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ILCIESROERERE
Schematic illustration of ILC

BRevd Ro7OR)—EtHE
Betatron & ILC 20 kml\?/*)[/, 1IP
collmation LCF@CERN: 30 kmk2 R JL, 2IP

AR Dete-a54 X —EtH

90 kmDF R JLTEK th [E TR ETH D 100km 250 GeV D ¥ HARTEHVi5500-550
365 GeVDEEI R ILF— ARaS54 5 —5HH GeVDT YT T L—k~
ZEIH (72048) FCC-eelRIFRDETEIT=H SHIZIEEIZT ~ multi TeVAD
JF3E1X100 TeV/NROY 2030 F K ZFDER%E 7T L—KE#BiE9
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BS54 —LARASAE —
Lepton colliders ( < 1 TeV). ITF Snowmass 2022 100 ab -1 A ° 9 'I 1 GOGeV
— Of2a54 5% —hF F

10 ab™"jyr (ff‘iﬁ/ERL—Cli .ﬁ/(» L\Ium|n03|tyL;|;|] E_r)

* 250 GeV

OZER '"_"":-'—'-::.::::::.‘.‘.:::::- 1ab~/yr : ﬂ:/ - 7 /r 9 75\ ‘b b = L ) I um I Nnos Ity

Breachl3 [5] ZF

WIS —DIRBIZEYPE
- 350 GeV

100 fb ' fyr

¢« > 500 GeV

10 b~ fyr

Note: FCCee M E:Z E(ilLC500&1000@FEﬁ<bL\ pplZL7&ELNE R/ N\ Zunreasonable
M#Z > 250 GeVIZBHEEMNIEEIZKELY GREMIZIXERLALED)
ERLIEMTIZRIEMEIEIZESN TOANEEIZIZZLDEENHD
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B F BB F Target Energies

Oblique parameter;R7E, W/Z mass, b/tD 5% 8| E

Higgs & & EHUAITE (C1%), HigeshARIE (EEL\FTiIE)
(TeVEFTYIERIEIER)
TopBEENDHKERTE > EZDOZEE

9244 (20-30%). ttHEE S
9o2#S (10%) > B AERK

HEEIRR
Natural SUSY (250 GeV — 1 TeV) 1 TeV Higgsino 3 TeV Wino
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Higgs production and CM energies

240-250 GeV:
ZH @ ~100 fb

Ll L L1l

350 GeV
vwH @ ~50 fb

] IllJJJ|

ole*e’ — HX) [fb]

500-600 GeV:
vwH @ ~100 fb
ttH @ ~1 fb
ZHH @ ~0.1 fb

Ll IlIIlJl

L1 lJIIIII

1000 GeV:
vwHH @ ~0.1 fb

| IllllJ

—_—_— —

2000-3000 GeV:
vwHH @ ~0.5 fb
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HiggsRRIEE—F D 5 %8

fE e DAEX LRI AL D BIE
EEAHN\ROATAF—[THEART
e DRHEDFRENTL

EPPSUZEEH KUY

0O 1 2 3 4 5
SMEFT Neutral Diagonality
30 parameters arXiv:1905.03764

S KY—HTDFER EMNEFSND
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BT #5 E (%)

Higgs Coupling Deviation from SM

MSSM (tan =5, M, = 700 GeV)

N
X R

|
o
R

P(e), e)=(-0.8, 0.3), M =125 GeV
400

—SMall ffh
—Zh

— WW fusion
ZZ fusion

/' ~

i"‘ A ™~

/ AN
i N
f \
| N

.
.
~

4.-
200 250 300 350 400 450 500
\s (GeV)

()

N
o

“250 GeVT
ZHE R ETEmEIN =K

—
o
o

c
e
]

O
[}
n
1)
9]
O
T
®)

Minimal Composite Higgs Model 5 (f = 1.5 TeV)

R
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Higgs Coupling Deviation from SM

. ILC Projection 250 GeV, 2 ab™!, EFT fit [arXiv:1710.07621]
—— Model prediction

. ILC Projection 250 GeV, 2 ab™', EFT it [arXiv:1710.07621]
—— Model prediction

O DIEE EHAITEIX1 TeVOFMIED

[&

BRRICGD, NF—VICKYETILEA
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Higgs AR (BL\BERPVERR)

H - invisible H-=> ¢¢ 2 4b
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HiggsB &

RS
t “J 7 x V H #il: 2 Higgs Doublet Model (2HDM)
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HHH % 4O & /Mé

—e"'+e —» ZHH
— e"+ e — vwwHH (WW-fusion)
e*+e — vwHH (Combined)

M(H) = 125 GeV P(e'e") = (-0.8,40.3) .-~

s-channel

& t-channel
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-
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W
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ETE R/ NSKEEE,
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ttbar threshold and ttH

Threshold scan @ 350 GeV AN Dircct top-Yukawa

measurement needs
> 550 GeV CM energy

0.8 i threshold - 1s mass 174.0 GeV
— TOPPIK NNLO + ILC350 BS + ISR
— Simulated data: 10 b /point

0.6 F — Top mass=+ 200 MeV
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RS with Z-Z’ Mixing |

-330% -20% -10% % 20% ~ 2 = 8 /0 p O S S lb 1 e
Light top partners
Alternative 1 [29] ®  -10% @ Light top partners [25]

o
[

[=]

345 350 355

Nominal CMS energy [GeV] Little Higgs [30]

04 S wieh Cusodial SU)| 550 GeV can prove
HH self coupling as well

5D Emergent [32]

“Potential-subtracted mass” which

is theoretically compatible to Msbar ™= yn
mass can be directly observed fm B e o o aSu e 5 5

E%tﬁﬁﬁ_@m@&@f@ﬁ%ﬁ’é%ﬂ%ﬂd) Other EW precision
R -ETILHERIA T RE variables like 2f cross

o »}0]()

section

Am(MS) < 50 MeV (sensitive to Z'/WIMP)
Amyp ~ 14 MeV triple gauge coupling etc.

Pole top mass M; in GeV

Stability

165 :
115 120 125

Final answer on stable/metastable vacuum

Higgs mass M), in GeV

arXiv:1205.6497, Degrassi et al. Taikan Suehara, LCWS preschool IR EF -G FI5/F —DYIE LT, 8 Nov. 2026 page 10



Ultimate target: direct search of TeV WIMP

e Big motivation of SUSY consistent with thermal DM

— <3 TeV Wino =2 6 TeV collider needed (probably needs novel acceleration)
— 1 TeV Higgsino = 2 TeV collider (~final target of SC or NC RF accelerator)

e Degenerated SUSY: easy to fill the gap by e+e- collider

Higgsino-like EWK processes

>
@
O
o
=
7]
—t
[ o
@
=
w

*
+* Wino thermal relic
HESS line (1301.1173)
Fermi line (1305.5597)
Fermi dwarf 4 yrs
Hooper et. al. GC(1209.3015)
P LSP) not mspléyed

Q

e 000 00 a0 200 250 300 350 400 450
m(NLSP) \sIGeV

ot L . 1 . I IR R 1
200 300 500 700 1000 1500 2000 3000
my, [GeV]

| I
100 150
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MEOFEED

e 240-250 GeV: e+e-EvT R I77OM)—DHBE—F—4 vk
EvI REESTEHDFEZ AT > TeVEIIBED ARIEE

- bEvJ AMARE > BUOVHYIRICRRE

o JZTOaATA X —DH)IE
EBF-IGEFRIBEZENLTHRALAGYEBEORER L

— 550 GeV, 1000 GeV: v R BEESITRE (~10%)
e EVI RIRTUURILDBIE, Y& S B ICRRE
— Afew TeVETODFMIBEEER ($5(Z 1 TeV Higgsinol Z;E H)

#2574 X —DYE

1E

:|

— 240 GeVTY =754 F =LY EE L Muminosity

91 GeV (Tera-2): EHBFEZAITE, JL—/N\—I8 (;-FFLEBEILS /O T14H N0
FTCHEMTRMEZEAKE0Y)
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HfER Evbk—RF
. < , /
B (k. Tovk. — ZH > pubb at ILD 250 GeV

MIR/INTA—FE L)
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AR ER
o ET LA B Matrix elementZ it &
— ZAEHE . LNAATEBSMIE R \ |
~ ST RIS URERER LD e e
» Diagram&t&: whizard
e Phase spaceZiEan' L TS HTETIEZETE - /\Fooit: pythia
—4TEHE. RIB. BHF * ZRAR: tauola
o FIEFBED N HICHK O TIVRE LITARNERL

— E—LARTK)L, ISR/FSREZEE

1'I'

ILDTHDANUMERL

* AT—RFDNFRAL » Diagram&t&: whizard
— PFmMF(b,c/\FAZ)DBRIE . /\FE>1B: pythia
— YD FRIE AR IR EES S
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AESRZSaL—3ay
e FRLI-AFZIAEIRIATHERESES
- EZEA, E—LRKRYE
- HEHRTOMELDHEAEEH
- RFMALIFOD R (K EE)
e Geantd (NARBAIEZFZaL— 3> a—Fk)

| RIS ROMEEREL, MTENSYFLY
o ZFEFHE{ER (physics list)Zx,Sal—bk

& GEANT4

- ZENETER/N\NT—DPYE (0(153)/event) A SIMULATION 1051
o IS ZaL—3 3 (fastsim)Hdh B https://geant4.web.cern.ch/
- RELI-AIFOITEHERETHERDHFIND
DEEEE TS A LlZsmearingd % e
o BIER/ZIAL—3 U (orET—F) TRETI2HENHD fast simulation

- AIE . RERZ LICE RSN Delphes Card ]z L5 https://delphes.github.io/
Taikan Suehara, LCWS preschool [k EF-BFEFI54 5 —D¥E LT ], 8 Nov. 2026 page 16



https://geant4.web.cern.ch/
https://delphes.github.io/

Key4hep framework nips:ikeyanep github.iof
¢ BRASAF—ZEDIHDUIaL— 3 -BEERIL—LT—S

— Event Data / Persistency model (edm4hep / podio)

o EMHIF(MCParticle). BB¥ B F(Reconstructed Particle). FEf (track). 75 X4 (cluster). I
TE2sE Yk (TrackerHit, CalorimeterHit)E D Ial— 3y BREMICHELGZEZRD
FITOTORITHF—IRET7AILBEEZER

. Key4hep'c-latR00T774 JLTIRTE (xxx.edm4hep.root)
— BIEFZF AN)—DEZ (kdgeo)

e FHAEFRERDMUEPLEENEZRINTLD

o 1=EZ(FILDDgeometryZ{FEoT=l), INTGA—RFAEL,TES
- AIEZFTaLl— 3> (ddsim) GeantdMD T/ \—

o FEEMDBITEZR A AN )—Fgeantd|l B THRAIRATAIRU N I7AILETOERRT S
o UZal—LaviER%Fedmbhep 7 7AILIZIRTE

= RBREK (1Rh)

Taikan Suehara, LCWS preschool IR EF -G FI5/F —DYIE LT, 8 Nov. 2026 page 17
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https://key4hep.github.io/

BB

Event simulation and reconstruction in Key4hep (Higgs factory)

standalone (Whizard, ddsim) or in Gaudi (k4Gen, k4SimGeant4) Gaudi framework (k4FWCore) — algorithms steered by kd4run, data exchanged as EDM4hep collections
~\ \ \ “ ) “
Generation Simulation Digitization Tracking Particle flow High-level reco Physics analysis
e+e- - ZH, WW, ... Geant4 full simulation sim hits - detector hits pattern recognition + fit tracks + calo hits - PFOs lepton / photon ID, PID Higgs couplings,
Whizard, Pythia8 ddsim / k4SimGeant4 k4RecTracker, ACTS (k4ActsTracking), PandoraPFA Jet cIystermg (Fast.]e.t) EW / top, BSM searches
(k4Gen) (DD4hep geometry) k4RecCalorimeter ConformalTracking (k4GaudiPandora) vertexing, flavour tagging QOT, Python, FCCAnalyse
(LCFIPlus, ML taggers)

J

S
v &
¢

EDM4hep event data (podiio; persisted ds ROOT file ,/ CalorimeterHit
’
’i
MCParticle SimTrackerHit TrackerHit __-=T -7 Track ReconstructedParticle Jets, leptons,
generator / Geant4 SimCalorimeterHit CalorimeterHit i fitted track parameters (PFO), Cluster Vertex, ParticlelD
particle record energy deposits (truth) digitized hits + TrackerHit links charged / neutral particles analysis-level objects

MC truth links (RecoMCParticleLink etc.) for performance studies

DD4hep detector description (k4geo: ILD, CLD, IDEA, ALLEGRO, ...

single source of geometry, materials and readout (cell IDs) for simulation, digitization, tracking and particle flow

|:| Generation / simulation |:| Reconstruction algorithms (Gaudi) EDM4hep collections |:| Analysis

Tool names are examples; Marlin processors can also be run in the same chain through k4MarlinWrapper (EDM4hep . LCIO conversion) when needed.

Taikan Suehara, LCWS preschool




B A1 digitization

v2alb—arDfERILenergy deposit

HAIEZZDMEREIZKYFEo NS Rt [Eenergy deposit& YL IET S
- BERODEIEIL AKX

- FUTMRDERD LMY (TPC)RE
NoDNEEANTHAIERDOEYR I ZER

PileupZE R & __Toverlayd5_¢% + vy > hadron pileup @ILC

1.7 / bunch @ 500 GeV,
4.1/ bunch @ 1 TeV

CCCET—RLLEBRTESE YRR
CChBEFET—2ADORELEFEILZEEXT S
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BB RL2: tracking

Vertex detector
track W E B E-H

Silicon inner tracker 2020 -

1508 —

BALREZDT
Time projection chamber
EF S RTEDA

Track seedZz{E5
Vertex+SIT, TPCEFNF
DIE[FTLK

Helix fit, Kalman filter, 7% &
Silicon trackETPC trackZ D% 5
Refit9 5%
dE/dx7: & Z{E>TParticle 1D

Taikan Suehara, LCWS preschool IR EF-[GFEFI5/F —DYE LT, 8 Nov. 2026 page 20



BB AL 3: Jet energyfll 5E

= — .
Jet Et"dck+ R’ 3 E_n

— i
= Tz ||
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“Real” Particle Flow Calorimetry

Separate “particle-by-particle” in jets
- need high granular calorimeter — typ. 5x5 mm? in ECAL

Charged Particle

Photon
Neutral Hadron

ILC Calorimetry

Tracker

ECAL
HCAL
All

~ 60%

~ 30%
~10%

0.1% / p; sinB
(GeV) for each

15% / \E (GeV)
60% / \E (GeV)
30% / VE (GeV)

90" j

negligible contribution

15 / V30 x 30% = 0.82
60 / V10 x 10% = 1.90
0.82+1.90 = 2.72 GeV

(]

v ] (¥

=
o 250 GeV Je

]

RMS,,(E) / Mean_(E) [%]

1
is




Pandora PFA

& Pandora LC Algorithms

60+ algorithms for fine-granularity detectors

20084 HICRAFEINT=
track&hith bR FE1E5

F7ILT) X L

(BA$&: M. Thomson)

WELFEHLNTLNS

- Calorimeter Hit# 95 X% : oF v
o DIGRRHET— 8}%.- 2 Gev

I 30 GeV Track I

« Track&EHFEUDITS

* Reclustering

e Track®momentum%
> THERAZE

-> output

Pandora LC Reconstruction

Taikan Suehara, LCWS preschool IR EF -G FI5/F —DYIE LT, 8 Nov. 2026 page 23



ML-based particle flow

o fxiTPandoraZ L@ BalgorithmMDNNR—XTCELNTLVS
e 775 M8: graph neural network and/or transformer

N\

T =V

J27=a—3JI)LRryLT—4

FEE (RBENnE) 7B

& lobject(node) IR CT—4%1E> T
EFEDREESRINT—H NodeD[E¥ZE#HT S
NodefEl DEERMEZzFE SES

Taikan Suehara, LCWS preschool IR EF -G FI5/F —DYIE LT, 8 Nov. 2026 page 24



Transformer&E DIt

ut L blocks

Probabilities

Class
Attention Attention
Block

Particles =

Embedding

Add & Norm Interactions =»

Feed
Forward

Embedding

Add & Norm

Multi-Head

Mathiul

SoftMax

Feed Attention
Forward

(_GEW )

[ Add & Norm |

Add & Norm Masked
Multi-Head Multi-Head
Attention Attention

Linear

MatMul

Linear Linear
concat

xk

Xelass

(b) Particle Attention Block (¢) Class Attention Block

Regular Transformer _ _ Particle Transformer
MHA - MultiHeadAttention

Note: P-MHA — Augmented version of MHA by Particle Transformer that
involves Interactions Embeddings instead of Positional Embeddings

Taikan Suehara, LCWS preschool IR EF-[FEFI5/F —DYIE LT, 8 Nov. 2026 page 25



ML-based PF: some results

Icos(6,,,«

N<0.7

GNN (PID)
—=— GNN truth clustering (PID)
Pandora

90

'o\?'
M
c
®
]
=
-~
o-
3
2]
=
@

i

RROHEFETIEO bR HE—

D2 R3—D 5 a3 (efficiency, purity) [R5 B NALTEO TS
[ZPandoraPFA KLY KIg(Z\) L (KB H Pandorax LRI A4 RER
RLTWAETILHHIBH TLNS)
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High level reconstruction
« MERMMEBBAA IO I DLECHRRBGTIVAY X L

— Vertex reconstruction

— Jet clustering / jet flavor tagging
— |solated Lepton / Tau / photon finder

—- FEATICICC TR ELGTILIOVRXLIFTEDLS
o HKRBIIZEEMTspecificlZELE D (jetBGEFEFTICKYETLSD)
e Vertex reconstruction’=[FIZILDTCIFBEBERKICEENS

Taikan Suehara, LCWS preschool IR EF -G FI5/F —DYE LT, 8 Nov. 2026 page 27



b-tag 3 category

ML-based flavor tagging
Al B (B3R U~10fE &LV B 5> BB
FEYUOTIIEEDOT EH[CLLGHTLK
MR TETEMN =AML DR, Doy ERFAD
FEDIRLC/NTA KT HESF ’&H’KEJ

ilc_nnqq_fullsim

0 01 02 03 04 05 06 07 08 09 1
Signal efficiency

107

Background efficiency at fixed b-tag efficiency

—e— ¢ mistag @ b-eff=0.80

—=— |ight mistag @ b-eff=0.80

—e— ¢ mistag @ b-eff=0.90
light mistag @ b-eff=0.90

j| c-tag 3 category
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=
©
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Q Qal o

d
107 True flavor

0 01 02 03 04 05 06 07 08 09 1
Signal efficiency
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ATRBEIR

e BB OCYIERITIZIEREDSTERERENINLE
- 2ab—23a %F: CPUESIETE (MCILifXX D5 & TGPUIE A )
-Transformer%ﬂ)trammg( XZ2H#HDHUTILNE

- FEBEFEE: GPU (KRELGITIEGTEMINFE)
e Grid

- HR P THEIT L EREIR

- E[TMCjobZEIR A/ T—2HEF

e |ocal
— KEKWCERNFDA—AILEIR (CPUVSRE) om0 "R
- -_:: ibxﬁo) P A E-l_ﬁ*g% (GPU,%':) : | = '(I**‘P‘:"ié’°°"'ege
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Counting experiment

| | = )
A e — -

f

ZHH — u:jqr:juihﬁj:u:bﬁii

1 1
Ao

S/A /+S)

SelectionBDIEES LB ENDHMEZHA T . EE5NDHEEOHEBEZIRAND
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== K15

gEEDH=YGE
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249T127 12X MEE T
hist_recoil_dev_all_toy 7;{“} I\/ {5)‘—9%1%’_) —C
E— 5
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= RBEOREIETZOMEMEICER
- Vb fREENR L > BEEICKSEB/BE=mitR L
— JL—/N\—FRIReD M L > Higgs&zZ/W/tD 5 Bkt gEm £
 BFCHOCHEBLEHNEMHAHALEE-ITTIIHASHELREETHBEE
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Uncertainty-aware Reconstruction & Physics Analysis

Particle Flow + specialist networks + fast reasoning + shared latent state

Specialist networks / physics tools
A

.
Jet : Flavor Kinematic
Lclustering ] NertExing H Ht J[ tagging ] fitting

—
Uncertainty retained I r N

Track .
= Particle / PFO state summary | Fast reasoning model
——_—— Shared latent state s e

Particle Flow hypotheses : :
Soft associations Particle & object hypotheses Probe-ehvibihe-es

Calol:!meter Kinematics & uncertainties Assignments ¢ Correlations « Uncertainties T T— Request refinement
its

e

|

Downstream analysis tasks

Event reconstruction Event classification Physics observables
Objects & assignments Signal / background « Event type Distributions ¢ Derived quantities

J

o
Propagate reconstruction uncertainty to analysis outputs
—> Solid: data / state

=====> Dashed: control
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e isolate lepton (jet{ERIIZ HﬂUB?()
— ECALIZE BT RILF—DE|E
— cluster energy&track energy® EE
— muon detector

— isolation (R7=L\7 O X TEL D)
e cone energyZ{EH_&EMNZBLD
e jet lepton (flavor taggingl Z{& )
- BE#RDEDETIL—/N\—
| e NS | e S5
o KR¥l(Lcalorimeter D
Rotk b 48 % %
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ARVEDY AT YT EEH T

ARDY AT YT
« VOFIL > BHTHETAHAIENZLY
SMEYT ARG EIFAESNTWSEES
« SMIN\YITZOUE - BIEREDMEEYTILIZEIZED
MEFS5ETORRFEITFANS or EEFAND

ARNNDEAFTIT
w=ocXLxp(e)xp(e')/S
o: cross section, L: luminosity, S: > TLV\B AR MY

p(e’): e Mpolarizationm®—E T 5E|E (90% or 10%)
p(e*): e*Mpolarizationh—EH 3 5EIE (65% or 35%)

BEATOER |« EATITOEIESFEITHES (BBEMNELLY)
¢ BARVNZEAEDITS (B
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’ Single track vertex
IP (nearest point)

1ARLMELT! EFRDMCANU
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B8 AL6: jet clustering
yH—F /NS pairE DI+ TLK

2min(E. E2)*(1 — cos 0ij)

y =

(Durham, 11170)%&3

multl-Jet’Cli&')L’C%Faﬁ ERHOBKIEFTE
« TH T HjetDFE B AL

vertexZ > ThZ{BEMIIZES FIE
I A DbeamiL AR FZRET DIZHED

* anti-kT clustering etc.
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— vertex mass

BHERR7. 2L— 35

c ZESHEMTHEE
— vertexM (B 'F, single)
e ERICIXIZERIT

— track@impact parameter

- BAEL - #1(~20)

Jets with reconstructed vertices

ILD Full Simulation
Z 2qq 91.2 GeV

b jet

uds jet

6 8 10
Vertex mass (GeV)

with pT correction from neutral particles

Background rate

0.9
Signal rate

Background rate

Signal rate
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AR REERL: Ak
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ARV NER2: ZEEREHT(TMVA)

e LD DEMZRBFIZFEST
“OF I LI E T
o LOADFEE
« ZTa—JJ)LRYk
« BDT
* likelihood etc.

Cut efficiencies and optimal cut value

Signal efficiency ——— Signal purity
Back d efficiency | Signal efficiency™*purity
ac.gruun. e lcléncy . s f\"STB
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ever;]ts the r;naximu;m LAY S;+B is : : A ¥

23.3217 when cutting at 0.5685

01 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Cut value applied on Likelihood output
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fAEDRE4: Toy-MC

o Z-binMD{EZpoisson7 1 TR
RABFIIIEHMET O TILAEFELL., FET0vbLI=0 5%
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5 E D R$&3: template fit

FNZhDtemplate
E’data’Dy?%
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' . (COBEIF
£ | Toy-MC% B )
S {Eosgf v v {Eosgf e
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incoherent scattering of

beamstrahlung photons to

e e+e- pairs
vertex detectord@occupancy
Eforward detectorl Z#<
MIRA D IND ML RIERR

* Qg pairs (minijets)
IR A 2 I\ K
MIEA R NZERHNIE
1.7 / bunch @ 500 GeV,
4.1 /bunch @ 1 TeV
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