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The hadronic calorimeter will use scintillator as the active material in regions where the integrated 
dose is low-enough for the scintillator, and the fluence is limited to retain good overall performance 
over the whole life of the HL-LHC. 

 

 
Figure 1:cross-section view of HGCAL. In green, the region with silicon sensors and in blue with SiPM-in-scintillators tiles. 

As a result, two versions of the chip are required to read out the two types of sensors, silicon and 
SiPM. They have to provide a charge measurement up to 10 pC for the silicon-version and 300 pC for 
the SiPM-version, with a noise level below 0.4 fC (2500 electrons). In order to mitigate the out-of-time 
pile-up, the chip has to achieve a fast shaping time (peak < 25 ns), and having less than 20 % of the 
signal in the next bunch crossing. Furthermore, it has to provide a precise timing capability with 25 ps 
binning (~100 ps resolution around 10 fC, < 25 ps resolution after 100 fC). 

2.  HGCROC2 overview 
The front-end electronics measures and digitizes the charge deposited in the silicon sensors pads or 
generated in the SiPMs, provides a high precision measurement of the time of arrival of the pulses, and 
transmits the digitized data to a concentrator chip. It also computes, at every bunch crossing, digital 
sums of neighbouring cells that are transmitted to the trigger concentrator chip and then to the back-end 
electronics to build trigger primitives. 

2.1.  HGCROC2 architecture 
HGCROC2 embeds 72 regular channels of the full analog chain achieving charge and timing 
information, 2 calibration channels which will be connected on smaller cells for calibrating on the MIP 
throughout the entire detector life and 4 common mode channels for possibly subtracting the common 
noise.  

Each channel is made of a low-noise preamplifier. Its gain can be adjusted so that MIP gives 10 ADC 
counts. In the preamplifier’s linear regime, the signal goes to the 10-bit SAR-ADC [2] through the shaper 
which optimizes the signal to noise ratio. After the preamplifier saturation, the charge measurement is 
provided by a discriminator associated to a 12-bit TDC which measures the Time-over-Threshold (ToT) 
with 50 ps binning and so up to 200 ns. Another fast discriminator associated to a 10-bit TDC provide 
the Time-of-Arrival (ToA) with 25 ps binning. The chip provides ADC, ToT and ToA data of each 
bunch crossing at 40 MHz. Those data are stored in a 512-depth circular memory for 12.8µs [3]. Only 
those selected by a L1A trigger request, after 12.5 µs, will be sent out through two 1.28 Gbps links. 

High Granularity Calorimeter
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5D imaging sampling calorimeter 

• Covering 1.5 < |η| < 3


• Electromagnetic (CE-E): 26 layers


• Hadronic (CE-H): 21 layers


Active materials 

• Silicon sensors


• Plastic scintillator with SiPM readout


Passive materials 

• Lead absorber plates


• Copper cooling plates


• CuW baseplates


• Compact and dense (~225 tons)
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• Study of longitudinal shower profile in HGCAL


• HGCAL event reconstruction using TICL framework


• Raw data handling & 2024 beam test events


• Summary
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Longitudinal Shower Profile
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Lateral profile [X0]

Longitudinal shower profile [X0]

Longitudinal profile [X0]
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https://www.physi.uni-heidelberg.de/~sma/teaching/ParticleDetectors2/sma_ElectromagneticCalorimeters.pdf

When a 6 GeV electron beam 
shoots in lead…

Physics in EM shower

‣ Bremsstrahlung

‣ Pair production

‣ Compton Scattering

Longitudinal shower profile [X0]
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Longitudinal Shower Profile in 2018 beam test
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CMS HGCAL collaboration et al 2022 JINST 17 P05022

• Zigzag patterns appear in HGCAL longitudinal shower profile


• Understand its physical mechanism can


‣ Improve Data/MC agreement


‣ More accurate reconstruction of the energy of EM particles


‣ Optimize HGCAL trigger design 
Average hits Measured energy
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HGCAL Prototype in 2018 Test Beam

 72021 JINST 16 T04002

Prototype in the 2018 HGCAL beam test activity
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2021 JINST 16 T04002

“Sandwich” Placement of Silicon Modules
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Toy Detectors in Geant4 Simulation

All PCB before Si

All PCB after Si

Alternating manner

before after before after

Alternating thickness

Equal thickness

…

…

…

…

…

doi:10.6342/NTU202403742
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Effect of Adding PCB Layers
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• No zig-zag is found in the geometry with alternating thickness
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• PCB layers have shielding effects
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All PCB before Si

All PCB after Si

No PCB layers
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Effect of Adding PCB Layers
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• PCB layers have shielding effects


• Zigzag pattern appears in alternating PCB placement!
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All PCB before Si

All PCB after Si

Alternating manner

No PCB layers
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Flag Backward Hits in Geant4 Simulation
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GEometry ANd Tracking 4


• A platform for the simulation of the particle passage 

through matter using Monte Carlo method.


• Based on C++ with a modern object-oriented design.


• Geant4 includes facilities 


‣ geometry


‣ tracking


‣ detector response


‣ run management


‣ visualization and user interface

→ Add a new variable indicating hits from backward tracks!

“Backward hits”
https://en.wikipedia.org/wiki/Geant4

https://indico.cern.ch/event/781244/contributions/3251881/attachments/1782480/2900505/Introduction-and-Kernel-Course-Jan2019.pdf

https://en.wikipedia.org/wiki/Geant4
https://indico.cern.ch/event/781244/contributions/3251881/attachments/1782480/2900505/Introduction-and-Kernel-Course-Jan2019.pdf
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Longitudinal Profile for Deposited Energy
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doi:10.6342/NTU202403742
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HGCAL Event Reconstruction

Materials from 2024 LHCC poster (link)

https://indico.cern.ch/event/1474681/?view=standard_numbered#22-the-cms-phase-2-high-granul
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Source: Wahid Redjeb et al, https://indico.cern.ch/event/1474681/?view=standard_numbered#22-the-cms-phase-2-high-granul

TICL Framework
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• The Iterative CLustering framework


‣ Flexible and modular framework


‣ Core algorithms are friendly to heterogeneous computing


• Initially designed for the HGCAL reconstruction, and currently being 

extended to potentially become the particle flow framework for phase-2

Conclusions

Apply energy regression and PID on final Trackster collection
Build TICLCandidate using information from the Linking

Combine MTD and HGCAL time
Particle ID probabilities

Each Layer Clusters has its own time,
computed from Rechits
Trackster time computed from LayerClusters 

Propagate LayerCluster time to barycenter
Layer and compute weighted average on
that layer

If MTD available, combine HGCAL and MTD
time

TICLCandidate building
Link track entering HGCAL with Linked-Tracksters at
the entrance of HGCAL and at the interface between
CE-E and CE-H

HGCAL and ETL time compatibility
Additional Trackster merging if multiple Trackster
are compatible with the same Track

TICLCandidate

Track

Linked Tracksters

Track-Trackster Linking and Timing

CLUE3D Tracksters
+

Recovery

Hadronic Shower fragmentation
produces several CLUE3D Tracksters

Linking step to recover fragmentation
Exploits geometrical properties of
the Tracksters

Geometrical alignment
compatibility

To maximise energy collection,
layer clusters not “Tracksterized”
are used as input to the Linking  :
Recovery Trackster

DNN developed for
SuperClustering 

To replace Mustache
Superclustering with a
more robust strategy
DNN to keep or reject
Tracksters within the
seed window

Linking - E/Gamma SuperClustering

Particle Flow Interpretation 

TICL is a framework initially designed for the HGCAL reconstruction and currently being
extended to  potentially become the new Particle Flow framework for Phase-2. 

Flexible and modular framework
Core algorithms are heterogeneous Computing friendly

Overview of the TICL Framework

Usage of  Timing Information
Latest development of TICL brought improvements
in every step of the chain.

Better EGamma performance with the improved
SuperClustering
Better Hadronic Reconstruction 
Improved final Particle Flow Interpretation

Wahid Redjeb, Alexander Schmidt (RWTH Aachen (DE)), Felice Pantaleo, Marco Rovere, Pedro Vieira De Castro Ferreira Da Silva (CERN) Alessandro Tarabini (ETH Zurich (CH)), Aurora Perego (Universita & INFN, Milano-Bicocca (IT)), Kenichi Hatakeyama,
Mohamed Darwish (Baylor University (US)), Florian Beaudette, Shamik Ghosh (Centre National de la Recherche Scientifique (FR)),  Alessandra Cappati, Theo Cuisset (LLR / École Polytechnique (FR)), Mark Nicholas Matthewman (University of Vienna),

 Chris Seez (Imperial College (UK)),  Tiziano Pauletto (Università degli studi di Trieste)

Future Developments
Fine tune Hadronic Linking algorithm
Improve combination of energy between
Tracks and Tracksters
Improve PF Interpretation combining
Egamma workflow with Hadronic
reconstruction
Redesign Particle Flow Barrel reconstruction
and integrate it in TICL

Hadronic Linking

Improved Efficiency and Energy
Collection

Improved Charged
Candidate time

resolution!

More Info in Aurora’s
Poster

CLUE3D Tracksters

MTD
Linked Tracksters

Felice Pantaleo et al 2023 J. Phys.: Conf. Ser. 2438 012096

https://indico.cern.ch/event/1474681/?view=standard_numbered#22-the-cms-phase-2-high-granul
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Improved Linking Algorithms in TICL v5a
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reconstruction
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Collection
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Candidate time

resolution!

More Info in Aurora’s
Poster

CLUE3D Tracksters

MTD
Linked Tracksters

• DNN-based algorithm


• To retain/reject tracksters within 
the seed window

• Geometrical alignment compatibility


• Maximize energy collection by taking 
“un-tracksterized” layer clusters

E/Gamma Super Clustering Hadronic Shower Fragmentation

Source: Wahid Redjeb et al, https://indico.cern.ch/event/1474681/?view=standard_numbered#22-the-cms-phase-2-high-granul

https://indico.cern.ch/event/1474681/?view=standard_numbered#22-the-cms-phase-2-high-granul
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Particle Flow Interpretation

 19Conclusions

Apply energy regression and PID on final Trackster collection
Build TICLCandidate using information from the Linking

Combine MTD and HGCAL time
Particle ID probabilities

Each Layer Clusters has its own time,
computed from Rechits
Trackster time computed from LayerClusters 

Propagate LayerCluster time to barycenter
Layer and compute weighted average on
that layer

If MTD available, combine HGCAL and MTD
time

TICLCandidate building
Link track entering HGCAL with Linked-Tracksters at
the entrance of HGCAL and at the interface between
CE-E and CE-H

HGCAL and ETL time compatibility
Additional Trackster merging if multiple Trackster
are compatible with the same Track

TICLCandidate

Track

Linked Tracksters

Track-Trackster Linking and Timing

CLUE3D Tracksters
+

Recovery

Hadronic Shower fragmentation
produces several CLUE3D Tracksters

Linking step to recover fragmentation
Exploits geometrical properties of
the Tracksters

Geometrical alignment
compatibility

To maximise energy collection,
layer clusters not “Tracksterized”
are used as input to the Linking  :
Recovery Trackster

DNN developed for
SuperClustering 

To replace Mustache
Superclustering with a
more robust strategy
DNN to keep or reject
Tracksters within the
seed window

Linking - E/Gamma SuperClustering

Particle Flow Interpretation 

TICL is a framework initially designed for the HGCAL reconstruction and currently being
extended to  potentially become the new Particle Flow framework for Phase-2. 

Flexible and modular framework
Core algorithms are heterogeneous Computing friendly

Overview of the TICL Framework

Usage of  Timing Information
Latest development of TICL brought improvements
in every step of the chain.

Better EGamma performance with the improved
SuperClustering
Better Hadronic Reconstruction 
Improved final Particle Flow Interpretation

Wahid Redjeb, Alexander Schmidt (RWTH Aachen (DE)), Felice Pantaleo, Marco Rovere, Pedro Vieira De Castro Ferreira Da Silva (CERN) Alessandro Tarabini (ETH Zurich (CH)), Aurora Perego (Universita & INFN, Milano-Bicocca (IT)), Kenichi Hatakeyama,
Mohamed Darwish (Baylor University (US)), Florian Beaudette, Shamik Ghosh (Centre National de la Recherche Scientifique (FR)),  Alessandra Cappati, Theo Cuisset (LLR / École Polytechnique (FR)), Mark Nicholas Matthewman (University of Vienna),

 Chris Seez (Imperial College (UK)),  Tiziano Pauletto (Università degli studi di Trieste)

Future Developments
Fine tune Hadronic Linking algorithm
Improve combination of energy between
Tracks and Tracksters
Improve PF Interpretation combining
Egamma workflow with Hadronic
reconstruction
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resolution!

More Info in Aurora’s
Poster

CLUE3D Tracksters

MTD
Linked Tracksters

TICL candidate building


• Link track and linked-tricksters


• Apply energy regression and PID on final Trackster collection 

(MIP Timing Detector)

1. HGCAL and ETL time compatibility 

2. Additional trackster merging

Source: Wahid Redjeb et al, https://indico.cern.ch/event/1474681/?view=standard_numbered#22-the-cms-phase-2-high-granul

https://indico.cern.ch/event/1474681/?view=standard_numbered#22-the-cms-phase-2-high-granul
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• Hits: Time of arrival (ToA) measured with a time-to-digital converter


• Layer cluster: average of the hits time weighted with time resolution


• Trackster: project layer clusters onto trackster barycenter plane


• TICL candidates


‣ Trackster time propagated back to the point closest to the beam spot


‣ Improvement from usage of HGCAL local time 
and propagation along the trajectory of track

Use of time information 
in TICL for Phase-2 CMS

Aurora Perego1,3, Wahid Redjeb2,3, Felice Pantaleo3, 
Tiziano Pauletto4  on behalf of the CMS Collaboration

•

•

•

•

•

• ≥

•

•

•

•

•

•

•

•

•

•
• ∝ 1/𝐸𝑛𝑒𝑟𝑔𝑦

•

•

•

•

•

MTD clusters

𝐾𝐿0

𝐾𝐿0

𝑡 ҧ𝑡

•

•

•

•

•

•

•
𝜎𝑡 ≃ →

•

•
•

𝑝𝑇

LHCC Week, CERN 18-21 November 2024

•
•

σ

𝜎 = 𝜎𝑀𝑇𝐷2 + 𝜎𝐻𝐺𝐶𝐴𝐿2

•
•

•

Source: Aurora Perego et al, https://indico.cern.ch/event/1474681/?view=standard_numbered#23-use-of-time-information-in

Conclusions

Apply energy regression and PID on final Trackster collection
Build TICLCandidate using information from the Linking

Combine MTD and HGCAL time
Particle ID probabilities

Each Layer Clusters has its own time,
computed from Rechits
Trackster time computed from LayerClusters 

Propagate LayerCluster time to barycenter
Layer and compute weighted average on
that layer

If MTD available, combine HGCAL and MTD
time

TICLCandidate building
Link track entering HGCAL with Linked-Tracksters at
the entrance of HGCAL and at the interface between
CE-E and CE-H

HGCAL and ETL time compatibility
Additional Trackster merging if multiple Trackster
are compatible with the same Track

TICLCandidate

Track

Linked Tracksters

Track-Trackster Linking and Timing

CLUE3D Tracksters
+

Recovery

Hadronic Shower fragmentation
produces several CLUE3D Tracksters

Linking step to recover fragmentation
Exploits geometrical properties of
the Tracksters

Geometrical alignment
compatibility

To maximise energy collection,
layer clusters not “Tracksterized”
are used as input to the Linking  :
Recovery Trackster

DNN developed for
SuperClustering 

To replace Mustache
Superclustering with a
more robust strategy
DNN to keep or reject
Tracksters within the
seed window

Linking - E/Gamma SuperClustering

Particle Flow Interpretation 

TICL is a framework initially designed for the HGCAL reconstruction and currently being
extended to  potentially become the new Particle Flow framework for Phase-2. 

Flexible and modular framework
Core algorithms are heterogeneous Computing friendly

Overview of the TICL Framework

Usage of  Timing Information
Latest development of TICL brought improvements
in every step of the chain.

Better EGamma performance with the improved
SuperClustering
Better Hadronic Reconstruction 
Improved final Particle Flow Interpretation

Wahid Redjeb, Alexander Schmidt (RWTH Aachen (DE)), Felice Pantaleo, Marco Rovere, Pedro Vieira De Castro Ferreira Da Silva (CERN) Alessandro Tarabini (ETH Zurich (CH)), Aurora Perego (Universita & INFN, Milano-Bicocca (IT)), Kenichi Hatakeyama,
Mohamed Darwish (Baylor University (US)), Florian Beaudette, Shamik Ghosh (Centre National de la Recherche Scientifique (FR)),  Alessandra Cappati, Theo Cuisset (LLR / École Polytechnique (FR)), Mark Nicholas Matthewman (University of Vienna),

 Chris Seez (Imperial College (UK)),  Tiziano Pauletto (Università degli studi di Trieste)

Future Developments
Fine tune Hadronic Linking algorithm
Improve combination of energy between
Tracks and Tracksters
Improve PF Interpretation combining
Egamma workflow with Hadronic
reconstruction
Redesign Particle Flow Barrel reconstruction
and integrate it in TICL

Hadronic Linking

Improved Efficiency and Energy
Collection

Improved Charged
Candidate time

resolution!

More Info in Aurora’s
Poster

CLUE3D Tracksters

MTD
Linked Tracksters

https://indico.cern.ch/event/1474681/?view=standard_numbered#23-use-of-time-information-in
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Future Developments
Fine tune Hadronic Linking algorithm
Improve combination of energy between
Tracks and Tracksters
Improve PF Interpretation combining
Egamma workflow with Hadronic
reconstruction
Redesign Particle Flow Barrel reconstruction
and integrate it in TICL

Hadronic Linking

Improved Efficiency and Energy
Collection

Improved Charged
Candidate time

resolution!

More Info in Aurora’s
Poster

CLUE3D Tracksters

MTD
Linked Tracksters

• Latest TICL development brought 
improvement in every step of the 
chain


• Better EGamma performance with 
the improved SuperClustering


• Better Hadronic Reconstruction


• Improved final Particle Flow 
Interpretation 

Source: Wahid Redjeb et al, https://indico.cern.ch/event/1474681/?view=standard_numbered#22-the-cms-phase-2-high-granul

https://indico.cern.ch/event/1474681/?view=standard_numbered#22-the-cms-phase-2-high-granul


Photo source: https://www.businesstoday.com.tw/article/category/80732/post/201306060034/

2024 Raw Data Handling & Test Beam

Partial Selected Materials
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RECO

RAW

DIGI

Si/SiPM-on-tile 

ECON-D

Backend (S-Link)

Con{d,f}DB

CalibratedRecHit

Level-0 calibrations

Unpacker algorithm(s) 

Data flow in CMSSW

HGCROC

LHC
SIM

Sensitive detector algorithms 

DIGI

FE electronics emulation

Zero suppression algorithm

Packer algorithm(s)

sketch with the help of A. David

Prompt calibration

Compression algorithm(s)

Electronics mapping

sketch from P. Ferreira da Silva with the help of A. David

Phase-2 upgrade of new end-cap calorimeter


• 6 million channels → 𝒪(700k) hits per event


• Heterogeneous computing


• Highly parallelization algorithms


HGCAL Raw Data Handling


• 2022 October working group built


• 2023 Aug/Sep test-beam events


• Goal: RAW → DIGI → RECO → DQM / Nano


‣ Level-0 calibration algorithms are developed


‣ Algorithms are ported to Alpaka EDProducer for heterogeneous computing


‣ HGCAL DQM service is established from scratch for the test beam activities

HGCAL Raw Data Handling

 23
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2024 Data Flow in Offline Software
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Offline software
Data flow diagram

5

We will add a caption with the 
explanation of the flow I. Neuteling’s talk @ DPG during HGCAL week

https://indico.cern.ch/event/1417813/#7-raw-data-handling-towards-be
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2024 Test Beam System
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Source: HGCAL DPG Presentation
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Geometrical Layout
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5

Test beam system
~1

0 
X

0
drawing from C. AmendolaDrawing from C. Amendola
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Setup in Magnetic Field
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Source: HGCAL DPG Presentation
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Beam Position with Magnetic Field
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Evaluation of Pedestal and Noise
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Source: HGCAL DPG Presentation
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Some Highlights: Noise Study
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Source: HGCAL DPG Presentation
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Some Highlights: MIP Scale Study
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Source: HGCAL DPG Presentation



Photo source: https://www.businesstoday.com.tw/article/category/80732/post/201306060034/

Summary
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Summary
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• Our Geant4 simulations reveal that the observed zigzag pattern stems from 

detector geometry and shielding of backward-scattered secondary particles. 

Understanding this energy deposition pattern will enable more efficient trigger 

criteria for the HGCAL detector in Phase-2 operation.


• Various steps in the TICL framework have been improved, including better 

linking algorithms, PF interpretation, treatment in timing information, resulting 

in an enhancement in both time and energy resolution.


• The 2024 beam test campaign enabled us to test a full chain of sensors, DAQ 

and offline software. More analysis of test beam data is ongoing, quantifying 

the performance of pre-series HGCAL components.
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Thank you for your attention

01. October. 2024

HGCAL Beam Test Campaign



Backup
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CLUstering of Energy (CLUE) algorithm


• Developed based on Imaging Algorithm


• Input hits and output 2D layer clusters


• Energy density based


• Reduce dimensionality of the problem 

(105 hits to 104 layer clusters)


“The Iterative CLustering” (TICL) Framework


• Input 2D layer clusters and output 3D objects / showers (TICL candidates)


• Iterative algorithm


• Electromagnetic showers are easier to reconstruct


• Hadronic showers are reconstructed after EM showers

HGCAL reconstruction

 36

Reference: The HGCAL website and Marco Rovere’s slides

https://hgcal.web.cern.ch/Reconstruction/clueAlgorithm/
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Skeleton of iteration
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Five-step procedure of an iteration


• Filter and mask layer clusters


• Define seeding region


• Pattern recognition


• Link the recognized patterns


• Cleaning and classification
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HGCAL Muon Tomography
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CEE CEH

Source: https://hgcal.web.cern.ch/Geometry/geometry_validation/

CEE CEH
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Geant4 Study Summary
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• Our Geant4 simulations reveal that the observed zigzag pattern stems from 
detector geometry and shielding of backward-scattered secondary particles.


• Future studies with realistic detector geometry will clarify the origin of this 
zigzag energy deposition pattern.

doi:10.6342/NTU202403742

• Understanding this energy 
deposition pattern will enable 
more efficient trigger criteria 
for the HGCAL detector in 
Phase-2 operation.

Toy Detector
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TICL Summary
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Latest development


• Better EGamma performance with the improved SuperClustering


• Better Hadronic Reconstruction


• Improved final Particle Flow Interpretation 


Future development


• Fine tune Hadronic Linking algorithm


• Improve combination of energy between Tracks and Tracksters


• Improve PF Interpretation combining Egamma workflow with Hadronic reconstruction


• Redesign Particle Flow Barrel reconstruction and integrate it in TICL
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Thank you for your attention

11. July. 2024

16th Patatrack Hackathon Event


Italian Pizza event @ CERN Prevessin


