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ILD : a Particle Flow (optimised) Detector

Detector layout

— Silicon Vertex (VTX) + Inner (FTD/SIT) Tracker
— Time Projection Chamber (TPC) as main tracker
* Silicon External Tracker (SET) enhancing momentum resolution
— High-Granularity Calorimetry inside 3.5T coil field » CALICE/DRD6
* 4 options of calorimeters (Si | Scint)-W ECAL ® (Scint A | RPC-SD)-HCAL
— Forward & Beam calorimetry: (Si | C | GaAs)-W « FCAL collaboration
Functions:

— ToF from SET or (first layers of) ECAL

7833

337 ne

— DAQ: Triggerless & between trains hm”' i H M'OZS
— Modest Irradiation (<10"" n/cm?/yr, excl. FCAL) UL
Optimisations © o ossms
— Designed for ILC500 [Lol: 2010; DBD(CDR): 2012; IDR: 2018]
* Spin-off: CLIC-det (with SiD): <3TeV CLIC Beam

'n

6620
5460

’I | ” I. I. Yoke/! Muon HCAL FTD
AL FCAL  ECAL P

312 x 500ps

156ns 56"

— Being adapted for Circular Coll. & HALHF { — By ——

* FCC-ee: CLD, ILD;  CEPC-Baseline
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Silicon Tracking

Original General Scheme: Technology evolves rapidly

— VTX - 3 double layers of MAPS
— FTD - 7 discs

* Inner 2 discs: pixel (similar to the vertex detector)
* Quter 5 discs: strip (similar to SIT/SET)
— SIT — 2 double layers of strips between VTX & TPC

TPC
— SET - 1 layer strip after TPC (barrel, endcap)
Functions / merits
— Time stamping
— Precise points to connect VTX/TPC/ECAL
— Calibration of TPC
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R(mm) |z| (mm) |cosf] o (um) Readout time (us)

Layer 1 16 625 0.97 28 50
Layer 2 18 625 0.96 ] 10
e
ibed Layer 3 37 125 0.96 4 100
Layer 4 39 125 0.95 4 100
Layer 5 58 125 0.01 4 100
Layer 6 60 125 0.9 4 100

Cryostat; 0.2mm CFRP+1cm styrofeam+0.2mm CFRP Beryllium shell i cooling tube:
od:2mm, id:1.5mm

0.5t
i
Layer 3 17 ladders 1mm CFRP Z oS
| gl =
(2| | Layer 2: 11 ladders L5mm CFRP ™~ & e el Z| Beam pipe
' o 8 L - =
Layer 1: 10 ladders tﬂr—-—- L
L w | 2
ol i = &I FPC; 9mm width x 10/side +
[ M 0= |¥ 17mm width x 28/side
2] i 143 15 (50um Kapton + 9um Cu)
14616456, 7
B
Fixation of ISS on TPC X
endplates or inner VTX fixed on beam BF hang by small cables.
diameter tube Couid be adjusted to beam axis.

/
Inner Support Structure yTX Cables/service!
(1SS) (AII?)

Tunable fixation
Bellows
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Time Projection Chamber SrE
B vrx

Tracking detectors should be as transparent as possible 0.3

— Particle Flow — as little material as possible in front of ECAL 0.2

— Momentum resolution dominated by multiple scattering at low
momenta 0.1

— TPC: Low in-volume material = high chance of uninterrupted track

segment within TPC 0 ST

— Readout in endcaps close the calorimeters : MPGD (GEM, puMegas, ...)

20 20 0

20.0 1

Flavor studies require PID over wide momentum range y ILD

— Excellent charged hadron separation 50

0 / degrees

IDR-L

— dE/dx or dN/dx (cluster counting) possible up to 50 GeV

Separation Power

{
\
— ToF data further improves low-momentum range 10,05 g
Detection of in-flight decays via continuous pattern recognition \k\\

o /K, dEdx

e 7/K, TOF100
* /K, combined |]
= K/p, dEdx

* K/p, TOF100
*  K/p, combined ||

5.0F
— Important for BSM (See the two presentations from J. Klamka, and \\‘i‘ b

M.T. Nuanez Pardo de Vera on staus and light scalars at EPS-HEP)

{anleeTa o

Hom
UulEEg e,
'
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ILD : Calorimeters

Particle Flow: ~~ Intel Omega inside

— Geometrically match high precision tracks
with clusters = Measure only neutral particles in Calo
= Best Jet Energy Resolution (JER) and
Boson Mass Resolution (BMR)

Endcap2

High Granularity Imaging Calorimeters

— “Optimal” granularity
* In ILD detector model vary ECAL Si pixel size and HCAL tile size

o

T T T
.e -
a) 2. tb) D 45GeVdets
[ 3 [ =100 GeV Jets
m ulys 0180 GeV Jets
=41
(2]
£
£

250 GeV Jets

rmsgy/E,; [%]
&

a .
T T T T

el
Endcap1 Barr ECAL

3'5} '// C 45Gevets | a5 ILC Goal

L " 100 GeV Jets [

TR et ] ECAL: 30 layers HCAL: 48 layers

0 1 2 3 0 2 4 6 8 10

T ECAL Cell Size/cm HCAL Cell Size/cm — SiIW-ECAL”: 0.5 x0.5 cm? Si cells — AHCAL: 3x3 cm? Scint. cells
. — ScECAL 0.5 x5 cm?2 Scint strips — ScECAL: 1x1 cm? RPC cells
— Desngned fOI’ ILC (Semi—DigitaI)

 Power pulsing = Passive cooling 10-100M channels 10-70M channels

* Low occupancy — Local memory,
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HE o
Examples of Recent Improvements T || -}

— bvsq b tagging

1071

Factor 3-9 improvement ®
from ParT wrt LCFIPLus
without tuning
102 >

LCFIPlus

Full simulation on b-jets

— Flavor tagging: Significant ML-driven gains over previous
benchmark LCFIPlus (e.g. ParT)

10-3 4

Jet Misidentification Probabiiity

T.Suehera, ICHEP24

/ :
! ! |

— Jet error estimation: Now includes full covariance matrices of all Y —
PFOS Jet Tagging Efficiency
. o . . . S MLAARAS RARAE REARS RARAS RARAS
— Kinematic fitting: Supports physics hypothesis testing and ©0.14

Improves reconstruction consistency \(5\‘ -
-0.121 i
— Semileptonic decay correction: Enables neutrino 4-momentum j et

S~
reconstruction in many B-meson decays 2] 0.1_— | fitted p? +p**=

_ _|_ fitted p +p4 dies

— Combined impact: Di-jet mass resolution
improved by factor ~ 2

o
o
>

rl ILD full simulation

On-going studies:

o
o
=

— Jet clustering confusion remains a key challenge — ML offers
potential improvements

normalized #eve*
o
o
0)

o
o
R

IIIIIIIIIIIIII
IIIIIIIIIIIIIIIIIIIIIIIIIIIII

— (re)Development of Particle Flow algorithms with ML + Timing

See e.g. T. Pasquier, G. Marchiori 100 110 120 130 140 150
Vincent.Boudry@in2p3.fr The LD Detector | FCC-France Paris, 26-28/11/ from V. Schwan Mg [GeV],
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Adaptation to FCC-ee
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Adaptation to FCC-ee — Key elements

Identical Physics : e*e~ at 91, 165, 240, 360 GeV but Crossing angles 14 mrad 30 mrad
— Collisions rates x < 20.000 L* (distance from IP to last 4.1 m 20m
hi - p accel. Focusing magnet)
# Machine-Detector Interface Solenoid field 35T 20(37)T
— Higher Machine Backgrounds Addtional B-fields anti-DID — Compensating
— Screening
Bunch separation ~350 ns @ 5-10 Hz 20-5000 ns cont.

MDI / forward region

— Mitigation of machine backgrounds — especially at high-luminosity Z-pole running

Different bunch structure of beam
— Impact on operation of Time Projection Chamber
— Thermal load management in subdetectors (no more power-pulsing)
Miscellaneous
— Lower energies — less granular calorimeters ?
— No close-by detector (push-pull operation) = no need for self-shielding — thinner yoke ?
— If lower magnetic field (2T)—= Do we need a larger tracker ¢

Vincent.Boudry@in2p3.fr The ILD Detector | FCC—France Paris, 26-28/11/2025 8/19
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ILD FCC-ee in-developpment models

“01”: ILD-Like TPC “02”: Shrinked TPC, more Si

X\ omm F0.0=Y 18 nsoclsiveism materialScan at Y=0.01 mm : 1/X,
2000

X [mm]

1
gocr

000k 0ocE 000E goes QoS ooor 0og 500 1000 1500 2000 2500 3000 3500 4000
[mm) s z [mm]
gOmmonLFCgFfe MDI CLD-like silicon tracker Beampipe
eampipe, Lumital, vertex, inner silicon forkin
quads, solenoids 9 © D. Jeans
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TPC: Estimating Magnitude of Distortions

lons

Slow ion drift = space charge from many BXs (~20 000) Of = __::' i
— Distorts the drift field —502 \§§’:‘“m
— Impacts the position resolution in Arg (mostly in ¢) -1002 et
— Here: only primary ions considered (none from gas amplification) —150; x e Preliminary
Dominating source of primary ionization: ~2005 gye= 10%ITY S[TI)=5.71
25002040608 1 12141618 2 B2

— Beamstrahlung dominates e*e”— qq (physics events)

by two orders of magnitude drift length [m]

. A-side C-side Pb-Pb
° = no fluctuation correction
o = W/0 weights
[ ]

— Synchrotron radiation to be studied
Magnitude of distortions?

— ee—qq @ 90 GeV cause drift distortions in r¢ of ~100 pm gt = W/ weights ALICE
— Naive scaling to space charge density of beamstrahlung : ~20 mm bg/ Lt e
— Consistent with ALICE TPC (Run 3): 008-; = : i i &7 T o1

20-120 fC/cm3 — cm-level distortions . -
* ALICE demonstrates effective DCA correction See P. Colas for 0.06-: -
Small-TPC ILD@FCC model also looked at up-to-date info: 0.04 ' v Y
— Distortion depends highly on inner radius. Ar/He/Ne, 2/3T, Vd, ... =5

| PR R R |

— to be studied with full effects 0.2 0.4 0.6 0.8
(secondary ions, event-by-event fluctuations and reconstruction)

Adapted from V. Schwan
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ECAL adaptation : Active cooling in SIW-ECAL Slabs

“Standart Slab”: © O. Ferreira, F. Joubert

— 8 ASU (1440mm), 8192 ch / 128 ASICs e
— 128 W (1W/ASIC ~1 6 mW /Ch) Copper Cold Plate
— Adiabatic, heat bridge at one end o
Passive cooling: Cu of 2mm (W, C ignored) .

— Cont. mode AT = 500°C on Wafer surface at t = o
* @ILC : power-pulsing 1% Duty cycle ~AT ~ 6 °C, 0.5mm

Thermal Pad Preliminary

FEV Board
Silicon Wafers
HV Flex Circuit

Cu SL-BRD Board
i e =1 B Active cooling (prelim.) ‘
I - - * 4mm Cu with 1/8" steel t(i
I " * with 0.2 4 /min of water @ 15°C
: . See J. Nanni for * AP ~ 0,9 bar
i . ';’Eo;date 1017 AT = 6.6°C on Si surface at t =
§ e To be validated EAER. G
Al S by prototype: .
T EEa s T i
— N Proto FEV
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Toward Centrimetric Time in Calorimeters (CTC)

Cleaning of Events

[CLIC CDR: 1202.5940]
adapted from L. Emberger

Vincent.Boudry@in2p3.fr

HGCAL  Particle ID by Time-of-Flight o E e e
Legacy e e

time
cut
(1 ns)

— Complementary to dE/dx

— From : dedicated layers or CTC

Ease Particle Flow with CTC

— Cleaning of late neutrons &
back scattering (ns)

— Identify primers in showers

— Help against confusion
better separation of showers

» Requires ‘4D clustering’

Power budget ?

The ILD Detector | FCC—France Paris,

1 cmic =30 ps

Y. Che et al. [Eur. Phys. J. C 83, (2023) 93]
from 'ILD-like’ (CEPC/HGCAL) SiW-ECAL

P [GeVic]
R e T S e i

a(T) [ps]

[¢] 5 10 » [G:V/C?‘ 20 25 30
Separation of 30 GeV 1t from 10 GeV KOL
in SDHCAL using APRIL
C. Devanne [ArXiV 2502.03555]

purity for neutral particle efficiency for neutral particle

3
S
T

= 500ps
= 300ps
= 150ps
= 100ps
=_periect timing

©
=3
T

efficiency (%)

@ @ ~ ®
S S =] =]
T T T T T T

IS
S
T

w
=]
L B e B L e S
w

=]

T

L |
6 10 15 20

26-28/11/2025

20 25 30
distance between particles (cm )
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Event Data Model: LCIO

=

A 4R 4
/ > '\\ \_\ ’/ P b J/ y A \
- g - ‘ 7
‘/", 2\ a N
= N\
(- N (= =
Generator| || Simulation|
T struction
= C++, Pyth Overl
Pythia, .. By Digitzation

Tracking
PFA

Analysis

Vertexing
Jet Clustering
Flavor

From ILCSoft...

— Complete framework

— DDA4Hep for geometry

Tagging

A 1 1
{ Detector Geometry: Icgeo (DD )

— Many HL analysis package in Marlin

 Tracking: conformal, Kalman,

« PFA: Pandora, Arbor/APRIL,
Keyshep . « HLR: JetFinder, ToF, PID, tagging
" reesw .@ o “L? """"" R — ... to Key4HEP smoothly
b e 1. iLCSoft \ e’ iLCSoft ..‘..'_
E@ @- LCFIPlus e c MarlinReco A DDMarlinPandora \\- - 5 “_CSOft
! @ ’ , MarlinTrk
. THER) SW Tools 'r j ConformalTracking L] 3 .
m,Ge::zotnumw @~ i -‘ opae martinkinfi ;_' * Gaudi MarlinWrapper
: e . N e Marinfasuet o * LCIO » EDM4HEP converters
~ : * LY L 4
" . CEPCSW i Sy LCFIPlus o’

- -
- -
- -
-----------

&
- -
"escsaa=®

Now standard for all concepts

Vincent.Boudry@in2p3.fr

New dev: ACTS, ML
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Skipped Topics

- IDR-L IDR-S
Enginering
— Mechanical Stability (> seismic) :
— Services (cooling, DAQ, power) _
* Mechanical & GEANT4 Models N |
— Electronics & DAQ: rates and s,

update of electronics

Costing

— Full Costing done for the DBD(CDR): 2012,
updated in 2018 (IDR)

* Including manpower and
mounting procedures

* 330~380M€(2018)

— Needs update
— Option with reduced radius (and calorimeter layers)

Vincent.Boudry@in2p3.fr

Liquid supply ring —

(5 mm inner diameter)
Vaporreturn ring <
(8 mm inner diameter)
Distribution to modules |-
(2.5 mm inner diameter) |~ X
Inlet capillary
(1 mm inner diameter)

Detector IDR-L IDR-S
B-field 35T 4T
VTX inner radius 1.6cm 1.6cm
TPC inner radius 33cm 33cm
TPC outer radius 177 cm 143 cm
TPC length (z/2) 235cm 235cm
ECAL inner radius 180 cm 146 cm
ECAL outer radius 203 cm 169 cm
HCAL inner radius 206 cm 172 cm
HCAL outer radius 334 cm 300 cm
Coil inner radius 342 cm 308 cm

The ILD Detector | FCC—France Paris, 26-28/11/2025



mailto:Vincent.Boudry@in2p3.fr

. - -
Conclusions & Perspectives IL ;

Complete Design for the ILC Re-design for the FCC-ee
— Full & Detailled Simulation Models — MDI & backgrounds
— Advanced Reconstruction & Performance tools — Sharing of TPC vs Si tracking for Z-pole
— Elements being/ to be revisited: — Re-evaluation of rates in sub-detectors
« Readout electronics for calorimeters « Cooling — Re-optimisation of ECAL

« Global Addition of timing
— Particle Flow Code and non-Code (Al)
« Estimate for Cost, Mounting operations

Versatile Detector:

— Do not over-optimise

— High precision, High granularity opens
opportunities:
* ML, go 4D (5D in calorimetry)
* Jet clustering, tagging, PID, ...

— Open to new ideas and people:
large MC fullsim samples available.
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Extras
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Screening
solenoid

Cryostat shell \
' 1

Compensation
solenoid

Lumical \
QclL2

QcCiL1
Beam pipe

Central e
chambe

Trapezoidal
chamber Bellows

Crotch transition, space for
vacuum connection
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TPC distortion caused by primary ions

» Radial distortion (A) is much smaller than azimuthal distortion, almost imperceptible
IBFxGain=1, same primary ion level

& Azimuthal distortion
+— Radial distartion

when along the track for most P, track
* Azimuthal distortion (A,,) has much more serious impact both on high/low P track
 The maximum A  is 20pm@Higgs (acceptable)
 The maximum A is 150pm@Z-pole (need to optimization of MDI)

* Including Pair + Single Beam

Unit: m

E 100
r=1.775 5 0 *~
r=1.400 QE i —
r=1.200 o ———
r=1.000 —
=il
_5{] - -
r=ib, R}
r=il.750
. : r=0.700 B |
20 ;TZK gas _ : - ”“‘—' r=0).650 —150 |- T2K gas
_Ed=230V/cm, B= 3T é Ed=230V/cm, B=2T
or~10 200 |- 01~6.7
-30
Acceptab & al
0, '5530' ' 'minn' ' 15m] = 'zmm T ,"‘,"', e 51'1'0 lﬂlﬂﬂ lslw u;oo 2500
Drift Length [mm] Drift Length [mm] H u | ron g Q|
Numerical calculation results of TPC distortion based on Green’s function
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Detector Parameters

Technology Detector Start (mm) |Stop (mm)|Comment
Pixel detectors Vertex Tin = 16 rout = B8 |3 double layers of silicon pix-
els

Forward tracking Zin = 220 Zout = 371 |2 Pixel disks

SIT Tin = 153 Tout = 303 |2 double layers of Si pixels
Silicon strip Forward tracking Zin = 645 | 2our = 2212 |5 layers of Si strips

SET rin = 1773 | rout = 1776 |1 double layer of Si strips
Gaseous tracking TPC Tin = 329 | 7oyt = 1770 [MPGD readout, 220 points

along the track, Alternative:
pixel readout

Silicon tungsten calorimeter ECAL option Tin = 1805 | Tous = 2028 |30 layers of 5 x 5 mm? pixels
ECAL EC option Zin = 2411 | Zowt = 2635 |30 layers of 5 x 5 mm? pixels
Luminosity calorimeter| r;, = 83 rout = 194 |30 layers
Zin = 2412 | zout = 2541
Diamond tungsten or GaAs calorimeter |Beam calorimeter rin = 18 rout = 140 |30 layers
Zin = 3115 | zout = 3315
SiPM-on-Tile ECAL alternative Tin = 1805 | 1oyt = 2028 |30 layers, 5 mm strips,
crossed
ECAL EC alternative | zin, = 2411 | zout = 2635 |30 layers, 5 mm strips,
crossed
HCAL option Tin = 2058 | rout = 3345 |48 layers, 3 x 3 cm? pixels
HCAL EC option Zin = 2650 | zout = 3937 |48 layers, 3 x 3 cm? pixels
RPC HCAL option Tin = 2058 | rout = 3234 |48 layers, 1 x 1 cm? pixels
HCAL EC option Zin = 2650 | Zout = 3937 |48 layers, 1 x 1 cm? pixels
SiPM on scintillator bar Muon Tin = 4450 | rout = 7755 |14 layers
Muon EC 2in = 4072 | 2oyt = 6712 |up to 12 layers
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