FUTURE
CIRCULAR
COLLIDER

Particle Flow
Status and plans

Anna Zaborowska
\

NS DRD6, 04.04.2025



What is particle flow?

Reconstruction of stable particles in the event
(e, , , charged and neutral hadrons)
using the information from all sub-detectors.

Main idea: leverage the most precise sub-detector that
measures a particle:

trackers { for charged particles
calorimetry { for neutral particles.
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https://arxiv.org/pdf/1308.4537
https://indico.global/event/12243/contributions/108674/attachments/49970/95977/PID-PFA_1.pdf

Hardware and software interplay
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https://arxiv.org/pdf/1706.04965
https://arxiv.org/pdf/0907.3577

Hardware and software interplay
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Table 1: Contributions from the different particle components to the jet-energy resolution (all energies in GeV). The table
lists the approximate fractions of charged particles, photons and neutral hadrons in a jet of energy. E;. and the assumed 500
single particle energy resolution.

High granularity of calorimeters allows to track and separate
particles;

Track extrapolation to calorimeters vital, may in uence the e
( rst layers) granularity; 1000 :
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https://arxiv.org/pdf/1706.04965
https://arxiv.org/pdf/0907.3577
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Machine Learning
approaches (MLPF)

NG



Pandora PFA

Pandora PFA is a framework which employs several pattern recognition algorithms to
form and manipulate (merge, split, delete) clusters and create particle ow objects

(PFOs).
Each experiment must
choose the algorithms,
order, parameters ...
Framework should also
facilitates development.

# #
CLDCon g [{Ji LCContent 1

PandoraMonitoring window.


https://arxiv.org/pdf/0907.3577
https://github.com/key4hep/CLDConfig/tree/main
https://github.com/PandoraPFA/LCContent

Pandora PFA

Pandora PFA is a framework which employs several pattern recognition algorithms to
form and manipulate (merge, split, delete) clusters and create particle ow objects

(PFOs).
Each experiment must
choose the algorithms,
order, parameters ...
Framework should also
facilitates development.
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PandoraMonitoring window.
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Pandora LCContent algorithms (1/2)

The order of execution of algorithms is steered from the XML le.
For instance for CLD: CLDConfig/PandoraSettingsDefault.xml
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All algorithms come withmultiple parameters.
Tuning of those isvital .

XML con guration

6/20 C++ implementation
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Pandora LCContent algorithms (1/2)

All algorithms come withmultiple parameters.
Tuning of those isvital .

some are relative (e.g. tp, radial angles; ::) so they
could be close to optimal.

others may be absolute (e.g. number of layers).

XML con guration

6/20 C++ implementation



ARBOR

ARBOR clustering: \Following the idea that shower follows the topology of the
tree"; M. Ruan, H. Videau arXiv:1403.4784

Focus on the hadronic showers, tagging of the sub shower structure;
Separation of the nearby showers;



APRIL

\The APRIL PFA is then the ArborPFA

clustering with a revamped cluster merging." B.
Li, R. Ee, G. Grenier, |. Laktineh,
arXiv:2002.09678v2

Used to study the semi-digital hadronic calorimeter SDHCAL,;
Plan to add timing for better separation;



CyberPFA

From Fangyi Guo,
See more details in the next talk!




Machine Learning PFlow: D. Garcia, G. Kzmanc, M Selvaggi

End-to-end particle- ow algorithm
based on graph neural networks;

Input: Tracks and cells; Output:
PFOs;

doi:10.17181/fh45b-ma088



Machine Learning PFlow: D. Garcia, G. Kzmanc, M Selvaggi

End-to-end particle- ow algorithm MLPF shows improved energy resolution for

based on graph neural networks; the neutral hadrons, equivalent angular
resolution and improved angular resolution

Input: Tracks and cells; Output:
for neutral hadrons (wrt Pandora).

PFOs;

doi:10.17181/fh45b-ma088



Machine Learning PFIow: F.Mokhtar, J.Pata, D.Garcia, E.Wul, M.Zhang, M.Kagan, J.Duarte

Input: clusters and tracks; Output: PFOs;

Aim: Improvement of the existing reconstruction techniques transferable to other
detectors, reducing the need to manually tune the algorithms;

arXiv:2503.00131v2



Machine Learning PFIow: F.Mokhtar, J.Pata, D.Garcia, E.Wul, M.Zhang, M.Kagan, J.Duarte

from Joosep Pata presentation 4/03/25
11/20



Particle Flow at FCC

Di erent status for each of the detector proposals:
CLD { Most advanced, originates from CLICdp, Pandora-based reco, MLPFs.
ALLEGRO { A study started with Pandora (for calorimeters).

IDEA { A standalone demonstrator of the improvement when combining tracker and
calorimetry (with crystals in front of bers).



FCCee: CLD reconstruction status (1/2)

CLD preformance documented in [arXiv:1911.12230], yet pandora PFOs
some analyses encounter problems (e.g. avour + all tracks
tagging). Subject of studies!

Pandora PFOs
+ associated tracks

from £ issue
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FCCee: CLD reconstruction status (1/2)

CLD preformance documented in [arXiv:1911.12230], yet pandora PFOs
some analyses encounter problems (e.g. avour + all tracks
tagging). Subject of studies!

First investigate to which extent it comes from
mistuning of track-cluster association (leading to
track droping = neutral instead of charged).

But as it seems that Pandora parameters were optimised ., jora PFOs
with the goal of obtainingthe best jet energy
reconstruction { also at a price of removing tracks.

+ associated tracks

Better optimisation strategy for both should be tried
out: investigate what jet energy resolution can be
obtained while maintaining good PID at the same
time.

Also a potential idea { running the ‘recovery' of tracks ? from t issue



FCCee: CLD reconstruction status (2/2)

Muon are misidenti ed (for charged hadrons) if no energy is deposited in muon
chambers

>

1 GeV in CLD, CED viewer

I needs to be investigated (and tuned).



FCCee: CLD reconstruction status (2/2)

Muon are misidenti ed (for charged hadrons) if no energy is deposited in muon
chambersbut even with clear energy deposits in muon chambers.

>

1 GeV in CLD, CED viewer 10 GeV in CLD, CED viewer

I needs to be investigated (and tuned).
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There is a calibration tool for Pandora (LCContent) algorithms: LCPandoraAnalysis
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However, this is not tuning the multiple parameters of the multiple algorithms.
That must be done \by hand" looking at each algorithm and our detectors, using the
available debugging tools:

Dbg outputs (including
<algorithm type = "DumpPfosMonitoring"/> )

Visualisation at each stage (PandoraMonitoring
<algorithm type = "VisualMonitoring"/> )



Pandora Tuning and Calibration

There is a calibration tool for Pandora (LCContent) algorithms: LCPandoraAnalysis

However, this is not tuning the multiple parameters of the multiple algorithms.
That must be done \by hand" looking at each algorithm and our detectors, using the
available debugging tools:

Dbg outputs (including
<algorithm type = "DumpPfosMonitoring"/> )

Visualisation at each stage (PandoraMonitoring
<algorithm type = "VisualMonitoring"/> )

Event display
source /cvmfs/sw.hsf.org/key4hep/setup.sh
glced &

k4run $CLDCONFIG/share/CLDConfig/event_display.py
--inputFiles ../../reco_piM_50GeV_REC.edm4hep.root



Pandora Monitoring

PandoraMonitoring is available in DBG Key4hep stack
source /cvmfs/sw-nightlies.hsf.org/key4hep/setup.sh -d

So far unavailable in Gaudif( issue).

Can be used in native Marlin as a workaround...

First attempts for CLD
After the rst clustering
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ALLEGRO

Adaptation of Pandora to other detectors imposes certain additional implementations
to the detector geometry (pseudo-layersRD4hep::rec::LayeredCalorimeterData
linking e.g. calorimeter depth with radiation length.

More details in S. Sasikumar, 3rd ECFA Workshop




ALLEGRO
Adaptation of Pandora to other detectors imposes certain additional implementations
to the detector geometry (pseudo-layershD4hep::rec::LayeredCalorimeterData
linking e.g. calorimeter depth with radiation length.
More details in S. Sasikumar, 3rd ECFA Workshop

Preparation for the Pandora algorithms (tracks, ...) and tuning of parameters has
started.




IDEA

Demonstration of the bene ts of combining tracks with the calorimetry (particle ow):
2022 JINST 17 posoog and L. Pezzotti, ECFA Higgs Factories, Feb 2022.

Crystals in front of the bers provide good energy resolution for e,

Good dual-readout jet energy e
resolution can be even more /
improved: soted protos -7 /
6:0% (calorimetry) ¥ 4:5% (PF)

for 45GeV jets.

| EMarystal rear ‘

N | EM crystal front
T Timingfront

Solenoid gap

Implementation of the
demonstrator not in the Key4hep
software.

18/20




Validation: common tools

If we all start with EDM4hep, it means the basic analysis (validation) of the
reconstruction can share the tools, no matter which algorithms were used.

e
|
g
i
i
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Summary and next steps

1. Particle ow studies on-going with classical and ML approaches.

Rebuilding of the Pandora expertise is on-going, to address issues seen in the FCCee-CLD and to
investigate it for FCCee-ALLEGRO.

Machine learning-based approaches acting on cell or cluster level, inference will be integrated in
key4hep.
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Summary and next steps

1. Particle ow studies on-going with classical and ML approaches.

Rebuilding of the Pandora expertise is on-going, to address issues seen in the FCCee-CLD and to
investigate it for FCCee-ALLEGRO.

Machine learning-based approaches acting on cell or cluster level, inference will be integrated in
key4hep.

2. PandoraSDK is used by more PFAs which facilitates integration with key4hep.

3. Tuning and calibration to new detectors is always needed, for the MLPFs retraining
is necessary (but the core infrastructure remains the same).

4. Development of common tools within key4hep allows to pro t from the existing
code, as well as contribute to it!

5. Particle ow greatly improves the jet energy resolution and should be studied at the
detector design phase.



