estimate of cluster energy 
determined w/o SC methods

12
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• New study with full detector system 
(SiW ECAL + AHCAL + TCMT)


‣ SC in ECAL alone up to 8% 
improvement


‣ SC in HCAL alone up to 23% 
improvement


‣ Full SC up to 30% improvement, for a 
stochastic term of 42.5% and a 
constant term of 2.5%

Yasmine Israeli, CAN-058 (2017)
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CALICE: Energy Reconstruction & PFA
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• Integrating software compensation in particle flow reconstruction


• Full simulations using the ILD detector concept for GEANT4


• Areas of possible benefits:

Pandora for the ILC/CLIC

11/07/201610 Mark Thomson | Pandora Workshop
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• Integrating software compensation in particle flow reconstruction


• Full simulations using the ILD detector concept for GEANT4

transfer software compensation algorithm and training 
strategies from CALICE to full ILD detector simulations

em sub showers (in shower core) weighted less 
than hadronic periphery

ECAL not included: standard 
reconstruction used
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CALICE: Exploiting New Capabilities: Timing

• First tests of timing feature of new AHCAL electronics: partially instrumented tungsten 
absorbers, prototype detector elements with different scintillator designs

15

Eldwan Brianne | Timing Measurement in the CALICE Analogue Hadronic Calorimeter  | 16.12.16 | page 

Testbeam at CERN SPS

4

 Testbeam campaign at CERN in July 2015 

 Goals:  

• Test of different tile/SiPM designs 

• Check EM performance of the detector 

• Study of timing of hadronic showers in 3D (radial, 
longitudinal) 

Setup: 

• 14 layers (~ 3800 channels) 

• Trigger signal (T0) directly fed to the chip as a 
normal channel → reference time

~ 1.5 λ / 15 X0 *

Trigger signal

~ 1 m

* Iron : λ = 16.8 cm, X0 = 1.7 cm 

Picture of AHCAL in steel stack @ CERN

λ: interaction length 
X0: radiation length

Christian Graf
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Extended time structure in 
hadronic showers  - primarily due 
to neutrons: Can this be exploited 
in software compensation?Christian Graf
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• Scintillator tiles developed for CALICE, coupled to fast sampling readout with very 
deep buffers used to monitor injection background in SuperKEKB 

16

Phase I:  
Took data Feb - 
June 2016 during 
first commissioning 
of accelerator

Miroslav Gabriel, Hendrik Windel
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• Scintillator tiles developed for CALICE, coupled to fast sampling readout with very 
deep buffers used to monitor injection background in SuperKEKB 

16

Phase I:  
Took data Feb - 
June 2016 during 
first commissioning 
of accelerator

Machine-lattice induced 
time structure observed, 
overlaying decay of 
background over ~ 0.5 ms

Miroslav Gabriel, Hendrik Windel
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• Scintillator tiles developed for CALICE, coupled to fast sampling readout with very 
deep buffers used to monitor injection background in SuperKEKB 

Phase II:  
From March 2018, 
with colliding beams

Phase I CLAWS system 
adapted to the 
requirements for 
installation as part of the 
BEAST II vertex detector

Miroslav Gabriel, Daniel Heuchel, Hendrik Windel
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CLAWS: Towards the Second Phase

17

• Scintillator tiles developed for CALICE, coupled to fast sampling readout with very 
deep buffers used to monitor injection background in SuperKEKB 

Phase II:  
From March 2018, 
with colliding beams

Phase I CLAWS system 
adapted to the 
requirements for 
installation as part of the 
BEAST II vertex detector

Extensive calibration: 4 ladders 
with 8 sensors each calibrated, 
MIP time resolution ~ 400 ps

Installed at KEK in Fall 
 
Ready for beam in 2018

Miroslav Gabriel, Daniel Heuchel, Hendrik Windel
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LAr TPC

3D SuperFGD

Tracker

ECALMagnet

volume of system in magnet: 
~ 4.5 x 4.5 x 7 m3

• a multi-component near detector to constrain the neutrino source flux as a key part of 
the oscillation measurements, and to study neutrino interactions
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LAr TPC

3D SuperFGD

Tracker

ECALMagnet

volume of system in magnet: 
~ 4.5 x 4.5 x 7 m3

• a multi-component near detector to constrain the neutrino source flux as a key part of 
the oscillation measurements, and to study neutrino interactions

high-intensity ν 
beam, showing 
one spill of 10 µs 
w/o interactions 
in rock/dirt, 
infrastructure
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First Studies for a DUNE ND ECAL

• Informally exploring the potential of highly granular CALICE - like technologies for the 
DUNE Near Detector ECAL

19

Lorenz Emberger

• An area where the ECAL can go beyond 
initial plans would be the capability to 
associated π0s to neutrino interaction 
vertices in the tracking detector
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Lorenz Emberger

• An area where the ECAL can go beyond 
initial plans would be the capability to 
associated π0s to neutrino interaction 
vertices in the tracking detector

• A key challenge: low energies - typical 
π0 energy a few 100 MeV 
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Towards a Detector Concept

• Started exploring technological options to achieve high granularity while meeting 
sampling constraints imposed by energy resolution goals and overall channel count 
limitations

• Strongly builds on synergies with CALICE activities
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concept and well-developed machine concept for a staged implementation
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• The Future Detector group is a well-established and visible contributor to this process


• Physics studies for future e+e- colliders


• Calorimetry in CALICE, Detector optimisation & reconstruction algorithms
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• Concrete answer on ILC expected from Japan in 2018


• Extensive input from CLIC, with thoroughly studies physics case, optimised detector 
concept and well-developed machine concept for a staged implementation

• The Future Detector group is a well-established and visible contributor to this process


• Physics studies for future e+e- colliders


• Calorimetry in CALICE, Detector optimisation & reconstruction algorithms

• Applications of CALICE technologies closer to the “real axis”:


• Background measurements in SuperKEKB - key for PXD operations in Belle II


• Exploring options for the electromagnetic calorimeter of the DUNE Near Detector


• Key aspects of near detector concept to be defined by mid 2018



Frank Simon (fsimon@mpp.mpg.de)CALICE Highly Granular Calorimetry 
INFN Milano, November 2017

Extras

22
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Dreams to Software: Particle Flow Algorithms

24

• Jets consist of a mix of particles


• typically 60% charged hadrons, 30% photons, 10% neutral hadrons

➫ “classical” calorimeter-only reconstruction is driven by calorimeter resolution for 

hadrons
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• Jets consist of a mix of particles


• typically 60% charged hadrons, 30% photons, 10% neutral hadrons

➫ “classical” calorimeter-only reconstruction is driven by calorimeter resolution for 

hadrons

The PFA idea: reduce influence of poor hadronic resolution
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For best results: high granularity in the calorimeters to correctly separate showers

The level of mistakes, “confusion”, determines the achievable jet energy 
resolution, not the intrinsic resolution of the calorimeters!
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PFA: Not just Jet Energy Resolution

• Granularity is not just beneficial for resolution: Opens the door for pattern-based 
rejection of background - even more powerful with the addition of timing

25

Table 1: Cuts applied by the CLICPFOSELECTOR in the Loose and Tight configuration modes.

Loose configuration Tight configuration

Region p
T

range [GeV] Time [ns] p
T

range [GeV] Time [ns]

Photons

Central 0.75  pT < 4.0 t < 2.0 1.0  pT < 4.0 t < 2.0
|cos(q)| 0.975 0  pT < 0.75 t < 2.0 0.2  pT < 1.0 t < 1.0

Forward 0.75  pT < 4.0 t < 2.0 1.0  pT < 4.0 t < 2.0
|cos(q)|> 0.975 0  pT < 0.75 t < 1.0 0.2  pT < 1.0 t < 1.0

Neutral hadrons

Central 0.75  pT < 8.0 t < 2.5 1.0  pT < 8.0 t < 2.5
|cos(q)| 0.975 0  pT < 0.75 t < 1.5 0.5  pT < 1.0 t < 1.5

Forward 0.75  pT < 8.0 t < 2.5 1.0  pT < 8.0 t < 1.5
|cos(q)|> 0.975 0  pT < 0.75 t < 1.5 0.5  pT < 1.0 t < 1.0

Charged particles

All 0.75  pT < 4.0 t < 3.0 1.0  pT < 4.0 t < 2.0
0  pT < 0.75 t < 1.5 0  pT < 1.0 t < 1.0

Figure 3: Reconstructed particles for a time window of 10 ns (100 ns in HCAL barrel) in a simulated
e+e� ! H+H� ! tbbt event in the CLIC ILD detector, with 60 BX of ��! hadrons background overlaid (left).
The effect of applying Tight PFO selection cuts to the reconstructed particles is shown on the right; the energy
deposited in the detector by the background is reduced from 1.2 TeV to the level of 100 GeV.

described in Section 6 were used again. Without any
backgrounds, the Z0 events were examined after the ap-
plication of the different PFO selection cuts. Figure 5
shows the sum of the reconstructed PFO energies for
91 GeV Z0 events, before application of PFO selection
cuts. Separate distributions are shown after applica-
tion of the Loose and Tight cuts described in Table 1.
The more stringent the cuts, the more energy is cut

away. Equivalent distributions are also shown for 1 TeV
Z0 ! qq events, indicating that any negative impact of
the PFO selection cuts decreases with energy.

Figure 6 illustrates the impact of the CLICPFO-
SELECTOR on the jet energy resolution as a function
of the jet energy. At low jet energies, the PFO selection
cuts have a significant impact on the jet energy resolu-
tion. As the jet energy increases, the jet energy recon-

7

pattern recognition 
& timing cuts

• Extensively studied at CLIC: pile-up of γγ -> hadrons background, combined with 
0.5 ns bunch - to - bunch spacing


• Very relevant for hadron colliders - reflected in upgrade plans of CMS
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Under the Hood: Particle Flow Algorithms

26

Pandora for the ILC/CLIC

11/07/201610 Mark Thomson | Pandora Workshop
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Making PFA Happen: Granularity!

27

• Sophisticated pattern recognition in calorimeters to correctly assign calorimeter 
energy to particles seen in tracker: Imaging calorimeters


➫ Granularity goals defined by hadronic shower physics: Segmentation finer than the 
typical structures in particle showers 

➫ X0 / ρM  drive ECAL and HCAL (electromagnetic subshowers)



Frank Simon (fsimon@mpp.mpg.de)Future Detectors 
Project Review, December 2017

Making PFA Happen: Granularity!

27

• Sophisticated pattern recognition in calorimeters to correctly assign calorimeter 
energy to particles seen in tracker: Imaging calorimeters


➫ Granularity goals defined by hadronic shower physics: Segmentation finer than the 
typical structures in particle showers 

➫ X0 / ρM  drive ECAL and HCAL (electromagnetic subshowers)

Depends on material: 

• in W: X0 ~ 3 mm, ρM ~ 9 mm

• in Fe: X0 ~ 20 mm, ρM ~ 30 mm

NB: Best separation for narrow showers 
particularly important in ECAL

➫ Use W in ECAL!

When adding active elements:  ~ 0.5 cm3 segmentation in ECAL, ~ 3 - 25 cm3 in HCAL

➫ O 107-8 cells in HCAL, 108 cells in ECAL for typical detector systems!

‣ fully integrated electronics needed


‣ requires active elements that support high granularity and large channel counts
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• Particle Flow Performance has been extensively studied in full detector simulations in 
the context of Linear Colliders

Dissecting PFA Performance

28

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

21ffiffiffi
E
p " 0:7" 0:004E" 2:1

E
100

" #0:3

%

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 500 GeV 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 40–420 GeV.
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 45 GeV Ej ¼ 100 GeV Ej ¼ 180 GeV Ej ¼ 250 GeV

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

using a traditional calorimetric approach.
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jet energies considered, fragments from charged hadrons, which
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to the jet energy resolution.

The numbers in Table 5 can be used to obtain an semi-
empirical parameterisation of the jet energy resolution:
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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 500 GeV 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
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¼MZ). The ILC jet energy goal of sE=Eo3:8%

is reached in the jet energy range 40–420 GeV.
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%=
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" 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
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Contribution Jet Energy Resolution rms90ðEjÞ=Ej
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(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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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:
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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 500 GeV 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 40–420 GeV.
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 45 GeV Ej ¼ 100 GeV Ej ¼ 180 GeV Ej ¼ 250 GeV

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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M. Thomson, NIM A611, 25 (2009)

• At low energy resolution dominates - in 
particular the HCAL resolution


• At higher energy confusion takes over

• depends on calorimeter granularity, 

capability of pattern recognition and 
algorithm quality

NB: The point where confusion takes 
over depends on the detector 
(granularity, radius, tracker details) and 
on the algorithm!
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Understanding Granularity Requirements: ECAL

29

• Very detailed study in the context of the CLIC detector optimisation (J. Marshall et al.) - 
to understand ECAL requirements

J. S. Marshall ECAL Simulation Studies

Standard Pandora PFA

10

• Begin by examining jet energy resolutions 
achieved using standard Pandora algs.

• Recall that these algs only optimised for 
5x5mm2 cells; improvements possible.

• However, achieve 3.5% resolution goal, 
for 100-250GeV jets, up to ~15x15mm2.

• SiW/ScW performance similar, except at 
high jet energies with 3x3mm2 cells.

• Now vary choice of Pandora algs...

3 mm 5 mm 7.5 mm 10 mm 15 mm 20 mm

3.06% 3.10% 3.21% 3.31% 3.72% 4.09%

3.33% 3.17% 3.25% 3.38% 3.51% 3.95%

Resolutions for 250 GeV jets:

Si
W

Sc
W

default PFA

• Clear dependence on ECAL cell size - 
confusion for close-by em showers 
increases with decreasing granularity
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to understand ECAL requirements
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• Begin by examining jet energy resolutions 
achieved using standard Pandora algs.

• Recall that these algs only optimised for 
5x5mm2 cells; improvements possible.

• However, achieve 3.5% resolution goal, 
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default PFA

• Clear dependence on ECAL cell size - 
confusion for close-by em showers 
increases with decreasing granularity

J. S. Marshall ECAL Simulation Studies

Cheat Photon Clustering

12

• Switch standalone photon reconstruction 
with an algorithm that uses MC info to 
cheat the photon clustering:

• True photon energy deposits then 
removed from Pandora reconstruction 
and are guaranteed to form photon PFOs.

• Calorimeter energies still used to 
calculate final photon energies; MC info 
used only for pattern recognition.

• Additional fake photons could still be 
formed by standard Pandora algorithms.

• As expected, see dramatically reduced 
sensitivity to ECAL granularity changes.

!

3 mm 5 mm 7.5 mm 10 mm 15 mm 20 mm

2.72% 2.69% 2.71% 2.67% 2.84% 3.14%

2.82% 2.68% 2.71% 2.72% 2.90% 3.02%

Resolutions for 250 GeV jets:

Si
W

Sc
W

cheated photons

• Cheating photon clustering strongly 
reduces the cell-size dependence 
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• Additional fake photons could still be 
formed by standard Pandora algorithms.
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• Extend cheated pattern recognition to 
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• Very detailed study in the context of the CLIC detector optimisation (J. Marshall et al.) - 
to understand ECAL requirements

J. S. Marshall ECAL Simulation Studies

Standard Pandora PFA

10
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W

Sc
W

default PFA
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• Extend cheated pattern recognition to 
also include neutrons and K0L:
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“isolated hits” and to form PFOs.

• Neutral hadron confusion very important 
for jet energy reconstruction, but, as 
expected, its impact is independent of 
ECAL granularity.

!

n

3 mm 5 mm 7.5 mm 10 mm 15 mm 20 mm

2.31% 2.26% 2.30% 2.27% 2.45% 2.69%
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Target: ECAL cell size ≤ 10 x 10 mm2

with full analog information in each cell
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Understanding Granularity Requirements: HCAL

• Similar studies also performed in the HCAL - with less sophistication in the 
disentanglement of different effects, since photons do not enter the HCAL in a 
realistic detector geometry
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realistic detector geometry

30

 [Millions]channelsN
0 20 40 60

) [
%

]
j

(E
90

)/M
ea

n
j

(E
90

R
M

S

3

3.5

4

45 GeV jets
100 GeV jets
180 GeV jets
250 GeV jets

plastic scintillator tiles

30 x 30 mm2

Target: HCAL cell size ≤ 30 x 30 mm2

with full analog information in each cell 
(substantially smaller when using 
digital / semi-digital readout) 



Frank Simon (fsimon@mpp.mpg.de)Future Detectors 
Project Review, December 2017

Proving Scalability: The Next AHCAL Prototype

• Construction of a full hadronic prototype ongoing - 24k channels - ready in 2018


• Demonstrates technological solutions for a collider detector, addresses issues of 
mass production and scalability 

31

MC

New AHCAL prototype Felix Sefkow   March 23, 2017

Temperature	coefficients	

31.1.2017	 AHCAL	MeeCng		 8	

•  Example	plot	for	single	channel	

•  All	fits	add	good	chi2	

•  The	temperature	coefficients	has	very	

small	spread	(below	1mv)	

•  Mean	value	56mv/k	~	50mv/k	ok!	

Status as of today

• MPPCs: first 600 delivered 
– characterised at U Heidelberg  

• excellent uniformity 
– mounted on PCBs, awaiting tiles 
– 11'400 more in April, 12'000 in May 

• Tiles: 28’000 from Moscow delivered to DESY 
– first 144 to be wrapped manually 
– wrapping machine in preparation at U Hamburg 

• ASICs: 400 @ DESY, 400 more to be packaged

15

QA	of	SiPMs	@	Heidelberg	

AHCAL	Main	Mee7ng	
31.1.2017	

Yonathan	Munwes	
Konrad	Briggl	
Patrick	Eckert	

24.01.2017Stephan Martens4 Detector Development: Automatic Wrapping Machine 

The new machine – actual state of the construction

Computer-aided design

Fully automatic wrapping

 

An Automatic Wrapping Machine

 as proxy for the hole technical staff
of the group

Particle Physics & Detector Development
Geb. 67a/67b

        

            

Stephan Martens

24.01.2017

 for the AHCAL Scintillator Tiles



Frank Simon (fsimon@mpp.mpg.de)Future Detectors 
Project Review, December 2017

Proving Scalability: The Next AHCAL Prototype

• Construction of a full hadronic prototype ongoing - 24k channels - ready in 2018


• Demonstrates technological solutions for a collider detector, addresses issues of 
mass production and scalability 

31

MC

New AHCAL prototype Felix Sefkow   March 23, 2017

Temperature	coefficients	

31.1.2017	 AHCAL	MeeCng		 8	

•  Example	plot	for	single	channel	

•  All	fits	add	good	chi2	

•  The	temperature	coefficients	has	very	

small	spread	(below	1mv)	

•  Mean	value	56mv/k	~	50mv/k	ok!	

Status as of today

• MPPCs: first 600 delivered 
– characterised at U Heidelberg  

• excellent uniformity 
– mounted on PCBs, awaiting tiles 
– 11'400 more in April, 12'000 in May 

• Tiles: 28’000 from Moscow delivered to DESY 
– first 144 to be wrapped manually 
– wrapping machine in preparation at U Hamburg 

• ASICs: 400 @ DESY, 400 more to be packaged

15

QA	of	SiPMs	@	Heidelberg	

AHCAL	Main	Mee7ng	
31.1.2017	

Yonathan	Munwes	
Konrad	Briggl	
Patrick	Eckert	

24.01.2017Stephan Martens4 Detector Development: Automatic Wrapping Machine 

The new machine – actual state of the construction

Computer-aided design

Fully automatic wrapping

 

An Automatic Wrapping Machine

 as proxy for the hole technical staff
of the group

Particle Physics & Detector Development
Geb. 67a/67b

        

            

Stephan Martens

24.01.2017

 for the AHCAL Scintillator Tiles

automatic wrapping of injection-molded scintillator tiles



Frank Simon (fsimon@mpp.mpg.de)Future Detectors 
Project Review, December 2017

Proving Scalability: The Next AHCAL Prototype

• Construction of a full hadronic prototype ongoing - 24k channels - ready in 2018


• Demonstrates technological solutions for a collider detector, addresses issues of 
mass production and scalability 

31

MC

New AHCAL prototype Felix Sefkow   March 23, 2017

Temperature	coefficients	

31.1.2017	 AHCAL	MeeCng		 8	

•  Example	plot	for	single	channel	

•  All	fits	add	good	chi2	

•  The	temperature	coefficients	has	very	

small	spread	(below	1mv)	

•  Mean	value	56mv/k	~	50mv/k	ok!	

Status as of today

• MPPCs: first 600 delivered 
– characterised at U Heidelberg  

• excellent uniformity 
– mounted on PCBs, awaiting tiles 
– 11'400 more in April, 12'000 in May 

• Tiles: 28’000 from Moscow delivered to DESY 
– first 144 to be wrapped manually 
– wrapping machine in preparation at U Hamburg 

• ASICs: 400 @ DESY, 400 more to be packaged

15

QA	of	SiPMs	@	Heidelberg	

AHCAL	Main	Mee7ng	
31.1.2017	

Yonathan	Munwes	
Konrad	Briggl	
Patrick	Eckert	

24.01.2017Stephan Martens4 Detector Development: Automatic Wrapping Machine 

The new machine – actual state of the construction

Computer-aided design

Fully automatic wrapping

 

An Automatic Wrapping Machine

 as proxy for the hole technical staff
of the group

Particle Physics & Detector Development
Geb. 67a/67b

        

            

Stephan Martens

24.01.2017

 for the AHCAL Scintillator Tiles

automatic wrapping of injection-molded scintillator tiles

Mathias Reinecke  |  CALICE main meeting  |  Mar. 22nd, 2017  |  Page 4 

Large Scale Hardware Production 

> Large scale production: 

� 160 HBUs with SP2E in BGA and 23k Hamamatsu 
S13360-1325PE – in two steps of 80 HBUs 

� 50 DAQ interface modules (DIF, CALIB, POWER, 
CIB). 

> Widely shared electronics production:  

� SP2E ASICS: Omega; Chip-test: Uni Wuppertal 

� Tiles: Uniplast (Russia); Tile-check, wrapping: Uni 
Hamburg; Tile Assembly, cosmics tests: Uni Mainz. 

� MPPC sample test: Uni Heidelberg. 

� Tile checks, cassettes, small stack power supply: 
MPI München 

� PCBs, initial test, cassettes, module assembly, 
commissioning/calibration: DESY 

> Assembly steps for series production required!   

> Modules expected Aug./Sep. 2017 

HBU5_BGA 

new generation 
of ASICs
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Katja Krüger  | CALICE AHCAL Testbeam at SPS  |  01 June 2017  |  Page  3/6

Data Taking 

> impossible to operate magnet at nominal field, could only run at half field
> data taken without B field, and with 1.5 T

! muons for calibration
! energy scan for electrons: 10 – 60 GeV

> very clean beams, very stable SPS conditions, well-working and stable 
detector

120 GeV
muon

60 GeV
electron

60 GeV e-, in 1.5 T field

first test with 
smaller 
prototype 
successful

Small AHCAL prototype TB at DESY 2016 July-Aug

Stack
MPP Munich

16

Setup:
• 15 good, low-noise layers for electromagnetic 

shower
* 6 brand new HBU4 with new generation MPPCs
* 9 older but still good HBU3

Aim:
• demonstrate response to 1-5 GeV electrons
• power-pulsing performance for a calorimeter 

system

layer 1-6
HBU4
Surface mount type 
with trench
2668 pixels

layer 7
HBU3
Surface mount type 
with no trench
1600 pixels

layer 8-15
HBU3
SiPM (SensL)
1300 pixels
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CALICE and Linear Colliders

• CALICE is one of the “gluons” of Linear Collider detector concepts
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• All LC detector concepts build on CALICE calorimeters:

• ILD: ECAL (Si or Sc) + HCAL (Sc or SD)

• SiD: HCAL (Sc or D)

• CLIC: ECAL (Si or Sc) + HCAL (Sc)
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• All LC detector concepts build on CALICE calorimeters:

• ILD: ECAL (Si or Sc) + HCAL (Sc or SD)

• SiD: HCAL (Sc or D)

• CLIC: ECAL (Si or Sc) + HCAL (Sc)

+

-C
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ND Installation: 2025-2026, 

to be ready for first beam
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DUNE Near Detector Timeline
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• Decision on magnet concept (dipole or KLOE solenoid): 02/2018


• Decision on tracker concept (STT or HPTPC, also on SuperFGD): 04/2018


• Draft of Near Detector CDR: 04/2019; review 08/2019


• Draft of Near Detector TDR: 04/2020


• DOE Review of Near Site & Detector: 08/2020

➫  Global detector design being fixed in the coming months


