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Why dual-readout calorimetry?

A dual-readout fiber calorimeter at future Higgs factories:

4+ provides (i.e. regardless the absorber medium,

sampling fraction and signal integration time) *
4+ being an simplifies the calibration procedure
(no need to correct for response variation according to the shower age) *
4+ can be coupled to a dual-readout crystal section for extreme EM resolution
4 is a granular calorimeter: *
¢ tunable 2D segmentation according to SiPM signal grouping 2D/3D granularity
% 3D segmentation could be restored through signal timing analysis *

4+ is sensitive to different features for each event (S/C signals)
thus provides richer inputs to any machine learning based estimation
(i.e. possible to build 2-stacked convolutional neural networks)

Gold mine for
machine learning
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Geant4 Sim, our starting point

To perform proof of concept studies we developed a GEANT4 - Qt visualizer - IDEA/ ete™ — jj
Geant4-based simulation:

Pythia8

v

HepMC

v

GEANT4 =P Qt - visualizer

v

ROOT
Event Data Model

v

Data analysis
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A benchmark geometry
A benchmark IDEA Calo implementation

4+ Exploits 5400 towers
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L. Pezzotti, G. Polesello, et. al.

Proof of concept

Geant4 indications on the expected performance (selected results):

+ 10% - 15 %/\/E EM energy resolution

+ 25% —-30% /\/E energy resolution for single hadrons (including neutral hadrons)

4+ 5 % energy resolution for jets at 50 GeV GEANT4 - IDEA/ e*e- — jj

Scintillation

5000

4+ Sub-percent linearity in the FCCee energy ranges for e /y, hadrons and jets.
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M. Lucchini, et. al.

Combining DR crystals and fibers

Integration of a crystal calorimeter option in the
47 Geant4 IDEA simulation:

4+ Barrel crystal section inside solenoid volume

4+ 1x1 cm2 PWO segmented crystals granularity

4+ Radial envelope: ~1.8-2.0 m

Solenoid volume

Standalone performance:

PWO crystals
EM segments

4+ Single hadrons: 25% — 30 % /\/E
(including neutral hadrons)

LYSO crystals
Timing segmen

+ Single e*/y: 3 %/\/E & | — o

+ Jets: 32 % /\/E @ 3.4 % (from eTe™ — jj events)

Standalone performance for hadrons and jets compatible with the IDEA baseline option,
a proto-PF approach was tested to further improve these numbers
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Combining calo hits and tracks

M. Lucchini, et. al.

1) Hits around crystal neutral

Z—jj, B=2T Crystal
seeds are clustered as o section
photon hits and are not @
associated to tracks. =

0 -—-_—/’
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2) Calorimeter hits are
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associated to tracks based ; , /
on their track-distance.

HCAL fiber towers

EM crystal rear

If the sum of the energy

associated to a track is

EM crystal front

within 1o from the expected

Timing rear

energy the calorimeter hits

are replaced with the track

Timing front

momentum.

Solenoid gap

neutral hadron  charged pion
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M. Lucchini, et. al.

Combining calo hits and tracks

1) Hits around crystal neutral 3) The Durham algorithm is fed with the collection of
seeds are clustered as _
photon hits and are not + all photon hits from 1)

associated to tracks.
! 4 a collection of tracks

< charged particles not reaching the calo

2) Calorimeter hits are

associated to tracks based < tracks that were swapped with calorimeter hits from 2)

on their track-distance. 4+ All the other calo hits (ECAL+HCAL) not swapped out
* 4+ The algorithm (FASTJET) clusters the 4-momenta into jets
If the sum of the energy
associated to a track is 4+ The jet energy (non-swapped component) is corrected with DRO equation

within 1o from the expected
energy the calorimeter hits

re repl with the track _
?ngmee%’ﬁjcrﬁd o Ejet =CPFa- [Z Ehl'fS,)’ + Z Etracks + Z Ehits,leftover,DRO
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M. Lucchini, et. al.

Combining calo hits and tracks

1) Hits around crystal neutral 3) The Durham algorithm is fed with the collection of
seeds are clustered as _
photon hits and are not + all photon hits from 1)

associated to tracks.

+ llecti f track
Crystal section is crucial in 1) 1 a cofieclion of tracks

< charged particles not reaching the calo

2) Calorimeter hits are

associated to tracks based < tracks that were swapped with calorimeter hits from 2)

on their track-distance. 4+ All the other calo hits (ECAL+HCAL) not swapped out
* 4+ The algorithm (FASTJET) clusters the 4-momenta into jets
If the sum of the energy
associated to a track is 4+ The jet energy (non-swapped component) is corrected with DRO equation

within 1o from the expected
energy the calorimeter hits

re repl with the track .
?ngmee%’ﬁjcrﬁd o e Ejet =CPFa- [Z Ehl'fS,)’ + Z Etracks + Z Ehits,leftover,DRO

DRO enerqgy correction is helpful in both 2) and 3)
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|L.Pezzotti, G.Polesello, M. Lucchini, et. al.

Jet resolution in the IDEA Crystal option

Jet energy resolution Jet energy scale
Jet energy resolution and linearity asa 014 ~ 03[
function of the Jet energy \DLU | ete =2y —j —e— w/o DRO, w/o pPFA :Eg . ete = Z%y = jj —e— w/o DRO, w/o pPFA
(fromete™ — jj events at different 0.12(- ... % WIDRO, wio pPFA (B 0.2F . 97 W/DRO, W0 PPFA
Center'Of'maSS'energleS) for i —e— w/ DRO, w/ pPFA >?E - —e— w/ DRO, w/ pPFA
01 T m%_" O
- o2RO/E = 0.32/ {E ® 0.034 B
4+ Crystals + IDEA Calo w/o DRO 008l | gE-omiEeoon g U .
4+ Crystals + IDEA Calo w/ DRO i Wt
0.06— )| e —
4 Crystals + IDEA Calo w/ DRO + i s
pPFA 0.04~ 0.2
0.020\ | \2‘()\ | \4‘()\ 1 \6‘()\ 1 \8‘()\ 1 \1(‘)0\ 1 \12‘()\ 1 \14|-0\ _03\ 1 \2|O\ 1 \4‘0\ 1 \6‘0\ 1 \8‘0\ | \10‘0\ 1 \1£0\ 1 1
(E,, ) [GeV] (E, ) [GeV]

pPFA leads to a sensible improvement in jet resolution using dual-readout information
from crystals and fibers — 3%-4% for jet energies above 50 GeV,
within most physics requirements at Higgs factories
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S. Giagu, L. Torresi, M. Di Filippo et. al.

Machine Learning & DR Calorimetry

The same GEANT4 simulation was used to pioneer the usage of machine learning solutions
to maximize the physics potential of future collider experiments.

4+ Case study: 7% lepton decay mode ID to

Decay Label 8-class

< leverage modern machine learning methods based on —
differentiable deep neural networks TT e velr 0
] _ _ T =T Vs 1
¢ study performance using only standalone DRC information - ,

T S T W Vs

< optimizing the detector and design of the readout electronics T — 3
4+ Tasks: T STy, 4
o ) ) ) T~ = O r wt, 5

% classification of 7 decays and separation from QCD jets based ——
on Dynamic Graph Neural Networks (DGCNN) T TTH Vaetr 6
Z — qq — jet jet 7

“*» DGCNN-based object detection
(e.g._identification of ¥ and 7 inside hadronic 7 decays)
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S. Giagu, L. Torresi, M. Di Filippo et. al.

Events display and DGCNN inputs

Data representation

4+ Image-based: treating the energy deposition on each 1 4 ) :
fiber as the pixel intensity creates an image of the &, | B I .
event in fixed-shape mesh 2 . ' §§~ : -
< CNN standard representation 2‘ - o c 5; %
¢ unclear how to incorporate additional information | o i ; B w0
of the fibers ‘1S ‘18 T 2TV |-
% very sparse and inefficient representation e s : f.,*_ oot
4+ Point-cloud-based: unordered sets of entities 3‘ : A Wt o00
distributed irregularly in space, analogous to the point  * R : P R 3t « *1 o
cloud representation of 3D shapes S E SO R, SRR - S d &0
o ° ) 600 0 P ’, ’ 500
< easy to incorporate additional information of the £ - s S | L Ryl 0
fibers (fibre type, energy, time information, ...) 2—2 E 400 2 .;."r.__,'.. EAST
N . NS ™
“* the architecture of the neural network hastobe ~ +4 g t—-ew B “1S . F.rnoroy M-
carefully designed to fully exploit the potential of B Y
this representation — Dynamic Graph CNN ' Y (deg) A6 (deg)
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S. Giagu, L. Torresi, M. Di Filippo et. al.

Results on = ID with DGCNN

Using coordinates, fiber type Using only coordinates and
(S/C) and p.e. in each fiber fiber type (S/C)

Average T —ev PEEEY 0.45 0.65 0.03 0.0 0.00 0.34 0.00

accuracy T oy
90.8%

0.79 0.62 0.03 0.00 0.00 158 0.03 - Average
daccuracy
88.3%

T —evv

3.20 cheely 2.21 0.25 1.71 0.19 0.94 0.14 T—-Tv  3.09 EEXE] 3.48 041 2.02 0.39 1.44 0.14

T —1lv
1.34 3.49 EE¥d 497 1.12 1.67 0.11 0.44 T —TIToV

1.77 4.83 EloEisy 9.25 1.61 1.67 0.16 0.25

070
Tommity. 046 0.25 12,09 Legeg 014 3.24 0.0 0.63 T om0y 0.30 0.38 10.43EYEH 0.16 3.87 005 0.25

Truth BR

T-onny 011 314 1.24 0.16 L 6.79 0.00 1.16 T »Tmmv 016 3.52 1.38 0.35 [YP] 8.79 0.03 0.95

Truth BR

T =y 0.16 030 1.82 157 6.42 EYALY 0.03 2.66

T > 1oV 0.11 0.24 1.98 2.60 10.19gpHsd 0.08 2.20

124 025 0.6 0.00 0.03 0.00 EERE
T= Hw T—PW 253 048 0.1 0.00 0.03 0.00 [LRP

Uncertainty on
accuracies ~3-5%

0.13 0.21 0.21 0.59 1.87 2.29 0.03 EEXY

Z —qq jets Z —qqjets 0.08 025 019 1.05 254 4.08 0.06 EINE

A AR MY pY v \ > > 2 > » » A N
R S N N N < © NN N N NN NN\
2 A T NI B Dy O %5)) v %,
OL {9 & 2 L o Q{S\
Predicted BR Predicted BR “

4+ The calorimeter geometry alone allows excellent 7 ID

4+ Results performed including SiPM emulation do not show significant performance reduction
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S. Giagu, L. Torresi, M. Di Filippo et. al.

Segmentation, finding objects in calo-jets

DGCNN coupled to a high granularity dual-readout calorimeter can also be exploited for object (particle)
detection inside 7 and hadronic jets:

4+ label each fibre by extrapolating Monte Carlo truth particles from production to the DRC into the
IDEA magnetic field

4+ train the DGCNN to predict the label associated to each fibre

4+ identify the particle associated to the larger energy deposit in each fibre

First study ongoing:

4+ initial tests only on photons/neutrons VS other particles identification
in T decays

4+ 7 IDin jets is an open point in unsegmented calorimeters!

4+ Straightforward application in any Particle-Flow like algorithm
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Results on segmentation

Example: segmentation of two 7 — 77

2.5 A
0.0 A
=2.5
_5‘0 -
_75{ EE no class
electron
Il muon
—10.0 1 photon
pion+
—12.51 mmm proton
Il neutron
—15.0 1 MWW hadrons
-2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0 15 2.0
Ground Truth
2.0 A
1.5 A
1.0 A
0.5
no class
0.0 -
electron
B muon
=05 photon
pion+
-1.0 I proton
I neutron
15 B hadrons
-0.2 0.0 0.2 0.4 0.6
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4+ 1 visible energy reconstructed using

< DRC fory
¢ MC truth for other particles

comparison of the distributions obtained when photons
are identified by the DGCNN and when using the MC truth

1200
[ ParticleFlow
[ ParticleFlow-True
1000
800
600

400

DGCN

200

E: [GeV]
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DD4hep geometry migration

4+ DD4hep is a main framework for detector description Dual-readout

4+ ltis a first step to migrate to key4hep,

common SW stack for FCC, ILC, CLIC, CEPC
4+ An IDEA DR-Calo description was implemented in DD4hep [qit]
4+ To be coupled with a DD4hep description of the IDEA Dirift

Chamber

k4dSimGeant4

Sang Hyun Ko et. al.

DD4hep geometry

calorimeter

conversions

EDM

T G4Event

Sim

I:l Tool

I:l Algorithm

sim::Run
Manager

I:’ Service

| Detector

CLIC SiD tracker

construction

Sim

Alg

(placeholder for IDEA DC)

Sve

Magnetic
field

Fast sim
configuration

-~
\\
=]

Physics list
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https://github.com/HEP-FCC/dual-readout

Cherenkov Scintillation |S. H. Ko et. al.

1/} D

Optical physics simulation
4+ Precise timing measurement is crucial to recover longitudinal

segmentation in fiber calorimeters [link]

4+ Optical physics provides detailed timing information but at a high-
cost of CPU (open problem in Geant4)

4+ Incorporating modularized G4 Physics List using FTFP_BERT,
Geant4 optical physics and a Fastsim module applied
to optical photons [link]

k4SimGeant4 k4run configurator

|:| Tool sim::Run
EDM I:’ Algorithm Manager regionTool = SimG4FastSimOpFiberRegion("fastfiber")
ORI opticalPhysicsTool = SimG40pticalPhysicsList("opticalPhysics", fullphysics="SimG4FtfpBert")
D Service physicslistTool = SimG4FastSimPhysicsList("Physics", fullphysics=opticalPhysicsTool)
T GAEvent Detector
/ construction from Configurables import SimG4DRcaloActions
S e Sim actionTool = SimG4DRcaloActions("SimG4DRcaloActions")
Alg —_— Sve
hlagneﬁc # Name of the tool in GAUDI is "XX/YY" where XX is the tool class name and YY is the given name

field geantservice = SimG4Svc("SimG4Svc",
physicslist = physicslistTool,
A AY

regions = ["SimG4FastSimOpFiberRegion/fastfiber"],

actions = actionTool

)

Fast sim . User
. Regions .
configuration Actions

Physics list
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https://indico.cern.ch/event/1086651/contributions/4569697/attachments/2327258/3964852/211006_signalProcessing_shKo.pdf
https://indico.cern.ch/event/915715/contributions/3850280/attachments/2036905/3410659/200512_shKo.pdf
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EDM4hep DataModel Overview (v0.4)

4+ EDM4hep is a common EDM that can be used by all E— | PartilelD
communities in the key4hep project - :\C*’“""““”““\\cmter/
T
)

Association b ReconstructedPartche

4+ Second step to migrate to the common SW stack

4+ Needed to interface G4Event/G4VHit of the DRC
simulation to EDM4hep calorimeter hits.

\

) -y TrackerHit a—r
TrackerHitPlane

——

Track
Vertex
(@)

TRCHI Reconstruction &
Monte Carlo Raw Data | Digitization Analysis
* Mlgrated InfOrmatIOn from Configurables import SimG4SaveDRcaloHits, SimG4SaveDRcaloMCTruth
saveDRcaloTool = SimG4SaveDRcaloHits("saveDRcaloTool", readoutNames = ["DRcaloSiPMreadout"])
.x. MC truth (edep) — edm4hep--SimCalorimeterHits saveMCTruthTool = SimG4SaveDRcaloMCTruth("saveMCTruthTool") # need SimG4DRcaloActions
. . geantsim = SimG4Alg("SimG4Alg",
Readout (#p.e.) — edm4hep::RawCalorimeterHits outputs = [

"SimG4SaveDRcaloHits/saveDRcaloTool",
"SimG4SaveDRcaloMCTruth/saveMCTruthTool"

eventProvider = edmConverter

%
< Digitization (#ADC) — edm4hep::RawCalorimeterHits |
“* Reco (2D/3D) — edm4hep::CalorimeterHits :
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ﬂ Conclusions & Take Home

+ has been used to simulate a dual-readout calorimeter concept
for IDEA providing good indications on the possibility of:

% reconstructing e*, hadrons and jets with *

< (in a fully compensating
segmented calorimeter)

¢ using improving the jet energy measurements

4+ CNN can be used to extract features from an unprecedented amount : .
of calorimetric information ( =~ 100 million fibers). Case studies: Machine learning

rior reconstruction
. 751D (superior reconstructio

< Finding particles (y, n) into jets

4+ Migration of the DR Calo simulation to the key4hep SW stack is at an key4hep
advanced level (DD4hep and EDM4hep)
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