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5/21/2025 Lena Herrmann | MLPF 2

• Characteristic signature per particle 
category and subdetector 

• Combined subdetector information 
crucial for particle identification

• Observable reconstruction based on 
system with superior resolution 

➔ reconstruct stable particles
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Particle Flow
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Particle Flow

• Characteristic signature per particle 
category and subdetector 
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• Characteristic signature per particle 
category and subdetector 

• !&54(/$3.)043$#$+#&'.(/6&'5"#(&/.
+'0+(",.6&'.1"'#(+,$.(3$/#(6(+"#(&/

• Observable reconstruction based on 
system with superior resolution 

Particle Flow
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• Characteristic signature per particle 
category and subdetector 

• Combined subdetector information 
crucial for particle identification

• 74)$'8"4,$.'$+&/)#'0+#(&/.4")$3.&/.
)2)#$5.9(#-.)01$'(&'.'$)&,0#(&/.

Particle Flow

https://arxiv.org/abs/0907.3577
https://academic.oup.com/book/43645
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• Characteristic signature per particle 
category and subdetector 

• Combined subdetector information 
crucial for particle identification

• 74)$'8"4,$.'$+&/)#'0+#(&/.4")$3.&/.
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Particle Flow
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• Tracking & Calo Cluster Efficiency/Purity

• Track - cluster matching

https://academic.oup.com/book/43645
https://arxiv.org/abs/0907.3577


Classical vs ML
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• :&30,"';.'0,$ <4")$3. algorithm
! i.e. clustering pipeline:

 clustering cluster merging re-clustering

! Many parameters per sub-algorithm that 
need to be tuned

• Algorithms and threshold #"(,&'$3.#&.3$#$+#&'.
3$)(%/

!"#$$%!#"
• =,$>(4,$.$/3 <#&<$/3.)&,0#(&/. using raw or low-

level detector inputs
• ?3"1#"4,$. to changing detector conditions
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CLD

https://cds.cern.ch/record/2926782/files/IDEA_full_labeled.png


End-to-end ML PF approach
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! track important 
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! Simplified dataset to probe the setup

H1$+(6(+"#(&/)A

• Full sim CLD
• Balanced in 5&#6&#%+&#$&#7&#'
• 89#: #;< #particles per event
• 4<<= events
• >?#@#<A9
• <A9#B#C#B#9<#D7E
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https://cds.cern.ch/record/2697140/files/CLD_iso_View.png


• Clustering in embedding space 
shows strong performance

! Improved energy and angular 
resolution for neutral hadrons 
compared to Pandora

• Energy and direction of charged 
particles determined  by tracking 
system 

! Performance compares to 
Pandora
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High Efficiency:

• Fraction of correctly reconstructed particles relative to 
the true particles

• Corresponds to strong population along diagonal

Low fake rate:

• Fraction of reconstructed particles without a matching 
true particle (‚fake‘), relative to all the reconstructed 
particles

H/ @
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• Similar overall efficiency at high energy: 
Pandora: R9:;< @S40 &#TU#@S90

• Better efficiency for low momentum muon 
reconstruction in ML approach VSW0X, pandora 
V480X

! few hits in the muon detectors

• ML: high fake rate for CH in low energy regime 
due to fake tracks

• High fake rate of NH 
! MLPF refines clustering despite its 

challenges
! MLPF outperforms Pandora by a factor 2
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• H(5(,"'.&8$'",,.$66(+($/+2."#.-(%-.$/$'%2A.
*"/3&'"A. Y=/7> @Z[0 &#TU#@Z\0

• Better efficiency for low momentum muon 
reconstruction in ML approach VSW0X, pandora 
V480X

! few hits in the muon detectors

• ML: high fake rate for CH in low energy regime 
due to fake tracks

• High fake rate of NH 
! MLPF refines clustering despite its 

challenges
! MLPF outperforms Pandora by a factor 2
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• Similar overall efficiency at high energy: 
Pandora: R9:;< @S40 &#TU#@S90

• L$##$'.$66(+($/+2.6&'.,&9.5&5$/#05.50&/.
'$+&/)#'0+#(&/.(/.:B."11'&"+-. VSW0X;.
1"/3&'". V480X

! 6$9.-(#).(/.#-$.50&/.3$#$+#&')

• ML: high fake rate for CH in low energy regime 
due to fake tracks

• High fake rate of NH 
! MLPF refines clustering despite its 

challenges
! MLPF outperforms Pandora by a factor 2
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• Similar overall efficiency at high energy: 
Pandora: R9:;< @S40 &#TU#@S90

• Better efficiency for low momentum muon 
reconstruction in ML approach VSW0X, pandora 
V480X

! few hits in the muon detectors

• :BA.-(%-.6"F$.'"#$.6&'.!M.(/.,&9.$/$'%2.
'$%(5$.30$.#&.6"F$.#'"+F)

• High fake rate of NH 
! MLPF refines clustering despite its 

challenges
! MLPF outperforms Pandora by a factor 2



)#*+,*-&./#$ 0 ):%;$1++9/9#./3;$<&=#$8&'#$

5/21/2025 Lena Herrmann | MLPF 17
*"/3&

'"
:B

P8&8<Q#D7E P8<&8<<Q#D7E

• Similar overall efficiency at high energy: 
Pandora: R9:;< @S40 &#TU#@S90

• Better efficiency for low momentum muon 
reconstruction in ML approach VSW0X, pandora 
V480X

! few hits in the muon detectors

• ML: high fake rate for CH in low energy regime 
due to fake tracks

• M(%-.6"F$.'"#$.&6.IM.

! :B*=.'$6(/$).+,0)#$'(/%.3$)1(#$.(#).
+-",,$/%$)

! :B*=.&0#1$'6&'5).*"/3&'".42.".6"+#&'.N
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• Selective look at reconstruction 
chain with partially ideal reconstr.
perfect tracking/clustering

• Advance simplified approach to 
meet real-world physics 
➔ Train on a variety of physics 

processes

• Extend MLPF to detectors other 
than CLD

• Community access 
for MLPF mandatory

➔ Implement inference
in key4hep
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• Limited computing 

resources available

• Performance gain 
from longer training
and larger datasets

! O0'&M*!  benchmark 
resources granted 
(~2000 node hours per  
3 months) as initial stage 
before larger grants 
(32000 node hours/year) 
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MML shows better bc) than pandora in mass
resolution
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Pandora G
ithub

https://github.com/PandoraPFA/Documentation/blob/master/Pandora_LC_Reconstruction.pdf
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• Each particle object has one condensation point d?

• Attractive potential to ‘condensation point’ if hits belong
to same particle object; repulsive potential otherwise
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Effective potential

Condenation point for a hit belonging
to the particle object

Other condensation points

https://arxiv.org/pdf/2002.03605
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With 

a: stochastic term (ie. Sampling fluctuations)

b: noise term (i.e electronic noise)

c: constant term (i.e. imperfections)
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