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 Introduction :
« Key4hep and DD4hep detector models
e CLD/ILD detector variants for FCCee studies

* Recent results and ongoing work on
 Simulation studies and Reconstruction

«  Summary
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Key4hep

the turnkey software stack for FCC and all other future colliders

PandoraPFA, ACTS, ...

* HEP community decided 5 years ago to develop a common
turnkey software stack — for future collider studies
- + create a software ecosystem integrating in an optimal way the best
 software components to provide a ready-to-use full-fledged '

EDM4hep, Podio,...

_ o / Marlin

DD4hep, delphes,
Whizard,...

Root, Geant4, ...

FCChh, ILC, LUXE, Muon Collider ... .| g————

(Non-HEP specific)
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Key4hep

the turnkey software stack for FCC and all other future colliders

PandoraPFA, ACTS, ...

* HEP community decided 5 years ago to develop a common
turnkey software stack — for future collider studies
. * create a software ecosystem integrating in an optimal way the best |
. software components to provide a ready-to-use full-fledged '
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Whizard,...
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DD4hep geometry toolkit

defining the detector geometry and different views on it

« supporting the full life cycle of the experiment

« single source of information for full simulation,
reconstruction, conditions, alignment, visualisation
and analysis

« used by CEPC, CLIC, CMS, EIC, FCC, ILC, LHCD, ...

CLICdet ILD

ALLEGRO

' a'”II future 'Higs fec’torAy’ d'ef'etr. si'mule'tieni models in 'ohe‘ péckage
¢ https://github.com/key4hep/k4geo 3 l :

L‘. can use plug-and_ play for sub detectors to study detector varlants‘ “
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https://github.com/key4hep/k4geo

CLD and ILD

closely related detector concepts

Belle Il CMS LUXE

both detectors are defined by their main
CALICE imaging calorimeters:

« ECal and HCal optimised for PFA with
very high granularity

detector(s) realised
at Higgs Factory

major difference: large Si-Tracker vs TPC

. . . GLD
« and of course many differences in size,

thickness, MDI, ...

----

4d1

D.Jeans,
ILD Meeting 2024 CLIC S
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CLD and ILD

closely related detector concepts

Belle Il CMS LUXE

* both detectors are defined by their main
CALICE imaging calorimeters:

T : From LCs to FCCee
« ECal and HCal optimised for PFA with o CLIooet 1o LD

very high granularity N

* A LC-inspired FCCee detector concept - retaining key performance parameters

. . . Evolving from CLIC to CLD
« major difference: large Si-Tracker vs TPC

\\\' less steel: lower field allows
reduced yoke thickness "*-> o

« and of course many differences in size,
thickness, MDI, ...

lower field: enable high ~—
~~"" luminosity in circular collider P

e CLD is the well established evolution of : ,
L \S ' reduced HCAL thickness: _ 7 E
CLICdp optimised for FCCee / enabled by lower energy
| T—— o 7’;’ T — increase in tracker radius: _ 7

W|th the Complete fU” S|mU|at|0n and ‘ retain p resolution
reconstruction software chain available } /éqa,,e, VTX radius: profit from lower \\
= 3 === backgrounds, compensate material ==~
In Key4hep Linear Collider Detectors - FCC Week, November 2020 “L Frank Simon (fsimon@mpp.mpg.de) 757
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CLD and its variant(s)

studying options and develop algorithms

 the standard CLD detector model - with
all Si-tracker and FCC specific MDI region,
CLD_o2 v06

DESY. Frank Gaede, FCC Week 2024, San Francisco, 11.06.24

March 25, 2024 / FCC US WS A. Sailer — The CLD Detector Concept

Detector for FCCee

General purpose detector for Particle Flow reconstruction [1]

» Steel-Scintillator HCal
with 3 cm cell-size

» Silicon—Tungsten Eézl\>
with 5 mm cell-size

» Silicon Tracker, mostly
50 um pitch strips

» Vertex Detector with
25 um pixels

P
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CLD Si-Tracking and MDI —

\ Superconducting

Solenoidof2 T

» Iron Yoke with RPCs for
Muon ID




CLD and its variant(s)

studying options and develop algorithms

March 25, 2024 / FCC US WS A. Sailer — The CLD Detector Concept

Detector for FCCee

o the standard CLD detector model - with General purpose detector for Particle Flow reconstruction [1]
all Si-tracker and FCC specific MDI region,
CLD 02 v06

« a CLD variant with the ARC and a slightly
reduced tracking volume, CLD 03 v01

« study excellent PID performance - and
necessary trade-offs for tracking and
PFA ...

CLD option 3

\
1.5+

1.0

0.5

5

T -———"’l—
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CLD and its variant(s)

studying options and develop algorithms

« the standard CLD detector model - with
all Si-tracker and FCC specific MDI region
CLD o2 v06

« a CLD variant with the ARC and a slightl
reduced tracking volume, CLD 03 v01

« study excellent PID performance - and
necessary trade-offs for tracking and
PFA ...

« a CLD-Alegro hybrid with a LAr-Ecal in
order to adapt PandoraPFA for the LAr
calorimeter, CLD 04 v05

 need tracker sim and rec from CLD

DESY. Frank Gaede, FCC Week 2024, San Francisco, 11.06.24
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Detector for FCCee

Geometry Adaptations to CLD

e Challenge - no full simulation for ALLEGRO in Key4hep yet
* Need tracks for Pandora PFA
e Using CLD detector as a base for full simulation and

reconstruction a detector model as CLD_o4_v05 was created

with LAr calorimeter as the ECAL

>

ACtIvVe ga p{ oble liquid) apsorn

e The LAr ECal is almost three times the size of the CLD ECAL

e To include LAr instead of the CLD ECAL the geometry of the

detector needs to be adapted to avoid the overlaps bet

subdetectors

1st layer _____-> ) ////////////// ////////%

e HCAL, Solenoid and the Yoke moved out further to Lo o /
/

| L
\

accommodate LAr in the detector cryostat ——s S8

=jjiins

1

=]
|

l W////////////////// _
= / /////////{éz////é,{///////

0.
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ILD variants for FCCee I

ILD_I5_v02 ILD_I5_v09

« baseline: TPC, inner Si-Tracking,
SET, SiW Ecal, SciFeHCal

. all-Si: replace TPCw/ CLIDdp Si-  baseline o A8
tracker

« alternative inner Si: use CLICdp ) USSR R T
. ] 100 150 200 253 fem]
inner tracking ILD Meeting 2024 D 5 i

 alt.inner Si &FCCee MDI: : |
additionally replace fwd w/ FCCee alt. inner
MDI (mask in detector region) alternative _E FCCee MDI

inner Si
—_— 3 ey

goal: study all changes individually . : o

in order to understand how to best §
define an ILDlike detector for
FCCee

: * models still in ILC dimensions - eventually need to
sl adjust similar to what was done for CLD - or create a
DESY. Frank Gaede, FCC Week 2024, San Francisco, 11.06.24 CLD variant w/ TPC ... 11



https://agenda.linearcollider.org/event/10211/contributions/53786/

ILD variants for FCCee

ILD_I5_v02
+ baseline: TPC, inner Si-Tracking,
SET, SiW Ecal, SciFeHCal
« all-Si: replace TPCw/ CLIDdp Si-  Paseine E
tracker °E °F
- alternative inner Si: use CLICdp
. . DJeanS, 100 50 100
Inner traCkIng ILD Meetinq 2024 ILD_I5_v10 ILD_15_v11
« alt.inner Si &FCCee MDI: e : B |
additionally replace fwd w/ FCCee ? E alt. inner
MDI (mask in detector region) alternative T ' | FCC?(:)SLMDI
inner Si “E ‘
8
goal: study all changes individually } 5 VT N 5 N | o, TN =—— 13
Z[cm]

in order to understand how to best §
define an ILDlike detector for
FCCee

: « models still in ILC dimensions - eventually need to
omrsb sl adjust similar to what was done for CLD - or create a
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Can a TPC work at FCCee (91 GeV) ?

Study w/ full simulation in ddsim (DDG4) and GunieaPig

D.Jeans et al.

107

g oo . T
) ) 2 i (. 1o
simulate events in TPC at FCCee (91 GeV) from R :
: ' 10°
* e+e- physics events: ~101% jons -> 100 pum distortions ool
10*
» beam induced background: ~ 2x10%2 ions -> 20 mm distortions (!) | .i"m o
a TPC also at TeraZ might be feasible - yet further studies needed: i ~ A " K
2m_ |
.y . . . . . . . - a 10
« mitigation strategies for drift distortions (corrections, redesign MDI ‘;@
elements?, ) 8000 4000 300550060060 1000 2000 3000 4000 5000 !
s . . . . - MCParticle endpoints at FCCee 91 GeV from
* Stab|l|ty of distortions wrt t|me, Operatlng Condltlons, beam bg in ILClike (Ieft) and CLDlike (rlght)
ILD
E % rimary ions
™ full geantd simulgtion ILD |5 50f— 1 Prefininary F e Collider FCCee91  FCCee240  ILC-250
1500F~ ,‘ < 0: L I‘a Detector model ILD_I5_vlly ILD_IS_vily ILD_I5_vOS
1000} - ———— 'gE average BX frequency 30 MHz 800 kHz 6.6 kHz
gt -50F \§§_~‘ ! primary ions / BX 270 k 800 k 450k |
E &« A A oot T;m% primary ions in TPC at any time [ 1.8x 102 1.4 x 10" 6.5x 108
0* . if‘f':;?, % . average primary ion charge density nC/m? 6.8 0.54 0.0025
-500/— Sy I -150F
C / T “‘;-g\ E = . . . .
1000 I IN % ~200; E,;jf(;)x[(vz/crn;/]s 5[T])=5.71 « primary ion density in TPC - compared to ILC-250:
1500 g adwsl PO L R L e Y IO O O R T « 2500 (200) x higher at FCCee 91 GeV (240)
20%11[11[1 0 02040608 1 12141618 2 22 « dominated by beam background
00 -1500 -1000 -500 0 500 1000 1500 20 d”ft |ength [m]
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Physics performance of ILDlike detector at FCCee

combining existing pattern recognition for tracking ... [ Clupatra ]_,/\ Vo i
[F orward Traciin g] — IMarlinTrkSystem X -
« to benchmark an ILDlike detector w/ TPC at FCCee [ Siracking )~ Eﬁﬁ?ﬁ:ﬁ%ﬂ%&ﬂ’“}
full reconstruction code needed [FulLDCTracking) —~ e -
e can re-use existing pattern recognition algorithms CellsAutomstonMy] -~ fitthe tack  state
by combing: Clupatra (TPC), ConformalTracking °°nf°rma'Trackin9]* e rosaing ponts.
(Si-tracking) and FullLDCTracking (Merging) e J]’\ /
* work started recently w/ a PhD student MarlinTrk tracking toolkit w/ a variety of pattern

- single muon tracks work ! recognition algorithms and Kalman Filter

Prev. o S s - . © ~ 5 2 Nextalg
. g§ &---% 2 MarlinProcessorWrapper g 2--3 =
algorithm £ 3 s © g © = 8 egACsS
V.Schwan v/ ‘\ / A\

LCIO2EDM4hep
converter

EDM&hep2LCIO
converter

eep
eep
o1
eep
o1
eep

dayya3

m
o
=
=
=
@D

he

* next step:

» develop track performance tools in

k4DetectorPerformace (w/ G.Swadowski et al) can run all MarlinTrk tracking algorithms with

MarlinWraper in Gaudi
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Studying tracking performance for CLD

sub-detector variants

« using full simulation (MarlinWraper) and tracking performance
scripts (EDM4hep) to study and understand effects of
» sub detector variants and modifications

« more realistic beam pipe w/ more material and smaller radius

results in better impact parameter resolution ( VXD r0 13/17.5)

CLD_ol_v04

® BeamPipe radius: 15 mm

CLD o2 v05
® BeamPipe radius: 10 mm BeamPipe material: Beryllium

o
® BeamPipe material: AIBeMet 0.35 mm ® BeamPipe thickness: 1.2 mm + 5 um gold
+ paraffin 1 mm + AlBeMet 0.35 mm ® X/X0=0.45%

® BeamPipe thickness: 1.7 mm + 5 um gold '
® X/X0 = 0.61 % = + 33 % material budget
DESY. Frank Gaede, FCC Week 2024, San Francisco, 11.06.24
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Studying tracking performance for CLD

sub-detector variants

« using full simulation (MarlinWraper) and tracking performance
scripts (EDM4hep) to study and understand effects of
» sub detector variants and modifications

« more realistic beam pipe w/ more material and smaller radius
results in better impact parameter resolution ( VXD r0 13/17.5)

« reduced tracking volume (ARC) results in

* 10-15% reduced momentum resolution (lever arm)

CLD ol v04
CLD o2 v05 ® RoD

® BeamPipe radius: 10 mm

BeamPipe radius: 15 mm

® BeamPipe material: Beryllium

® BeamPipe material: AIBeMet 0.35 mm ® BeamPipe thickness: 1.2 mm + 5 um gold
+ paraffin 1 mm + AlBeMet 0.35 mm ® X/X0=0.45%

® BeamPipe thickness: 1.7 mm + 5 um go
® X/X0 = 0.61 % = + 33 % material budget

CLD detector

I ED YT T TANIN DAGUG; | U VYGON 4ULT walt rrar

G.Sadowski B‘E,s’y'
' “.
1_|—| 1 0 E‘ L] T T T T T IE
. E Single w 3
> = A6 =10 deg, CLD_02_v5
(O] - A6 =10deg, CLD_03_v1 ]|
(O] 1 []6 = 30 deg, CLD_02_v5—
—_ E WO =30deg, CLD_03_v1 I
Py = (6 =50 deg, CLD_02_v5 ]
03) A ¢6=50deg, CLD_03_v1
E 1 0—1 - 750 =70 deg, CLD_02_v5__
q - E A 460 =70deg, CLD_03_vi =
o i 06 = 89 deg, CLD_02_v5 |
\I— L - A @6 =89deg, CLD_03_v1
o 107%¢ A -
< 3 : 8 3
N N . E A 7
S -3 8 0 . n A
1 0 E g o R E
C ® 0 L] ]
4l 8 $ " |
10 4 = ] é =
= i
U_Hb _1 1 I 11 | I_
o.94§ }
e 4 'S
0.88F i + =
0.86 :—1 i ; L 111 é i | 6 | i |
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momentum [GeV]

CLD tracker

9

22m
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Studying tracking performance for CLD

« using full simulation (MarlinWraper) and tracking performance
scripts (EDM4hep) to study and understand effects of

G.SadowskKi

o(Ad ) [um]

10°

10?

o9
o0
<>

e | TTTTI

T T T T T I
Single p’
6 =10 deg, CLD_o02_v5
A6 =10deg, CLD_03_v1
[16 =30 deg, CLD_o02_v5
o =30deg, CLD_03_v1 —
(8 =50 deg, CLD_02_v5
A ¢6=50deg, CLD_03_v1
Z58 =70 deg, CLD_o02_v5
4-0 =70 deg, CLD_03_v1

[N

: : SR R
. . . — = eg, _03_V
« sub detector variants and modifications P . ° °
o
N : . : 10 o 4 —
« more realistic beam pipe w/ more material and smaller radius = ¢ ; . A E
results in better impact parameter resolution ( VXD r0 13/17.5) - L " g
i : 4
* reduced tracking volume (ARC) results in 1= E
1 | ! | ]
1.o4§
* 10-15% reduced momentum resolution (lever arm) ‘-°21% ________ S i ________ i ________ S— § b
0.98EF
- - 0'96;—‘17 i | I T | | | | I 111 I| 1
« ~unchanged impact parameter resolution 1 10 102
momentum [GeV]
CLD ol v04
CLD_°2_VO5 ® BeamPipe radius: 15 mm _ = ‘ C”";"‘" .
® BeamPipe radius: 10 mm BeamPipe material: Beryllium ‘ E - ARC Barrel

°
® BeamPipe material: AIBeMet 0.35 mm ® BeamPipe thickness: 1.2 mm + 5 um gold
+ paraffin 1 mm + AlBeMet 0.35 mm ® X/X0=0.45%

® BeamPipe thickness: 1.7 mm + 5 um go
® X/X0 = 0.61 % = + 33 % material budget

S ED YT TANIN UAGUG; | U VVGON 4ULT, waltrrar

CLD detector

6m

deopu3 Duv
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ParticlelD performance with the ARC

 can simulate full events in CLD w/ ARC with
dddim (DD4hep)

« standalone reconstruction w/ inverse ray-
tracing exists for single cell

« should provide excellent K-pi separation

A. Tolosa Delgado

K-1t separation

= | Gas
r PR _ Aerogel

101
from 2-50 GeV |
* OngO| ng WO rk fU ” ARC reCOHStrU Ctlon |n [ ArcCollection.position.y:ArcCollection.position.z
. . 2 “ > o S - -
Gaudi - aim for end of summer , " —"" P E =
PID and photodetector R&D for FCC g T o
_ ARC_HITS position.X():ARC_HITS position.Y() 400F ArcCollection.position.y:ArcCollection.position.z (j:;: : . .
: . g > ooF Sk yoiy
E 30t . . \ 3505— % 20005 5,5 T < 6001 T
£ = \ 300F 8 1s00f- f, A -
. . 3 L R PRt - g L SRS e
R Inverse -, °'t S I R s Sl B
-0 . ray_tracing 00: E 500~ Jwnaa s PETTTF R TN v L
_20F F x 9 Fam. pomdE R ad g D L : 5
150: OF 1:%w oo o cow sngaceneasfe 3 200 L 3
_aof- F F G REN MK N ANSRMIGED G ~ I
e 100? 500 W r® MEEn D BUUMR R @LIDT Je =
L F E -at i
ARC_HITS.position.Y() 50? r .oy - N . e . [P R L
0 2 4 6 8 10 0 05 1 15 2 25 3 _1scoE- Lo . < A ArcCollection.position.z
Radius [AU £ T
[AU] 6. [rad] o | =

NI NS SRR N NS SN N ST ST
-2000 -1500 -1000 -500 O 500 1000 1500 2000
ArcCollection.position.z
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Sagital cut of the detector (events on the endcaps
are compressed in Z, not visible in this projection)
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Reconstruction in Key4hep

Pandora PFO Energy

S.Sasikumar

7.5 10.0 12.5 15.0 17.5 20.0
Energy [GeV]

developing novel full reconstruction algorithms in Gaudi ve]
- detector optimisation is only possible with full il
simulation - DD4hep models for ALLEGRO and ]
IDEA exist - and reconstruction TR
« active development now started to create .
reconstruction algorithms for ALLEGRO and IDEA . L Reichenbach | INF0
CLD detector variants, e.g. oo o
- PandoraPFA for LAr cato (ALLEGRO) w/ iNES
k4Pandora Track fitting INFO

* TruthTracking with ACTS in Key4hep in
k4ACTSTracking

« clustering (a la CMS HGCal) for
highly granular calorimeters in

build data
structure

nearest higher

Define the nearest-higher of
each hit as the hit with the
local energy density

higher then the hits itself al
within a distance of d, =0, * d_

Hit position and energy used to
calculate the hit’s local energy

density p, and its distance &, to

the nearest hit with higher local
density

Query the neighborhood of a
point by looping over the points
in Nuin the bins touched by t%
tiles intersected by d_

Hello
track
track
Hello
track
track
Hello
track
track

RN | he |

Use followinglriteria:
+seed:p,2p andd 2d;
« outlier: p, < p_ and

5,2 (o;xd)

from event: 1

fit ok :)
momentum: 1.00842
from event: 2

fit ok :)
momentum: 0.947415
from event: 3

fit ok :)
momentum: 1.02946

E.Brondolin

assign clusters

Register each remaining point
as a follower to its
nearest-higher

k4Clue

DESY. Frank Gaede, FCC Week 2024, San Francisco, 11.06.24
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Summary

------
'''''''''
Chd Se
o e
i -

) Key4hep
CLD well established detector model for FCCee studies with highly granular
) : : / ep ;
calorimeter and complete reconstruction code available in Key4hep <D _ ‘
:

now a number of variants developed to

« study detector optimisation and develop reconstruction code

e o
L .
e Py

-
~~~~~
----------

« CLD w/ARC RICH and CLD w/ LAr calorimeter

closely related ILD detector model brings TPC study as potential central
tracker at FCCee | I 1

significant progress and new developments since last FCC week

12 m

first genuine Key4hep/EDM4hep/Gaudi reconstruction algorithms start to
become available (k4Clue, k4ACTS, k4Pandora,....)
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pointers to documentation @

# » KeyaHEP © Edit on GitHub

Key4HEP

Contents:

« Getting started with Key4HEP software
o Setting up the Key4HEP Software Stack
= Using central installations on cvmfs

Key4hep GitHub Project

= Using Virtual Machines or Docker containers
« Using Spack to build Key4HEP software
o Setting up Spack
» Downloading a pre-configured instance (Ixplus)
= Configuring Spack
» Configuring packages.yanl
« Nightly Builds with Spack
o Usage of the nightly builds on CVMFS
o Technical Information

e https://qithub.com/key4hep

« Spack Usage and Further Technical Topics

 Key4hep main documentation page

o Duplicating Recipes in Downstream Repositories
o CVMFS Installation Workflow
o Compiler Wrappers

 https://key4hep.qithub.io/key4hep-doc/

« k4geo project (all FC detector models) Key4hep Tutorials
« https://aithub.com/kev4dhep/k4qeo | « https://qgithub.com/key4hep/key4hep-tutorials

« Doxygen available., e.g. for EDM4hep FCC Tutorials:

. https://edm4hep.web.cern.ch/ https://hep-fcc.github.io/fcc-tutorials/main/
index.html
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