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Summary of the talk

* Classical PF algorithms at FCC

* ML based PF algorithms at FCC

* Generalization to different detector concepts
« Robustness and systematic uncertainties of

these algorithms

Event display in the CLD detector for a Z/y*>qq event 365 GeV. From
Bacchetta et al 2019.
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otivation @ @ e - ?

O Entering the Reference Design Phase era \/
O Goal is to enable FCC-ee detector design optimization iy Pimigere) Ovsin | WM s Comstmd

Study by CERN Counci starts ends FCC

O Solidify the physics-reach and physics case with robust full-simulation .,
implementations

FCC-hh

U Inorder to optimize detectors and compare designs fairly we need
adaptable reconstruction algorithms

ALFA (r-Z view)

High performance detectors

High quality reconstruction
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What is Particle Flow?

U The goal: Optimally combine measurements from all sub-detectors
o Vertex, tracker, ECAL/HCAL, muon detector
o From hits to identified final state particles

U For each ~stable particle, this combination aims at returning a reco particle
o With the best direction and energy estimate
o With the most likely type (photon, electron, muon, charged hadron, neutral hadron)
o With its origin vertex (primary, secondary, etc.)

U The list of individual particles can then be used
o To determine the total/missing energy and momentum; build jets; tag jet flavour; identify and
reconstruct taus from their decay products; select leptons or photons; etc.
o With the best possible energy/angular resolution, efficiency, purity, ...
o With no overlap or double counting - as with a generator-level analysis

P.Janot PF@ FCC Workshop 2025


https://indico.cern.ch/event/1567387/contributions/6603488/
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How is it tackled?
WU Classically, multiple algorithms: .
oaérig:?ki&;\gnzgn;ppee?sguobrjder'ggsctor), clustering * ¢ . O - g E'E. /\.

(ECAL/HCAL), and linking tracks and

Topological ry
Association Cone Back

C|USterS Algorithms associations  scattered L;:s:(:g
o ALEPH, DELPHI, CMS, ATLAS, CLIC,... fracks
Track-Cluster
. " -y i?s:ﬁlt;t::: 38 GeV ‘.’ ‘.: 18 GeV
U Pandora SDK (baseline FCC) Clustor first 3 Ppiscnd rack g
. . . . ayer position - .- . position
o Series of distributed algorithms ioverposttion - N 1260 $ 32 Gev
. lusteri t Reclustering #
o Iterative clus ering . Algorithms 30 GV Track
o Track cluster association and reclustering
o Neutral identification , Fragment
. . e e L sls . emoval
o Relies on tuning, limiting flexibility during ?Msev Algorithms
detector design phase (allows for “‘: ' v
. 9 Ge'
geometry studies e.g transverse calo S oaciion of Construction | 3
. ayers In close raction or energy
Seg mentatio n) contact in cone Algorithms Neutral hadron Photon :
I 30 T § i ) )
= =91 GeV
3 “F “ooe 1
g 20k —500GeV
2 sk
2o
Talk by Mark Thomson at the FCC Particle Flow Workshop (Sept 2025) SF j\ j\
00 2. 400

E [GeV]


https://indico.cern.ch/event/1567387/contributions/6603488/
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Example 1: Clustering block in vs IDEA vs
ALLEGRO

CLD IDEA option 2 ALLEGRO
5°X5° CLD o2 w08 - 12-fald, W/Si + Fa/scint IDEA_o2_wD1 - crystal + fibre dual readout ALLEGRO ol w04 - noble liquid + tile calorimeter
wedge
r
r[m]
4.5
4.0
Tube lattice, 2 mm pitch
35
® scintillating @
10k rows altarmate, pitch 1
For now, for IDEA and
25
: ALLEGRO tracks are taken
from the
TracksFromGenParticles
collection
B ECAL tungsten [ silicon @ ECAL PbWO. / LYSO crystals @ ECAL LAr / lead, 1536 planes
2150-2352 mm - 40 layers - 5.1 x 5.1 mm? cells 2250-2480 mm - 50 mm front + 150 mm rear - 1 om crystals, 4.4 mrad ~ 2173-2578 mm - 11 layers - 8.2 x 9.8 mrad. one at 2.5 mrad
B HCAL steel [ scintillater B Solenold between ECAL and HCAL B Solencid inside ECAL eryostat
2400-3566 mm - 44 layers - 30 x 30 mm? cells 2500-2800 mm - 0.75 Xoin kdgeo 2618-2688 mm - 70 mm Al 0.8 Xo
B Solenoid outside the HCAL © HCAL fibre dual readout B HCAL steel [ scintillator tiles

3719-4272 mm - coil at 3930 mm 2805-4600 mm - no radial segmentation - 2 mm tubes, 1* = 5° towers 28004500 mm - 12 layers of 50, 100, 200 mm - 24.5 x 22.2 mrad
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Example 1: Clustering block in vs IDEA vs
ALLEGRO

» Pandora clustering algorithm implemented in LCContent [1, 2]

* Cone clustering:

o Flag hits as isolated or MIP (IsolationMaxNearbyHits, IsolationNLayers,
MipLikeMipCut, MipMaxNearbyHits)

Isolated hits are then excluded from clustering

Cone clustering: forward pass on pseudo-layers

Seed clusters (with tracks) and attach cluster’s direction (NLayersSpannedForFit)
Fit and test direction vs original

Find hits in previous and same layers to reatach previously left hits

A hit calculates distance to closest 3 clusters and associates itself with the closest one
with a distance cut (GenericDistanceCut)

OO0 OO OO0

« After the first pass, topological clustering association (13 algorithms), reclustering with 12
different cluster configurations

* The full pandora algorithm has ~800 parameters, CLD varies ~60, a Pandora retuning is
needed to augment performance (inhereted from ILD/CLIC defaults)


https://github.com/key4hep/CLDConfig/blob/main/CLDConfig/ParticleFlow/Pandora.py
https://github.com/PandoraPFAOrg/LCContent
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Example 1: Clustering block in CLD vs IDEA vs
ALLEGRO

+ Adapting Pandora’s clustering by parameter tunning

Single pion cluster
split because of
distance
ECAL/HCAL

@Archil Durglishvili

» Hadronic scale calibration for charged hadronic cluster creation (uses E/p)
(calibrated with 30 GeV K,,)

+ Adaptation of the cone clustering algorithm parameters (distance between

ECAL and HCAL layers impose a threshold MaxClusterDirProjection)
* v2 —PhotonRecovery algorithm is disabled and cone-clustering for primary

clustering is tuned (MaxClusterDirProjection = 300mm) - Fo-o—ee-ALLE-GRO . - T
in addition to v2 changes, photon LH classifier is trained for ALLEGRO = 40— & w2 4+ V5 Pythia8 (Z/y)’ aqd(q:u‘d‘s)——
in addition to v3 changes, MaxClusterDirProjection value for primary @ i : :3 * v [cos | <0.7 ]
clustering is changed to 350mm § Le ]
* v5 —in addition to v4 changes, MaxClusterDirProjection value for reclustering o 3.5 [ -
algorithm is changed from 200mm to 350mm E :‘4 ]
* v6 —in addition to v5 changes, hadronic energy resolution value is changed from @ 3.0 g : N
60% to 40% S r b ey o
R T YY R '
@ 25 . —

50 75 100 125 150 175 _ 200
Ejet [GQV]


https://indico.cern.ch/event/1649968/contributions/6935689/attachments/3222318/5742204/ALLEGRO_simulation_studies.pdf
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Example 1: Clustering block in CLD vs VS
ALLEGRO

. . @Sanghyun Ko
* CLUE clustering algorithm on ECAL and HCAL

o Different set of parameters (4 each) tunned for Z--> qq
* Then ECAL/HCAL cluster association:
o Associate tracks to ECAL clusters based on length from u[ra:f\\i\[mml
extrapolation | P

o Round robin association based on cone-based matching:

sort clusters in ascending order E/p, each cluster takes one

— All PFOs

. — All CLUE clusters (w/ ZS)
HCAL cluster with the smallest angle » — Mlewonis (0 25)
o Repeat for neutrals [N oy i
::;Ei a:: H’ + H‘j{
o Cut based on angle b
100 'l ,H'
gt :}m;;
e ,Mﬁ%ﬂ#, I



https://indico.cern.ch/event/1664310/contributions/7004068/attachments/3250105/5799976/260401%20Fullsim%20meeting.pdf
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The need for an end-to-end approach:
Multiple detectors

O Adaptable reconstruction is crucial for a systematic design optimization:
o Parameter tuning is not straight forward; the detector will still change + different detectors
o Costly conventional implementation

CLD ALLEGRO
* Silicon pixel + silicon * Silicon pixel + drift
tracker chamber + silicon

i * ECALGranular Silicon- wrapper
Tungsten 5x5 mm?2cells i e ECALgranular noble-
(15-17 %) IDEA liquid sampling LAr (8-10

s Scintillator-steel, 44 * Silicon pixel + drift %). -
layers, 30x30 mm? chamber + silicon . SC'ntl”?tlng't_"e HCAL
* Solenoid outside calo wrapper * Solenoid behind ECAL

* Dual-readout crystal

* Dual-readout fiber
scintillating and
cherenkov

* Solenoid between
ECAL/HCAL

And others... ALFA, ILD
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How to set it as an ML problem

raw hits

Hit-based approach to Particle Flow

Tracker
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Michele Selvaggi
Lena Herrmann
Gregor Krzmanc
Bohdan Dudar

Heuristic Clustering

Other Particle Flow

approaches

Raw hits Tracking

HitPF

Particle Flow
candidates
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The workflow: Inputs

Muon hit
. . Track ‘hits: ‘ Pol;itionl(x,y,z)
raw hits Reference point in calorimeter (position)

E energy
;ﬁg;’:ﬁgii;g calo Sub-detector ID

Sub-detector ID

‘ ECAL hit ' Other sub-detectors?
Position (x,y,z) eg. ARC
E energy

Sub-detector ID

HCAL hit

Position (x,,z) pOiIltClOUd
E energy

Sub-detector ID

Tracker
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Geometric Algebra Transformer

Raw hits —|GA Encoderl G°

GATr block |- gt..;M—1] GAT block FGM | —

Py Y «
- L
P, ® F, N
- - - (%
- ® - - e
- -

Geometric Algebra
representation

GATr[1]

C <
m L
® v; ®
C C
—_—
« - « -
w « - - « W
v -~

Geometric Attention Updates

. L soon
ng oY
vi, V2 coming
Decoder |»| DPC clust
¢ e ]
X, B TP
. d;
L " Ve «
\‘ \.‘ \"
Clustering step
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Loss: object condensation

Inputs (K=2)
o® . *
* "o.: * Vi(z) = ||z — zall*gak
Lo A
‘\ ll * [ Vk(aj) = maX(Ov 1 - ||3j - xa”) ok
X ;
(|
\
1 e~ — )
Embedding space - N Z q; Z ( Jk Vk x] (1 o Mjk) Vk(xj))

7=1 k=1
5133,/33

»
\ Qak = maX q" k> Object condensation @Jan K.



https://arxiv.org/abs/2002.03605
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Regression & Classification

Per PF candidate property determination

Clustering ﬁ Neutral Charged
proposed PF Am Direction of energy- Direction from track
weighted average of hits @ ." state at IP g
l Charged
Energy measurement
® ] [ - ] based on tracking
. . ner
..’ xl’ b'” X’ 1D 9y GUSTER EMBEDDINGS (GATr) \
L) HIGH-LEVEL FEATURES
‘:‘ MLP Energy | neutral energy
N Etuster oo By CIPETSON
" # of hits
! # of tracks, XA
'l [ #Of rac Shl?:ra(]:;( Xtrack [ MLP PID ] CH’ e’ ‘Ll, NH’ y
PID ]\0 muon NIts, Emyon /
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CLD a classic detector

Full simulation

U Implemented in DD4hep
U Full simulation in Key4hep
U Comparison againts Pandora tunned for CLD (CLD_02_v05)

Q Z-qq,q=uds)91 GeV
U Jet like events:

U Close particles

U High particle multiplicity
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Energy (GeV)

Energy (GeV)

Charged Hadron Photons Neutral Hadrons
=TT T —= o 10— T T s = 1LOF— P o
e - - gl “".mﬁ;““..lﬁ"l g =T
- - - ‘.' - - _:,: -
- . anes . é Fe = . ‘é - - E
N . . e o 5| 0.8 F o= ] ) 0.8 - . .--.-I- -
[ . 1 L i L . ]
- . - 4 o= B b o g 4
B ™ ] ()-GT 7] U.(if. - .
- = -
-
[ charged hadrons 04 e photons ] 04~ neutral hadrons
- Z—q (g=u,d,s) r Z—qi (q=u,d, s) F Z—=rqq (g=1u,d,s)
[ VE=91GeV ] 0ol VE=01CGeV ] 0.2f- VE=91GeV |
2 HitPF . L HitPF _ s HitPF 4
3 ® Pandora r ®= Pandora 3 ® Pandora
| Ll L L ! ! ml Lol . L. L Ll L
0.0 0.0
10" 10! ! 10° 10 10!
Energy (GeV) Energy (GeV) Energy (GeV)
3 mmmnsy — T — ¢ W 3 ¢ 10— — T —
e 1 = E 4 = = E
F = charged hadrons 1 2 E photons 1 E B E
i "u Z—qi(g=u,d,s) | % i Zqq(q=u.d,s) | & - 1
B g Vs =01 GeV | £ -1k VE=91GeV | S teawa, B
- "®uy ¢ HitPF ] - HitPF E F . ]
F ®"» Pandora ] [ weeg ®  Pandora E F {_._ ]
L Snme, i -, -
. tang - = Tay — == N .- -
- ceee 2 0TE - ey U .- E
o . I E - - E r - 3
B . . 4 _ - - ] I neutral hadrons —
| — . 1 josb “a el Zrealezuds) u|
E E E - 3 F vs =91 GeV E
- 1 g ] Al - g HitPF 1
[ ] L S i L = Pandora 4
| | 1 1 1 11 1 | 1 1 1 1 1 1 \‘ e | I.I 1 ‘ 1 1 4 1 1 1 111 | 1
10 10
10° 10! 107! 10" 10! 10!

Energy (GeV)

CH:

* Upto20% higher eff.

* Fake rate O(2) smaller
—>Eff. limited by track reco.

Photons:

* ~5% higher eff. at high E

* Improvement by up to
factor 2 for low E

* Fakerateupto~ O(1)

NH:

* Upto 20% higher eff. with
Fake rate reduced by almost
factor 5 in this region

- Better clustering (no fake
clusters from splitting)
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Energy (GeV)

Energy (GeV)

Charged Hadron Photons Neutral Hadrons

=T T T T = T T T™—] = 1.0F T T T T II'I"W = LOF T T —
o = RS S 1 e = et
: SeCub I BN 1 2| -
=] & . "
N 1 S08F = 1 So8f . - ]
- - |- - - - - -
[ 1 [ = ] I N T i
B . 0.6/~ - 0.6 -
- = -

-
[ charged hadrons 04 e photons ] 04~ neutral hadrons
- Z—q (g=u,d,s) r Z—qi (q=u,d, s) F Z—=rqq (g=1u,d,s)
[ VE=91GeV ] 0ol VE=01CGeV ] 0.2f- VE=91GeV |
2 HitPF . L HitPF _ s HitPF 4
3 ® Pandora r ®= Pandora 3 ® Pandora
| Ll L L ! ! ml Lol . L. L Ll L

0.0 0.0
10° 10 ! 10° 10! 10!
Energy (GeV) Energy (GeV) Energy (GeV)
3 mmmnsy — T — ¢ W 3 ¢ 10— — T —
- Eg 4 = E = . = E
F = charged hadrons g E photons 1 E B E
- " Zqf(q=u,d,s) | % r Z—qi(g=u,d,s) | £ - 1
B g Vs =01 GeV | £ w1k VE=91GeV | S teawa, B
- "®uy ¢ HitPF ] - HitPF E F . ]
F ®"» Pandora ] [ weeg ®  Pandora E F - ]
I Snme, ] -, +_._
|~ Tamg | -z ot _| ] - - |
E - Tase _f 1077 . .... | 1077 - E
o . = E - - m o - 3
e . - - ] neutral hadrons -

i - ] ol ’ - | Zqq(g=mu.d,s) |
| —— | Al _| 3| AT » L
3 3 1077 " WUE Vs Gev E
- 1 i ] o g HitPF 1
[ ] L S i L = Pandora 4

| | 1 1 1 11 1 | 1 1 1 1 1 1 \‘ e | I.I 1 ‘ 1 1 4 1 1 1 111 | 1

10 10
10° 10! 107! 10" 10! 10!

Energy (GeV)

CH:

* Up to 20% higher eff.

* Fake rate O(2) smaller

-> Eff. limited by track reco.

Photons:

* ~5% higher eff. at high E

* Improvement by up to
factor 2 for low E

* Fakerateupto~ O(1)

NH:

* Upto 20% higher eff. with
Fake rate reduced by almost
factor 5 in this region

- Better clustering (no fake
clusters from splitting)
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Energy (GeV)

Energy (GeV)

Charged Hadron Photons Neutral Hadrons
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[ . | L i N . ]
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- Z—q (g=u,d,s) r Z—qi (q=u,d, s) F Z—=rqq (g=1u,d,s)
[ VE=91GeV ] 0ol VE=01CGeV ] 0.2f- VE=91GeV |
2 HitPF . L HitPF _ s HitPF 4
3 ® Pandora r ®= Pandora 3 ® Pandora
| Ll L L ! ! ml Lol . L. L Ll L
0.0 0.0
10" 10! ! 10° 10 10!
Energy (GeV) Energy (GeV) Energy (GeV)
3 mmmnsy — T — ¢ W 3 ¢ 10— — T —
- Eg 1 = E = . = E
F = charged hadrons 1 2 E photons 1 E B E
i - Z—qq(g=u,d,s) | & r Z—qi(g=u.d,s) | % - 1
B g Vs =01 GeV | £ -1k VE=91GeV | & "= - B
- "®uy ¢ HitPF ] - HitPF E F . ]
F ®n Pandora L =g ® Pandora F . {_._ ]
I Snme, ] - -
s . . "‘II."“ E 10_2 = I.... i 10_2 = - - .
F ay E - - - o o =
o . I E - - E r - 3
. . - - ] neutral hadrons -
i - ] ol ’ - | Zqq(g=mu.d,s) |
| - | Al _| 3| AT » L
3 3 1077 " WUE Vs Gev E
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Energy (GeV)

CH:

* Upto20% higher eff.

* Fake rate O(2) smaller
—>Eff. limited by track reco.

Photons:

* ~5% higher eff. at high E

* Improvement by up to
factor 2 for low E

* Fakerateupto~ O(1)

NH:

* Up to 20% higher eff. with
Fake rate reduced by almost
factor 5 in this region

- Better clustering (no fake
clusters from splitting)
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Energy Resolution: half-width of 16th-84th percentile

Energy and angular resolution normalze to median

Angular resolution: 68th percentile of the opening
angle between rec and true

Charged Hadron Photon Neutral Hadron
A)[_ﬁ][).(]:m_ T T T T T T ] (_7_1‘0,4[]— T TT TT T T T T ™ wm T T T T T
= r = oy 1 = - 4
5 charged hadrons 5 . photons 1 =1.0- neutral hadrons
® 00250 = Zoqg(g=u,d,s) 4 © 035 "a Zogi(q=uds)d L Zqd (=1, d, s)
L Ve =91 GeV n N Ve =91 GeV ] - Vs =91 GeV 4
0.020 F ® Pandora 0.30 s = = Pandora | 0.8~ ® Pandora ]
X — . f r g ] . i 1 - . itPF
n HitPF 0250 - e 4 HitPF 4 - HitPF ] CH
F J o 1 0.6 -
0.015 ® - o20f " E - C ble b i
F 1 . Fo. B o Lomparable oy construction
. L - ]
0010 4 015 T 04 T e a ™ | . .
VIOF . ] i . - - ] o solely tracker information used
- g H .10 .. 1 - 4
0.0051 llllll.l.-......_. o -8 -.....l-.: 0.2 l._ NH'
. i T ] e e . L Y ’
T R B SN R 3 L ] ] ini
0.000 T o 103 25 T 0.0 o o Llargestgainin energy/ angular
Energy (GeV) Energy (GeV) Energy (GeV) resolution
B) :JGU_ T T L .__—EGU_ T masay T ™ — T T T — o Lessshowermerglng' better hit
= [ charged hadrons = [ photons ] E neutral hadrons 7
) 50 Z—qq(qg=u,d,s) o E 50 Z—qg(g=u.d, s) - =gy (g=u,d, s) J Captu re
= [ Ve =01 GeV ] & L Vs =01 GeV 1 e VE =01 GeV b
°or = Pandora ] ' I = Pandora ] - ® Pandora ]
40 HitPF = 10}~ HitPF - Eo HitPF =
L J L ] L = ]
30 - 30 ] 30F -
F . - 1 F e I S
I 1 N ] L - — .
20}~ 1 =f 4 wp e s
b 1 o 1 = ]
10f= - 10} - 10 -
Eooa, ] LT 1 F —
... T®0eegapeomalnanened [ "Teemsidesessupppannannnnnnd C_ . L L
0 i 1 0= 0 1 0 1
10 10 10 10 10 10

Energy (GeV) Energy (GeV) Energy (GeV)
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Energy Resolution: half-width of 16th-84th percentile

Energy and angular resolution normalze to median

Angular resolution: 68th percentile of the opening
angle between rec and true

Charged Hadron Photon Neutral Hadron
A)_@[).(J!i(]_ T T T T T T ] modﬁ]; T TT TT T T T T ™ 5,: I T T T T ]
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0.0) — 20 . .
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Energy Resolution: half-width of 16th-84th percentile

Energy and angular resolution normalze to median

Angular resolution: 68th percentile of the opening
angle between rec and true

Charged Hadron Photon Neutral Hadron
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= [ Ve =01 GeV ] & L Vs =01 GeV 1 e VE =01 GeV b
°or = Pandora ] ' I = Pandora ] - ® Pandora ]
40 HitPF = W0 HitPF - Eo HitPF =
L J L ] L = ]
301~ 4 30F s - ]
L B [ 1 N - -
n ] L ] L - ]
20[- = 20 E 200 =
b 1 o 1 = ]
10f= - 10} - 10 -
Eooa, ] Y ] F —
... T®0eegapeomalnanened [ "Teemsidesessupppannannnnnnd C_ . L L
0 i 1 0= 0 1 0 1
10 10 10 10 10 10

Energy (GeV) Energy (GeV) Energy (GeV)
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Visible mass and energy

U Good complementary metric to per-particle metrics
U Improved mass resolution due to:

U Higher efficiency in low energy neutrals

U Improved energy resolution

O Better track cluster-linking

27% relative Improvement
of HitPF compared to

Pandora

: [ T | 1 1 1 1 | 1 T I 1 1 1 T | T T T E T T T ] : 1 1 1 1 | 1 | 1 1 1 T T I T T T T | T T T
= - ] S
el - Z—qqlg=u.d, s) A = = | Z—qi(ag=u,d, s) B B
E 0.08 - Vs =91 GeV 1 E 0.08 Vs =91 GeV
2 0.07E HitPF 4 =007k HitPF B
g E— o/p=3.1% T T o/u=3.2%
= n.06F Pandora - = 0.061H Pandora -
T o/u=44% T o/u=44%
0.05f 3 0.05F .
0.04f~ - 0.04f ~
0.03 = 0.03f- E
0.02F - 0.02F =
0.01}- - 0.01 -
| [ R L | — g - PRI | e :
0.00 0.00
G0 70 80 90 100 110 120 60 70 30 90 100 110 120

Total event energy [GeV] Event mass [GeV]



(O rce 10092026 ® US FCC Meeting Dolores Garcia

IL.D detector

Full simulation (ILD_15_ o1_vo2)

U Implemented in DD4hep
U Full simulation in Key4hep & Geant4
U Comparison againts Pandora tunned for ILD

Q Z-qq,q=uds)91 GeV
U Jet like events:

U Close particles

U High particle multiplicity

U Compared to CLD, higher field (3.5 T)
U Both have a highly granular silicon-tungsten ECAL and
steel-scintillator HCAL
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PID: Efficiency and fake rate (ILD)

Charged Hadron Photons Neutral Hadrons
A) Lo AR A s — 5 Lo AR B 7 Lo — ] )
g - --.l._.,...l»-.-' 5 . .;;;;;.ul|.."... - a e . ;-- CH. ]
£ o8l - gt J Eosh e 1 .8k =" = 1 * Upto20% higher eff.
=L - i [E2 R | =2 i - - i
i - 1 [- = ] T 1 + Fakerate O(2)smaller
- : 1 B . - - 1 _
N - o6 " o L et - —>Eff limited by track reco.
i | L i . |
-m =
0.4 __" charged hadrons 0'4: photons ] 04 -_-.- neutral hadrons f’h'?;?/n; h ff. at hieh E
5 Z—qq(g=u,d, s) F Z—qq (g=1u,d, s) I Z—qqlg=u.d, s) o nigher efl. a 18
L Vs =91 GeV ] 5l Vs =91 GeV ] r Vs =91 GeV a * Improvement b up to
0.2 {_ « HitPF . 0.2 = * HitPF 4 0.2 - + HitPF 4 P Y up
3 " Pandora | B ® Pandora I ® Pandora | fa ctor 2 for low E
| ! | L M| Ll . R R | ! ~
0.0 100 10 U'1%—1 100 100 0.0 10! * Fake rate up to 0(1)
Energy (GeV) Energy (GeV) Energy (GeV)
B)e 10° T ———3 g 1% B R 5 = 10°F T e NH:
= A charged hadrons 1 & F photons 1 2 E ] ° Up to 20% hlgher eff. with
2z N = Z—qiq (g=u,d,s) ] & N Z—qilg=u,d,s) | & AL ]
G . 5=01GeV | & 0ok =0l GeV | E P I ] Fake rate reduced by almost
E -, + HitPF 1 Sl + HitPF B B : - 1 f in thi ;
B - ® Pandor: 1 Fe. "sum ; 7 F . E actor 5in this region
F . = andora Fo-. == ® Pandora I . - B .
- S 1 - ., a — - 1 = Better clustering (no fake
1077 . - -4 1wl s - = = - - = P
E _ " et Y : N - <3 : e clusters from splitting)
L = 1 L ey an - | neutral hadrons ©
» » T om 3| Z—qilg=u,d,s)
07 S I L = oo 107 501 Gev E
- = 1 F ‘e & F « HitPF §
im [ L i L = Pandora
104 il | Ll M 104 ol il 8 104 ol |
10" 10' 10! 10" 10! 10

Energy (GeV) Energy (GeV) Energy (GeV)
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Energy and angular resolution (ILD)

Charged Hadron Photon Neutral Hadron
A) 5,_]{).[].'“]_ T T . L'JD.-ii' T TTT T T 0 = N L T ]
3 F charged hadrons a F photons 1 210 neutral hadrons -
& 0.025 - Z—qi(q=u,d,s) 3 °© r '. Z—qi(g=u,d,s) 1 © B Z—qq(g=u,d,s)
s V& =91 GeV ] L - VE =91 GeV 1 L Vs =01 GeV .
I ® Pandora | 0.3, ., - = Pandora 0.8 ® Pandora ]
0.0201= HitPF ] R + HitPF ] + HitPF
F ] L gl 1 0= 1
0.015{ - 0.2k e - _ 2 - :
- I SR BN S ]
0.010 -] - cLEy . ] : -~y .
L ] L -em s B ]
_— ] 0.1 T N . T
0.005 . -~ i e, = 0.2~ : -
mg N - L i Ry
r TllllllllllllIlllll! [ | | 1 | | i
0000 10° 10* 107! 10° 10! 00 10!
Energy (GeV) Energy (GeV) Energy (GeV)
B) = GO T 7 = 60 T T T 7 = 60 T T m—
:;3 r charged hadrons ] § C photons ] E o neutral hadrons
E 50 Z=qilq=u.d,3) 4 E 5pE Z—qf(q=u.d,s) 4 E 5ol- Z—qi (g=1u,d,s) J
& L Vs =01 GeV ] & I Vi =91 GeV ] & 5 Vs =91 GeV N
- F = Pandora ] F = Pandora N = Pandora ]
40 HitPF - 401 HitPF e A0 HitPF E
301 . 30 . 30f- .
F ] F ] Fa ]
20 — 201 — W e =
R,
= 1 - 1 - fetas . ]
10 =~ - l[l_i. - 10 e , L E
C . ] [“m ] o +
- B | n N L B
oC T TP a ot Rl LT T T T LI P ot | L
10° 10* 107! 10° 10! 10?

Energy (GeV)

Energy (GeV)

Energy (GeV)

Energy Resolution: half-width of 16th-84th percentile

normalized to median

Angular resolution: 68th percentile of the opening
angle between rec and true

CH:

o Comparable by construction

o solely tracker information used
NH:

o Largest gainin energy/ angular
resolution

o Less shower merging, better hit
capture
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Visible mass and energy (ILD)

U Good complementary metric to per-particle metrics
U Improved mass resolution due to:

U Higher efficiency in low energy neutrals

U Improved energy resolution

O Better track cluster-linking

o .,
3% relative Improvement of

HitPF compared to Pandors

Total event energy [GeV]

E - T T T | T T | T T T T | T T | T T T |' T T T |_ "‘3‘ ) —_ T T T | T T T [ T T T T T T T T T T ] T T |_—
é 0.08: Z—qilg=1u,d,s) . A . = 0-08F Z— qi(g=u,d,s) B
& - Vs =91 GeV ] &= [ V5 =91 GeV N
- 007 - 4 Foorf : .
= - HitPF ] = - HitPF ]
g T o/p=3.2% ] o L~ o/p=3.2% ’
2 0065 / - - 0,06 i ]
F 0-06 B Pandora i = C Pandora ]
- T 4 /=337 . F T 4/y=3 3% ]

0.05 o/ p=3.3% E 0.05F o/ n=3.3% .
0.04f — 0.04]- —
0.03- — 0.03 :— —:
0.02f - 0.02F —
0.01 — 0.01f .
0‘00 L T L | . 0‘00: PRI R L | L 1 | L :

[ 70 100 110 120 60 70 30 90 100 110 120

Event mass [GeV]
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What does this give access to?
Full simulation physics studies
Impact of beam background
Effect of timing information in clustering
Impact of low momentum tracks reco on PF @ @

Impact of acceptance
Tau reconstruction
Physics validation
o Retrain jet taggers with HitPF input

oooooo

o Deploy for physics analysis in CLD
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Systematic uncertainties and robustness

L Methods for calculating systematic uncertainties have been developed in HEP (tagging)

Q Three uncertainty sources:
O Statistics (from data and MC)
O Systematics (at inputs) eg tracking efficiency, physics modeling..
O Calculate systematic uncertainty of variations by varying the parameter and recalculating
L Scale factor treated as a nuisance

L Systematics (model) posterior of the weights distribution (dropout, ensembles)
L These methods extend to the networks applied in hit-based particle flow

O Studies are under way to determine the robustness of these algorithms
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Florian Jonas

Extending hit-based models to data ceepenera e

e+e- alliance

A proxi for FCC reconstruction Preliminary!

Eys response (mean  Ogs)

O Raw DELPHI data can test FCC high-level reconstruction - Y DEAA B3I S T
algorithms on real detector data

L) Mesk3D: 0.B2B = 0.165

O Using Al we developed a truth-linking (in FORTRAN!): f
o Required to dump cell recording blocks created 100
during simulation in the DELPHI detector-response
cards o5

o Recording the parent label for each deposit Truth labeling brms

My response (mean £ oyl

T
H DELANA: D.908 + 0.153

| 3 HitrRi0g09 w0132 -
i [ MaskiD: 0.B19 + 0.166

o Created a family tree dictionary walker (for ZEBRA
banks) equivalent to getParent() method
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Summary

Q

Keg4hep}<<

Improved performance in PF compared to Thank you to the key4hep team and all FCC
classical approaches across all metrics: efficiency collaborators (Michele Selvaggi, Lena Herrmann,
in complex hadronic topologies, neutral hadron Gregor Krzmanc, Bohdan Dudar, Brieuc Francois,
efficiency, fakes and visible mass resolution Vincent Richers) Jan Kieseler, Alessandro
(improvements by 27-3%) Brusamolino, Katherina Schauble @ KIT & Justin

Solomon @MIT
A first version is already available in key4hep for
CLD (talk by Lena HLR meeting)

Ongoing work to deploy hit-based approaches
for other detector concepts (eg. ALLEGRO)

Ongoing work with LEP data to determine the
MC to data transfer

I_I_‘ Swiss National
Science Foundation

I I I ] ]
I I Massachusetts Institute of Technology



FCC Reconstruction
Workshop

taking place from 26-29 de octubre de 2026

FCC Reconstruction Workshop

Europe/Zurich zona horaria Q
TOp' Cs: ViEE g This year's FCC Reconstruction Workshop focusses on high-level reco, namely vertexing, flavour tagging
8 Horario and Particle Flow, as well as occupancy and beam-induced -background studies.
* Vertexing
> Lista de contribuciones The aim is to provide an overview what reco tools are there, what is still missing and discuss what the
L4 F | aVO u r tagg | n g Inscripcién options are, in particular for common developments across detector concepts. The target are fully
0 implemented reco chains.
Pa rt| Cle F IOW Lista de participantes On the last day we get together in smaller teams to work hands-on on reco code to address identified
. gaps.
Occupancy and beam-induced -background
studies ® Empieza 26 oct 2026, 9:00 Q  cenn
Finaliza 29 oct 2026, 17:30
Europe/Zurich

What IS there’ What IS mISS|ng’ What do phySIcs IL“asi'::::':ll::iéndeesteevenloesta'actualmenteabierta,
groups need to move forward?



https://indico.cern.ch/event/1719015/overview
https://indico.cern.ch/event/1719015/overview
https://indico.cern.ch/event/1719015/overview

O FCC 17062026 ® Data Science Seminar CERN Dolores Garcia

Thank you
for your attention,



17062026 e Data Science Seminar CERN Dolores Garcia
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Why Particle Flow reconstruction?

From raw data to physics observables

0,16, CrYstals in IDEA (DR-pPFA) B=2T
U Reconstructing 'individual particles from raw signgls % S W boson (WW = v, i)
connects experimental measurements with physics Q0.14f %44 7 boson (HZ - x*¢%i)
observables -~ i 885 Y boson (HZ —» bbvv)
= 0.12(
. . . . o Z
U Achievable sensitivity on key SM measurements is driven < oqt
by the resolution with which the visible final state particles “t
and their invariant masses can be reconstructed 0.08L
U Rare higgs decays (H=2>cc, H = ss, relative uncertainty 0.06
scale is sensitive to visible mass resolution) -
0.04f
U Hadronic final states large particle multiplicity and 0 023
geometrical overlap “r
of

80 100 120 140 160

M, [GeV]

https://arxiv.org/pdf/l2202.01474
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The need for an end-to-end approach

Increased performance?

10 . . . ‘
| \‘ Kolanoski, Wermes 201 i".-’
O Asymptotic resolution is 1-2% @100 GeV. Current sl \'\?@ ]
performance 3-4% @100 GeV arXiv:0907.3577v1 I “\‘?.(
U Key drivers of performance: s H "'_;5.__\ i
o Tracking & calo cluster efficiency/purity £ T Tl
o - Cluster merging: if two clusters are ¥ . o |
merged, with a track we lose resolution \ @o‘& 63 eV
because we use the total calorimeter ,L |
energy I ',‘-'.'T;""‘-----.___E_Q"I_._c_a_l | 1
o - Shower splitting: double counting energy Gy T P
o Track cluster matching %0 ‘zjo 410 610‘ éo 100
o Arbitration of track vs cluster energy E(GeV)

Average Jet Composition Superior System

* 60% charged particles

-  tracker
* 30% photons

- ECAL

* 10% neutral particles - HCAL

J
T

o}%f(Evis) = Zi Etr Uttzr (ELS)) + Zi EY GEZCAL (Eélc)AL) + Zi € ho GIE'CAL (E;E!o))


https://arxiv.org/abs/0907.3577
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Why is it hard?

U Classically, multiple algorithms, many moving pieces:
o Tracking (one per sub-detector), clustering (ECAL/HCAL),
and linking tracks and clusters
U We want every particle in the event, but not fakes, hard to
tune
U Fake tracks ?
U Lonely tracks (tracks that are real but left no clusters)
U Displaced tracks (less hits, tracking classically not tunned for
that)
U Physics:
o Photons conversion in the tracker (detached vertex + e+e-
, maybe two tracks maybe none)
Electrons radiation (‘double counting’)
Hadrons interaction (detached vertex + more particles)
Neutral hadrons decay (e.g., K% or A)
Many edge cases that are rare (hard to take all into
account)

O O O O

Talk by Mark Thomson at the FCC Particle Flow Workshop (Sept 2025)



https://indico.cern.ch/event/1567387/contributions/6603488/
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The ‘game’

Neutral hadrons = one shower in HCAL
and/or one shower in ECAL (or nothing)

Photons = one

KeY: —— Bedon
compact shower 1l —— — - Neutr Hadvon (63 Neutron)
in ECAL / & o

Transverse slice

twough CMS
\\\ %\\\k " ’ o~
1) i
S Ib j /j” ’
Tracker /
Electrons = one > T
. Hectromagnetic Lot e/
compact shower in . 4
ECAL and one track oo |
Iron retum yoke imerspersed
with Muon chambers
om m 2m 3m Am S5m m =
L 1 1 1 L 1 1 1

Charged hadrons = one track, one shower
in HCAL and/or one shower in ECAL
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Comparison with other methods

Other PF approaches HitPF

U Require heuristic clustering O ML-based Clustering + track
step + cluster track matching
matching

U Complex parameter tuning U Out of the box with multiple detector
for new detector and hit geometries

U Requires geometry U Does not require the explicit
navigation detector geometry (navigation)

Heuristic Clustering

Raw hits Tracking - —

w s,
HitPF
Particle Flow
candidates
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MLPF

O Cluster based approach:

o Starts from pandora clusters and reconstructed tracks < ' L L '

o In practice, very different problem Do \'\_ a —— PF .
o Improves the track-cluster linking and properties regression E : \ MLPF ]
o 1node in MLPF~ 600 nodes in HitPF o™ \ ;
o Does not solve the geometry adaptation problem 2 0.09;— CLIC FU.H 51m :
o New results for CMS c ]
S o.08f \ 3

5] [

@
Before MLPF : 007} . .

An event is an unordered set of detector signals E T

0.08[ T
0.05:— .
Detector signals L]

. 20 40 60 80 100 120 140

jet PT.gen [GeV]

Track

ECAL
cluster

J.Pata et al 2024

HCAL
cluster

Muon
detector hit

Farouk.M @ CERN Data Science
Seminar



https://indico.cern.ch/event/1632943/attachments/3222842/5743185/FM_MLPF_CERN_seminar_2026.pdf
https://www.nature.com/articles/s42005-024-01599-5
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Know problem in ML

Classification Instance
+ Localization

Classification Object Detection

Segmentation

2 Y a

CAT, DOG, DUCK CAT, DOG, DUCK

NG o
Y

Single object Multiple objects




QL 10092026 ® US FCC Meeting Dolores Garcia

Example 1: Clustering block in CLD vs IDEA vs
ALLEGRO

DR fiber calo @Sanghyun Ko
o Capillary tube w/ 2 mm diameter
o Aint~25cm

DR crystal calo € | -

o PbWO4 crystals (baseline) w/ Cherenkov light Muon chambers vlr.l‘v;r‘f‘r.
detection using UV filters and/or timing Return yokes A A v Ay iyiyiyly
differentiation vivivivtylvted

o 1x1 cm2 for each front (6X0) and rear (16X0) end BOAOOOOE
segments DR Fibre Calo __| OOV

o Moliere radius ~ 2 cm

Solenoid ts - s

o 1.5X0 transparency based on arXiv:2505.21223 or Crystal e T T
(however, the actual implementation in kdgeo is a silicon Wrapper - = '.:'\j
thin Aluminum can with 0.75X0) e

o 30cm gap is allocated between the ECAL & HCAL

o For now, tracks are taken from the ' /JN:’"\
TracksFromGenParticles collection i S—

Vertex Detector ° - ...'H.

T z(m)


https://indico.cern.ch/event/1664310/contributions/7004068/attachments/3250105/5799976/260401%20Fullsim%20meeting.pdf
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Know problem in ML

Input Semantic GT Instance GT ISBNet SphericalMask Ours
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Supervision: Target definition
What is the best reconstruction target?

U Ideally, we would recover the stable particles d
that entered the detector (status 1) (previous Same detector response

studies)
U BUT this gives the algorithm conflicting training /\
examples (why this is hard slide)
o Conversions Status 0 Status 0
o Backscattering (clusters appear far in the o2 :.5 GeV o 5Gev
detector) Q. ( ] O:
L The target is defined as: “' : .‘0
o Resolvable detector objects -~
o Ongoing work to add detector !
resolution !
o Defined in practice by the calorimeter
bou ndary Status 1 1 Status 1 \/ Status 1
o This is what it supervisable ,l 5GeV
o And means that we are solving the L1 10 GeV
problem

Different label?
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Target definition

What is the best reconstruction target?

Lo

all Status 0 and status 1
particles eg. Hadronic
showers resulting from

nuclear interactions

@9 status 0
‘0

o®
.‘ Status O

LA

oge

Status 1

L1

o Calorimeter boundary
abstraction

o Reconstruct two clusters
for conversions, etc

Status O
Status O “.

I Status 1

L2

o Status 1
o Complex topologies
o Brems, kinks, KO

Status O Status O
::5 GeV .. 5GeV

2 oF

\/ Status 1
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The role of Al

Al is being used to further improve scientific codebases .

Autoresearch Progress: 83 Experiments, 15 Kept Improvements

0995

O autoresearch (Andrej Karpathy):

o Agents modify architecture, optimizer,
hyperparameters to improve a loss function

Validation BPB (lower is better)

o Fast, fixed-budget trial-and-error loop experiments ...
result in improved loss ’ wa

O LLMs + Tree search for scientific software (Google, : # w ¥
Nature):

Tree of candidate

o Automatically write and iteratively improve

. . fe .. . . code solutions
scientific code that maximizes a quality metric
. . . . . . Scorable
o Applied to multiple fields (Covid prediction to problem
geospatial segmentation) obtains improved results A
over baselines Prompt — LLM —*
o A large share of the top-performing results came Research
from recomb|nat|on Code Finish Further exploration

sandbox


https://github.com/karpathy/autoresearch
https://github.com/karpathy/autoresearch
https://www.nature.com/articles/s41586-026-10658-6loss
https://www.nature.com/articles/s41586-026-10658-6loss
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The 3D ML architectures

UNet backbone + with voxelization

6404 UNet 128 64 64 M

128 x 128

64 x64 I128x128
128 128 256 128
|

>

' 64x64
512 256

l‘lbx'lb I32x32

1 512 1024 512
D-&H:l — [ —" — -+ Conv(3x3), RELU
=)  Max Pool (2x 2)

8x8 16x 16
4 1024 t * =) Deconv(2x2)
e T s |
Crop and

=

IBZKEZ

256 256

concatenate
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Inductive bias

Assumptions about the relationship between the input and output of
a learning problem that are built into the model

Can improve generalization

Canreduce required dataset size
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Adapting ML methods to PF

Self- intersections SO(2) + z mirror (endcaps)
No equivalent in 3D ML ~E(3) rotations, translations, and reflections
dataset e
Multiple measurements S )
in different subdetectors ::.‘ Z E.
that ‘add up’ --> Optimal H ‘
transport %
No equivalentin 3D ML
datasets (LiDAR scans of Beam direction
chairs do not add up to \ Preferred direction set by gravity
their mass)
@
Need to preserve ‘fine’ %.'
structures in 9%,
ECAL/tracker ®oe .:0.
Prevents voxelization and %o
standard pulling ° . ML 3D data

operations
P \ . Detector data
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Model GNNs, transformers

/
fz‘ — Dj:(i,j)egh@(fiv fj)'
Building block 1
uj:(i,j>€g Aggregation operator

h@ Non-linear function with learnable parameters
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Model GNNs, transformers ;.//.of
- Tl J

ij
fi = 0j.6.5echo (£, 1)) ®

Aggregation operator
/
Uj:iyee — fi = E
g:(i,5)€E
Non-linear function with learnable parameters

he — he(f],f]) = w VF'f],

177

Qi) ' (Kif))
w,ﬁl — SOftman< 7 J >
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Equivariant networks

Building block 2

/A symmetry group Q5

With a group representation

p:® = GL(X(Q))

Equivariant if

F(p(@)2) = pl9)f ()
\

~

/



E(n)%20Equivariant%20Graph%20Neural%20Networks
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Matching

o We use a Hungarian matching to match a reco particle to a

target particle with the intersection over union cost P
. . [
o Builds a cost matrix P .f
Qe® 0 ..'

Iy
o One-to-one constraint loU= — ‘..C
] ¢

o Cost minimization
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Matching

o We use a Hungarian matching to match a reco particle

Cost matrix C
Gij = cost of matching prediction i to target j
to a target particle with the intersection over union cost t2

t1 t3 4
o Builds a cost matrix Pl u n n

o One-to-one constraint
- [El B
o Cost minimization
= [ BB
Holls]s]2

N N
min E E Ci; Xij s.t. low cost high cost
Xe{0,1}NxN

1=17j=1 chosen

d Xij=1Yi, > Xij=1VYj
7 7



QL 10092026 ® US FCC Meeting Dolores Garcia

Geometric Algebra for Computer Science : An

MultiVeCtO I’S Object-Oriented Approach to Geometry

Representation of multiple geometric objects of different grades
Outer product a A b (oriented span of a and b)
Projective algebra (adds displacement from the origin)
3D object representation:

o Planes are represented as vectors (normal + displacement)

o Lines are intersection of two planes (bivectors)

o Points are intersections of three planes (trivectors)

e o Multivectors:
P, ® E ;s \3%'—1 ) O X =Xs+ X181+ Xp€5 + X383 + X281 €5 + X131 €5 + Xp3€, €3 +
- - ' X123€1€2€3, X; real coefficients
- - ™ - ve o Built with the geometric product (metric)

Raw hits —|GA Encoderl- G°

O O O O

. Scalar Vector Bivector Trivector PS
Object / operator
1 e e epi €; €gij €123 €o123

Geometric Algebra Sl ACR X

. Plane w/ normal n € R?, origin shift d € R d n
representatlon Line w/ direction n € R?, orthogonal shift s € R* 5 n

Point p € R? p 1
Pseudoscalar u € R )

Reflection through plane w/ normal n € R?, origin shift d € R d n

Translation t € R? 1 1t

Rotation expressed as quaternion g € R* Qo0 qi

Point reflection through p € R® p 1
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Geometric Algebra Transformer " i

. ® v ®
Equi - .. . s . i
=q K-blade projections, no grade mixing . — e nom
linear oy $/q P —

d+1 d . . Equi
l
¢<x) — E wk <x> k —|— E Uki 60 <x> k Geometric Attention Updates ﬁ
k=0 k=0 <A3tetr?

Equi
Geometric product x,y --> xy= (X,y)+xAy --> grade mixing
bilinear Join product x,y --> (x* A y*)* U

7

e

Geometric(z, y; z) = Concatenatechannels (:Uy, EquiJoin(z, y; z)) Layer
norm
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Geometric Algebra Transformer
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Clustering in embedding space

v

Two methods

Beta based clustering [1] Density Peak clustering [2]

o Local densit ;
. 4 y p map, energy weighted
T, By 0004 o
. 55
° kY

* Two parameters, B, distance threshold

Distance to °
o o point with o
* Depends on good training of B distribution higher p @ .%
[

'.: ° «— \


https://arxiv.org/abs/2002.03605
https://www.nature.com/articles/s41598-025-92509-4
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Clustering performance

Charged Hadron Photons Neutral Hadrons
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The impact of the truth defintion

Detector aware-target

DICE

T
[ Unmerged
PF-aware
[ Global

U Define a shower merging algorithm based on a
resolvability score and a connection score
o Resolvability: what fraction of shower is not
shared
o Connection: show strongly shower B overlaps

with A

U Graph with sim showers as nodes and possible

1 L I
0—'?.00 075 -050 -0.25 000 025 050 075 1.00
ed
(p$' - pgl_me)pr!I[lle

absorptions as directed edges

Q Algorithm to determine merging steps Transverse momentum response
in tau jet sample for models

trained with different target
definition

@ Alessandro Brusamolino, Katherina Schauble, Jan Kieseler \‘(IT
=\

Karlsruher Institut far Technologie
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Impact of the ARC’s material

Vincent Richers

0 ARCadds charged-hadron PID capability to CLD,
but its integration places material upstream of
the ECAL and compresses the tracker

U Compact RICH-based PID concept for charged-

hadron separation (1t/K/p) via Cherenkov §\
radiation. _ \.)]
U Uses gas and aerogel radiators with spherical ’}5
focusing mirrors and SiPM-based photon : //
detection.
U Tracker is compressed to accommodate ARC: Composit vessat wal
outer radius reduced from 2145 to 1900 mm. Insulation + support
Studies have assesed impact on track resolution \

but not effect on PF

Radiator gas

Aerogel _ Photosensor array

O Cooling plate

The ARC



https://indico.cern.ch/event/1439509/contributions/6298368/attachments/2996481/5279241/fccphysweek25_ARC_atd_v3.pdf
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Impact of the ARC’s material

Track-cluster AR (same gen-ID)

Geometry
1071 02.v05
® — 0301
O Tracker is shrunk resulting in impact on momentum g0
resolution 1] (track lever arm) (~15%) not necessarily a %W
big impact on PF in itself 3
101
O But tracking-cluster linking might be impacted (multiple 2
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=2
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107! 02.v05
® 03.v01
_5 1072
51078
Z
104
L? 1.6
T 14
12
Z
°© 0.0 0.1 0.2 0.3 0.4

Ry in AR


https://www.epj-conferences.org/articles/epjconf/pdf/2024/25/epjconf_lcws2024_03003.pdf
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Impact of the ARC’s material

Efficiency with PID
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U Charged-particle
reconstruction
remains stable once
tracking effects are
controlled.

U The visible ARC
impact is
concentrated in
photons and neutral
hadrons.

U Photons and neutral
hadrons show
reduced PID
efficiency, increased
fakes, and broader
response



Raw data from DELPHI

Working on legacy code (hard to build expertise)

U Cell recording blocks per sub-detector
o Written during simulation in the DELPHI detector-response cards
o Dumped at the end per event (addition to fadsim)

O Parent label
o Record a label for each deposit
o New block added to delsim36.car an array running parallel to the DELSIM stack

O Family tree to dictionary walker
o Walks the ZEBRA bank simulation tree and prints a plain-text dictionary
o Original Pythia particle link
o Added the equivalent to getParent() method and store vertex

32
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MC particles (68)

Hits coloured by: calo-mother (ygen_hit:
PYTHIA primary that entered the calo)
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