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Motivations

WHY NEW COLLIDER(S) / EXPERIMENTS?

) We need to extend mass & interaction reach for those phenomena that SM cannot explain: injection J
~ WO Bonstes RA.[Experiment site) Azimuth = -10.2°
¥ Dark matter O e
'SSS=1400m )uectlon into collider
C . . : echnical site : B d
& SM particles constitute only 5% of the energy of the Universe o 55 = 2160 mEpEstnicalste Y
ollider RF \ /
¥ Baryon Asymmetry of the Universe hN , K ’
'331' Neutrino Masses Arc Iength=9616.586‘m\ p 4 booster
& Why so small? Dirac/Majorana? Heavier right-handed neutrinos? At what mass? g Sn :\_v_/: ________ +PD
(Optional 7 N\ SSS =1400m I (optional
Experiment p 7N \ Experiment
site) y, \ site)
HOW DO WE TACKLE THESE OPEN QUESTIONS? 7 ; N
WHICH TYPE OF COLLIDER? v : I
. . Technical sité ) _ A echnical site B€tatron &
40 Energy frontier: direct access to new resonances o TS =260 88 = 2160 7 e momentum
a0 o 5 5 5 . . . \F ~ j . .
4 Precision frontier: indirect evidence of deviations at low and high energy Booster RF - collimation

PG (Experiment site)

FCC integrated project offers an appropriate answer to these needs

FCCee will be an unique tool for high precision measurements

Clean experimental et
15 years programme Vs uncertainty environment
ZH maximum Vs ~ 240 GeV 3 years 106 ete- = ZH Never done 2 MeV L4 High efficiency trigger
E tt threshold Vs ~ 365 GeV 5 years 106 ete- — tt Never done 5 MeV . or trlggey-léss readout
= Zpeak Vs~ 91 GeV 4 years 5x 102 ere-— Z LEPx105  <50key Lowradiation levels, -
§ WW threshold+ Vs =161 GeV 2 years > 108 ete- > W+W- LEPx 103 < 200 keV compared to hadronic
. [s-channel H Vs =125 GeV 5? years ~5000 ete-— Hj;s] Neverdone < |00 keV machines
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Physics and detector requirements - FCCee

"Higgs Factory” Programme
At two energies, 240 and 365 GeV, collect in total
e 1.2MHZ events and 75k WW — H events
Higgs couplings to fermions and bosons
Higgs self-coupling (2-4 o) via loop diagrams
Unique possibility: measure electron coupling in
s-channel productione™e > H @ Vs = 125 GeV

Ultra Precise EW Programme & QCD
Measurement of EW parameters with factor ~300
improvement in statistical precision wrt current WA
e 5x10?Zand 108 WW

* My Iy iy SiN2002T RZ,, Ry, 0, My, My -

e 10° tt

Mtop, Mtop, EW couplings
Indirect sensitivity to new phys. up to A=70 TeV scale

DETECTOR REQUIREMENTS
Momentum resolution at pr ~ 50 GeV of 6,7/pr=
103 commensurate with beam energy spread
Jet energy resolution of 30%/VE in multi-jet
environment for Z/W separation
Superior impact parameter resolution forc, b

tagging

DETECTOR REQUIREMENTS
Absolute normalisation (luminosity) to 10
Relative normalisation (e.g. I,,4/l;) to 10
Momentum resolution “as good as we can get it”
* Multiple scattering limited
Track angular resolution < 0.1 mrad (BES from pp)

Stability of B-field to 10°°: stability of Vs meast.




Physics and detector requirements - FCCee

"Higgs Factory” Programme
At two energies, 240 and 365 GeV, collect in total
* 1.2MHZ events and 75k WW — H events

Higgs couplings to fermions and bosons
Higgs self-coupling (2-4 o) via loop diagrams

DETECTOR REQUIREMENTS

Momentum resolution at pr~ 50 GeV of o,1/pr =
103 commensurate with beam energy spread

Jet energy resolution of 30%/VE in multi-jet
environment for Z/W separation

* Unique possibility: measure electron coupling in

* Superior impact parameter resolution forc, b
s-channel product’ - T ‘

Flavour physics programme QCD + EW programme

Ultra Precise |

Measurement of EW | * Formidable vertexing ability; b, ¢, s tagging e Particle-Flow reconstruction
Improvement in statis * Superb electromagnetic energy resolution e Lepton and jet angular and energy
* 5x10"Zand 10°V * Hadron identification covering the momentum

* Mgz Iz liny si range expected at the Z resonance
« 10° tt

/W resolution ; Lepton ID
— W\
stud :

* mtop ’ rtop ’ E\
Indirect sensitivity to

Tau physics programme Rare/BSM processes, e.g. Feebly Coupled Particles
* Sensitivity to far-detached vertices (mm — m)
|. Tracking: more layers, continuous tracking
2. Calorimetry: granularity, tracking capability
* larger decay lengths = extended detector volume

*  Momentum resolution

Mass measurement, LFV search
e Precise knowledge of vertex detector dimensions
Lifetime measurement
Tracker and ECAL granularity and e/u/m separation .
BR measurements, EWWPOs, spectral functions

Full acceptance = Detector hermeticity

#4 AIDA
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The IDEA detector at FCCee collider

4 A silicon pixel vertex detector

4 A large-volume extremely-light (90% He — 10% iC4H10) drift
wire chamber for tracking

4 A layer of silicon micro-strip detectors

4 Magnetic field provided by a thin low-mass superconducting
solenoid coil (optimized at 2 T)

4 Calorimetry:
& A dual read-out calorimeter

& If ECAL crystal calorimeter, no preshower detector needed
in this case

4 Muon chambers inside the magnet return yoke

B

>

l
(

Detector height 1100 ¢cm

v

Yoke 100 cm >
Magnet z=+ 300 cm

I Preshower

'DCH Rout =200 cm

DCHRin = 35cm

CalRin = 250 cm

Cal Rout = 450 cm



IDEA Simulation Overview

rimj

5.5+

$.0+

4 A fast simulation in DELPHES is fully operational
¢ We improved the DELPHES fast simulation adding many features to

perform design studies

3.5+

¢ Includes track smearing, PID, jet clustering, flavour tagging... Versatile and

extremely fast! 2o

4 GEANTA4: the full simulation is based on GEANT4.
The description of the IDEA detector 1s almost complete

¢ Expected performances for calo and tracker are very good and in line with

IDEA requirements

& The cluster counting approach for the drift chamber is fully operational

Yoke

DR Calo

2.5+

Coil

2.0+

DR Crystal Calo /

DCH
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Full detector simulation

There are two options for the geometry description
W GEANT4
¢ Classic simulation software
& Standalone simulation fully interfaced to key4hep. Full simulation, almost fully implemented

4 DD4hep is a tool for the description of the detector geometry, part of the new software ecosystem called
key4hep, that allows to plug and play different configurations (for instance with and without Crystal
ECAL options) 1n a simpler way

¢ A more modern framework

& Can be used also for trigger, reconstruction, alignment... Full simulation, implementation in
progress

& Full description of the DR calorimeter available

¢ Drift chamber is ready; a first test of synchrotron radiation background for drift chamber to be
expected very soon

1) keydhep: software framework developed for experiments at future colliders htps./github.com/key4hep

Ke 4 H E P 4 GEANT4 is our starting point and the standalone code was adapted for

V4 compilation on key4hep stack on CERN Ixplus machines
(source /cvmis/sw.hsf.org/key4hep/setup.sh)

4 https://github.com/HEP-FCC/IDEADetectorSIM
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https://github.com/key4hep

GEANT4 simulation - Tracking system

Benchmark geometry Expected performances o Ad
4 Ultra light detector ) Good prresolution, from = 0.1% at low pr up to 0.5% for | < - = T
# L=400 mm pr =100 GeV YN Y
# R =35-200 cm » More t.han 99.5% of tracks are reconstructed with > 60% U R s S B O = S R Y
good hits ¢ A &
A : . 0 : : S [ B S S
 Total thickness: 1.6% of X0 at 90 4p PID with a cluster counting technique is under study by ) rememrer e B B} e e
# Tungsten wires dominant contribution using simulations and beam-test data, see /Nicola s talk]
| . at ECFA workshop ] et it sl i B
4 112 layers foreach 15¢ azimuthal sector e -
. . Pror [GeV]
4» He based gas mixtures (90% He — 10% 1C4H10)
& Ionization signals last few ns » Particle Separation (dE/dx vs dN/dx) Particle separation dN/dx
¢ Max drift time: 350 ns " : L e
Fast readopt (~GHz sampling) ‘: o :;;... Garfield i
PID counting dNc/dx s L s
& # of ionization acts per unit length : Ten
< PID w/ better resolution than dE/dx : : . 7.50
0.75 <p < 1.05 gap recoverable . : =
with timing layer 2 ; - . :
. 1 . o
< 100 ps enough for 36 K/p 0 k SR . G
3 " 4
P [GeVic] 4.3% dE/dx resolutio Qe B s N ’
80% cluster counting efficiencc ; o Momentum lGOW



https://indico.desy.de/event/33640/contributions/128012/attachments/77613/100467/DeFilippis_IDEA_PID_DCH.pdf

GEANT4 simulation - DR Calorimeter

A benchmark geometry

54000 Cu towers with high-
granularity scintillating and
Cherenkov fibers

W AB=1.125°, Ap = 10.0°
4 Theta coverage up to ~0.100 rad

4p 36 rotations around the beam axis

4p Inner diameter: 5 m
4 Outer diameter: 9 m @ 90° >

Expected performances
4 20% EM energy resolution
4 25-30% single-hadron energy resolution (also neutral)

M 5% jets energy resolution at 50 GeV

+ < 1% linearity in FCCee energy ranges for e, vy, hadrons and jets




GEANT4 simulation - DR Calorimeter & crystals
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4 Integration of a crystal calorimeter option in the GEANT4 IDEA
simulation:

& Barrel crystal section inside solenoid 1x1 cm2 PWO segmented
crystals granularity

¢ Radial envelope ~ 1.8 — 2.0m

Expected performances

Jet energy resolution Jet energy scale
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DD4hep geometry migration - DR Calorimeter

4p DD4hep is a main framework for detector description Dual-readout
4p Tt is a first step to migrate to key4dhep, common SW stack for FCC, ILC, CLIC, CEPC - calorimeter
4 An IDEA DR-Calo description was implemented in DD4hep [gi{]

4 To be coupled with a DD4hep description of the IDEA Drift Chamber

k4SimGeant4
Tool sim::Run
EDh.i Algorithm i
conversions .
_— CLIC SiD tracker
T N —— (placeholder for IDEA DC)
G4Event construction

Sim Sim

<«
Alg —_ Sve

field

Fast sim S User S
Regions i Physics list
configuration 2 Actions .



https://github.com/HEP-FCC/dual-readout

Migration to EDM4hep and key4hep

4 Goal: port the simulation and the algorithms to a common FCC framework to develop studies, physics analysis
and algorithms in the standard/final environment

4 EDM4hep is a common EDM that can be used by all
communities in the key4hep project

FCC framework \
EDM4hep DataModel Overview (v0.4)

Standalone I

Geant4 Monte Carlo hits Racsiometer L. ., .
(possible other data structures) EDMA4HEP L e Custer
reconstructed tracks T \
/Qo = N <
MCParticle & pssociation P ReconstructedParticle
‘-\
- | — AN
simulation + reconstruction \ —
| = 7 . | ecoTrackerAssociation ',|Tra0kerHit ‘%Téa%f Vertex
‘ : ) _ = TPEI-‘Iifzb TrackerHitPlane
2 R truction &
i Monte Carlo Raw Data | Digitization o rXﬁzlicl)ynsis

port the geometry

I Detector

port the algorithms Key4HEP
port the data format

1 key4HEP: general software framework developed for many
Key4HEP . .
i ,}% experiments https.//github.com/key4hep

¢ GEANT4 implementation in key4hep already started



https://github.com/key4hep

Machine Learning Tools Overview

4p Taus: classification of 7 decays and separation from QCD jets based *
on Dynamic Graph Neural Networks (DGCNN)

4 Particle flow algorithm for DR Calorimeter based on CNN DR and PF
proof of concept

v

Machine learning
(superior reconstruction)




A (deg)

Machine Learning Tools Overview

4 Point-cloud-based data representation: unordered sets of entities distributed
irregularly 1n space, analogous to the point cloud representation of 3D shapes

4p Easy to incorporate additional information of the fibers (fibre type,

energy, time information, ...)

4 The architecture of the neural network has to be carefully designed to
fully exploit the potential of this representation — Dynamic Graph CNN

1 —2s0

—200

150

100

50

S . T-Hrnonv

! ] 1 1] L]
-4 -2 -

AO (deg)

=160

~—140

=120

80

60

40

20

—900

=700

500

400

300

200

100

Using coordinates, fiber type
(S/C) and p.e. in each fiber

Average T evV FrE¥] 0.45 0.65 0.03 0.00 0.00 0.34 0.00
—’
accuracy T2V 550 BEE 221 025 1.71 0.19 0.94 0.14
90.8%

T — 1y

1.34 3.49 EiR:yd 497 1.12 1.67 0.11 0.44

T —rnomly 0.46 0.25 12.09 EERE] 0.14 3.24 0.00 0.63

T -y 011 3.14 1.24 0.16 EYEE] 6.79 0.00 1.16

Truth BR

T =nnnmy 016 0.30 1.82 1.57 6.42 EYALY 0.03 2.66
T pww 124 025 006 000 0.03 0.00 EERE 0.00

Z—’quets 0.13 0.21 0.21 0.59 1.87 2.29 0.03 EEXY

A A A A A A

\Q \-¢ \-¢ \-/) \b‘ \/} \ \
4 e Dy 2y @} 4)} 'GLL 99 .
T A

Predicted BR

4 The calorimeter gecometry alone allows excellent 7 ID
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Particle Flow for DR Calorimeter

4p The aim of the project is to build a Neural Network based algorithm that, from a given collection of energy deposits in the

calorimeter, 1s able to completely reconstruct a jet 1n the detector and maximise the energy resolution of the dual read-out calorimeter

Workftlow
a Geant4 simulation of a jet

Software Implementation

Input from detector simulation

(EDM4HEP) format
}
. }
; |
o0
S
o,
§=
> 1
o
=
}
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https://github.com/HEP-FCC/IDEADetectorSIM/tree/master/ParticleFlow_k4pandora
https://www.tensorflow.org/resources/learn-ml/basics-of-machine-learning

Preliminary results on electron resolution

4 VGG-like CNN approach
4 Model loss: MeanSquaredError()

[ ¢ 2
=" (Sue = Yorea ) - optimised with
n

=1

respect to the simulated energy of the
incoming electrons

4 Adam, a stochastic optimiser, is used
as optimiser to minimise the loss
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4 Very preliminary results
4 NN configurations might be under-performing
& Too easy architecture? Work in progress

25 30 35 40
Truth energy [GeV]
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https://arxiv.org/pdf/1412.6980.pdf

Conclusions

4p Future colliders are foreseen in the European (and Chinese) strategy for particle physics

4 IDEA is a feasible detector concept at future colliders

4 R&D studies for detector and software solutions

4 Developing simulations and tools for new detectors

4p Stay tuned for the European Strategy updates in the next months

Thanks for listening
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Physics and detector requirements (Patrizia)

Flavour physics programme
Enormous statistics 1012 bb, cc
Clean environment, favourable kinematics (boost)
Small beam pipe radius (vertexing)

Flavour EWPOs (R, Aggbc) : large improvements wrt LEP

CKM matrix, CP violation in neutral B mesons
Flavour anomalies in, e.g., b —* stt

S W =

Tau physics programme
Enormous statistics: [.7 10! Tv events
Clean environment, boost, vertexing

Much improved measurement of mass, lifetime, BR's

t-based EWPOs (R,, AP, P,)

_epton universality violation tests
PMNS matrix unitarity
_ight-heavy neutrino mixing

FyAIDA

QCD programme
«  Enormous statistics with Z —#£, qq(g)

* Complemented by 100,000 H — gg

1. as(my) with per-mil accuracy
2. Quark and gluon fragmentation studies
3. Clean non-perturbative QCD studies

Rare/BSM processes, e.g. Feebly Coupled Particles
Intensity frontier offers the opportunity to directly
observe new feebly interacting particles below mz

e Signature: long lifetimes (LLP’s)

e Other ultra-rare Z (and W) decays

|, Axion-like particles
2. Dark photons
3. Heavy Neutral Leptons
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