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Recommendations of the 2020 update of the European Strategy
for Particle Physics (ESPP):

1 Full exploitation of the high-luminosity LHC upgrade

1 An electron-positron Higgs factory is the highest-priority next collider.
For the longer term, the European particle physics community has the
ambition to operate a proton-proton collider at the highest achievable
energy.

1 Europe, together with its international partners, should investigate the
of a future hadron collider at CERN
with a centre-of-mass energy of at least 100 TeV and with an electron-

positron Higgs and electroweak factory as a possible first stage. 2 R PRI E prvsiCs e
by the European Strategy Group

FCC Feasibility Study is one of the main recommendations of
the 2020 update of the European Strategy for Particle Physics @

FCC seminar, Perugia, April 2023 2 F. Bedeschi, INFN-Pisa




FUTURE
CIRCULAR
COLLIDER

FCC integrated program

Comprehensive long-term program maximizing physics opportunities
1 stage 1: FCC-ee (Z, W, H, tt ) as Higgs factory, electroweak & top factory at highest luminosities

1 stage 2: FCC-hh (~100 TeV) as natural continuation at energy frontier, with ion and eh options

« complementary physics

« common civil engineering and technical infrastructures, building on and reusing CERN’s existing infrastructure

« FCC integrated project allows seamless continuation of HEP after completion of the HL-LHC program
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Comprehensive long-term program maximizing physics opportunities

1 stage 1: FCC-ee (Z, W, H, tt ) as Higgs factory, electroweak & top factory at highest luminosities
1 stage 2: FCC-hh (~100 TeV) as natural continuation at energy frontier, with ion and eh options
« complementary physics

« common civil engineering and technical infrastructures, building on and reusing CERN’s existing infrastructure

« FCC integrated project allows seamless continuation of HEP after completion of the HL-LHC program
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FCC Feasibility Study approved by CERN Council June 21
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FCC Feasibility Study approved by CERN Council June ‘21
Organization: CERN/3566/Rev;

Oversight

| M. Boscolo: Vice-chair
, 7/112 inst. from Italy

B Collaboration
: Board

Supervision

Execution

FCC seminar, Perugia, April 2023 4
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FCC Feasibility Study approved by CERN Council June ‘21

Organization: CERN/3566/Rev;
Deliverables: CERN/ 3588): Consolidation of the physics case and detector concepts for both colliders.

Oversight

| M. Boscolo: Vice-chair
, 7/112 inst. from Italy ~~- R. Tenchini

8 Collaboration i Scientific Advisory
: Board i

Supervision

Execution

FCC seminar, Perugia, April 2023 4 F. Bedeschi, INFN-Pisa




FCC Feasibility Study

FCC Feasibility Study approved by CERN Council June ‘21

Tailored PED pillar organisation & conveners concepts for both colliders.

Collaboration Steering Scientific
Board Committee Advisory Committee

||
FCC Study AIDAlInnova

Coordination ECFAR&D Roadmap
CERN EP R&D Effort

M. Benedikt, Fl Zimmermann

FCCPED Study

Speakers Board, Editorial Board
Infn.rmal it Coordination ] Dissemination & Communication Detector RED
National Contacts Cacretariat i
ou

G. Bernardi, T. Lesiak C. Grojean, P. Janot

Detector R&D
---| Group

Detector RED

Physics Software Physics Physics Detector pRishy
& Computing Programme Performance Concepts '

EPOL MDI

Detector RED

& Grow
P. ;zn ; gn Szl

Detector RE&D
Group

J. Wenninger M. Boscolo G.f{anis M. McCpllough
A. Blondel M. Sullivan C. H':J,_,ens F. Simon . Perez Rt oy

F. Sefkow

LS J

¥ ECFAPED ECFAPED ECFAPED ECFAPED
Joint with accelerator Working Group 2 Working Group 1 Working Groups 182 Detector R&D Forum

A Blondel, C. Grojean, P. Janot FCC Physics Workshop, Liverpool
11 Feb 2022
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FCC Feasibility Study approved by CERN Council June ‘21

Tailored PED pillar organisation & conveners End 2023:

Collaboration Steering Scientific mid—term report

Board Committee Advisory Committee
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Higgs factory
106 ete- — HZ
EW & Top factory
3x102 ete- > Z
103 ete- —» W+W-;
106 ete- — tt

Z pole ww
i %10 |
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Flavor factory
5x1012 e+e- — bb, cc ; ; _
10T ete- — Th- 55 4 5 & 78 910111213 1'4@

Potential discovery of NP Year
LLP’s, ALPs, RH V’s, ...

FCC seminar, Perugia, April 2023 5 F. Bedeschi, INFN-Pisa

Physics plan still under discussion — Order may change
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Optimal energy range for SM particles 13 December 2022
LEP1 statistics in a few minutes Sharpen and challenge our knowledge of already existing physics \%"},
Detector calibration/alignment atall /s < = > & Q
2 Z WW ZH tt "4‘@,)4’@(0 Y
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A ,69’ -
P
E . ‘ ‘ (250 GeV) . .
Vs Monochromatisation BT ‘ ‘ ' ’ _ .
Unique opportunity for electron Yukawa 100 : 15.0 200 250 .300 350 a Ty | Mutivatesitiis competiton
RDP + in situ In situ only V'S [GeY] Luminosity is the name of the game

Precise and continuous /s, /s spread, boost determination
Both with resonant depolarisation (RDP) and with collision events in up to four detectors
Essential for precision measurements

FCC seminar, Perugia, April 2023
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”Higgs Factory” Programme
Momentum resolution of 6,1/pr? = 2 x 10 GeV'!
commensurate with ((10-3) beam energy spread
Jet energy resolution of 30%/VE in multi-jet
environment for Z/W separation
Superior impact parameter resolution for c, b

tagging

Heavy Flavour Programme
Superior impact parameter resolution: secondary
vertices, tagging, identification, life-time measts.
ECAL resolution at the few %/ VE level for inv.
mass of final states with % or ys
Excellent m°/y separation and measurement for
tau physics
PID: K/mt separation over wide momentum range
for b and t physics

N

PN

Ultra Precise EW Programme
Absolute normalisation (luminosity) to 10
Relative normalisation (e.g. M},,4/T¢) to 10
Momentum resolution "as good as we can get it”
* Multiple scattering limited
Track angular resolution < 0.1 mrad (BES from )
Stability of B-field to 10°: stability of Vs meast.

Feebly Coupled Particles - LLPs
Benchmark signature: Z — vN, with N decaying late
* Sensitivity to far detached vertices (mm — m)

* Tracking: more layers, continous tracking

* Calorimetry: granularity, tracking capability
* Large decay lengths = extended detector volume
* Hermeticity

M. Dam, ECFA Det. R&D Roadmap, 2021, https: //1nd100 cern.ch/event/994685/

FCC seminar, Perugia, April 2023
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Early studies for the FCCee (and CEPC) CDR’s based on
minor modifications of CLIC (or ILC) detectors

Exploit existing simulation software
Not optimized for FCCee

PF calor. PF calqr.

S1 tracker

CLD concept

CEPC baseline concept

FCC seminar, Perugia, April 2023 7 F. Bedeschi, INFN-Pisa
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Luminosity 1s much higher!

Non-negligible machine backgrounds

i Fast detector integrates less background in each readout

FCC seminar, Perugia, April 2023 8 F. Bedeschi, INFN-Pisa
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di Fisica Nucleare

Luminosity 1s much higher!
Non-negligible machine backgrounds
i Fast detector integrates less background in each readout
Detector solenoid field strength constrained by beam
emittance preservation at IR (~ 2T preferable)
TPC: issues with transverse diffusion
Silicon: can’t compensate smaller tracking radius with large field

FCC seminar, Perugia, April 2023 8 F. Bedeschi, INFN-Pisa
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O iy Differences with ILC/CLIC -

Luminosity 1s much higher!
Non-negligible machine backgrounds
i Fast detector integrates less background in each readout
Detector solenoid field strength constrained by beam
emittance preservation at IR (~ 2T preferable)
TPC: issues with transverse diffusion

Silicon: can’t compensate smaller tracking radius with large field

2820bunch:

Beam time structure: I—Wﬂm—‘

Short bunch spacing (~ 20 ns Z, ~1 LS , ~3 us tt)
No large time gap

3 Cooling 1ssues for PF calorimeter and vertex detector
i1 TPC ion backflow

FCC seminar, Perugia, April 2023 8 F. Bedeschi, INFN-Pisa
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IDEA concept (proposed in FCC CDR)
Innovative Detector for e+e- Accelerator

FCC seminar, Perugia, April 2023 9 F. Bedeschi, INFN-Pisa
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YoKke/L chambers
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Small magnet
Yoke/u chambers = ‘

Small yoke
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IDEA details

Small magnet

YoKke/L chambers

$

Small yoke

vertex region zoom

Tracking = 150 mrad

No material in front of
luminometer

FCC seminar, Perugia, April 2023

B Calorimetry = 100 mrad

F. Bedeschi, INFN-Pisa
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Momentum measurement C

Z or H decay muons in ZH events have rather small p,

ZH (H>up)

Entries 20002
Mean 51.68

Muon pt RMS 193

ZH (Z2pp)
Muon pt

050 60 70 80 90 100 50

90 100
P, [GeVic]
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Z or H decay muons in ZH events have rather small p,

Transparency more relevant than asymptotic resolution

IDEA: Material vs. cos() opt/pt

. . ' Track angle 90 deg.
Il Beam pipe : IDEA

[ Vertex silicon i E IDEA MS only
—_— . t | '..,
] Drift chamber | (:DjjA No Si wrapper

I Silicon wrapper U CLD MS only

DCH endplate

90 degree

01 02 03 04 05 06 07
FCC seminar, Perugia, April 2023 F. Bedeschi, INFN-Pisa
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Z or H decay muons in ZH events have rather small p,

Transparency more relevant than asymptotic resolution

Higgs recoil mass with 0.136% beam spread eHrec IDEA: Observed di-muon invariant mass
Entries 9566 Minv_d
Detectors: Mean 126.4 Detectors: .l Entries a705

- RMS 2.341 . Mean 1245
%EéAm only e T 2 — IDEA RMS 1.543

—CLD | —CLD

H inv. mass
ZH->7Z nu

Higgs recoil
HZ -H ppu

L L Il LI Il LI Il T III II

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

120 122 124 126 128 130 132 134
132 134 i u invanant mass (GeV)
Recoil mass (GeV) R

=
[2%)
o

FCC seminar, Perugia, April 2023 F. Bedeschi, INFN-Pisa
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Vertex resolution

Transparency again very important

Tracks from secondary and tertiary HF decays have few GeV

b daughter pt

Stable charged tracks
from b-hadron decays

hBtrkpt

Entries
Mean
Std Dev

104517
3.708
3.656

FCC seminar, Perugia, April 2023

Dy (um)

I T 1 T
i

LI
bl

LI | ] L l T

Track angle 90 deg
IDEA
——CLD
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Expect>3c K/n separ'ation from cluster counting in
Drift Chamber up to ~ 30 GeV

time of flight
dN/dx
combined

10 10°
Momentum [GeV/c?]

FCC seminar, Perugia, April 2023 13 F. Bedeschi, INFN-Pisa
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GOLLIDER PID

Expect>3c K/n separation from cluster counting in
Drift Chamber up to ~ 30 GeV

ToF at 50-100 ps resolution covers region ~ 1 GeV

time of flight
dN/dx
combined

N sigma separation

Lot I 1 R VB |
10 107
Momentum [GeV/c?]

FCC seminar, Perugia, April 2023 F. Bedeschi, INFN-Pisa
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Ultra light 2 T solenoid: AAVAVAVAVAVAYAY.

Radial envelope 30 cm

Single layer self-supporting winding (20 kA)
i Cold mass: X, =0.46, A = 0.09

Vacuum vessel (25 mm Al): X, =0.28

1 Can improve with new technology

C: Static Structural

*« Corrugated plate: X,=0.11
* Honeycomb: X, = 0.04

Exploring MgB, conductor
Lighter cold mass

FCC seminar, Perugia, April 2023 14 F. Bedeschi, INFN-Pisa
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Design guidelines:
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Design guidelines:
Good, but not extreme EM resolution
2 ~ 10-15%//E sufficient for Higgs physics

FCC seminar, Perugia, April 2023 15 F. Bedeschi, INFN-Pisa
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Design guidelines:
Good, but not extreme EM resolution
2 ~ 10-15%//E sufficient for Higgs physics

Jet resolution ~ 30-40%/VE
i Clearly identify W, Z, H in 2 jet decays

FCC seminar, Perugia, April 2023 15 F. Bedeschi, INFN-Pisa
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Design guidelines:
Good, but not extreme EM resolution
2 ~ 10-15%//E sufficient for Higgs physics
Jet resolution ~ 30-40%/vE
i Clearly identify W, Z, H in 2 jet decays
Transverse granularity < 1 cm for n, from t and HF

y distance (cm)at2m CERN SPS 20
Entnes 100000

+ - Mean 6.706
7211 - =

> prvomtnlv

Percentage of total SiPM signal in fiber

Distance from shower axis [mm]

FCC seminar, Perugia, April 2023 15 F. Bedeschi, INFN-Pisa
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Design guidelines:
Good, but not extreme EM resolution
2 ~ 10-15%//E sufficient for Higgs physics

Jet resolution ~ 30-40%/VE
i Clearly identify W, Z, H in 2 jet decays
Transverse granularity < 1 cm for n, from t and HF
All electronics 1n the back to simplify cooling and services

FCC seminar, Perugia, April 2023 15 F. Bedeschi, INFN-Pisa
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Design guidelines: ol
Good, but not extreme EM resolution

2 ~ 10-15%//E sufficient for Higgs physics : ’

Jet resolution ~ 30-40%/VE g o

i Clearly identify W, Z, H in 2 jet decays "

Transverse granularity < 1 cm for n, from t and HF
All electronics 1n the back to simplify cooling and services

Dual Readout fiber calorimeter satisfies these requirements

FCC seminar, Perugia, April 2023 15 F. Bedeschi, INFN-Pisa




FUTURE

: IN
O COLLIDER Calorimeter (S

Design guidelines: T
Good, but not extreme EM resolution

2 ~ 10-15%//E sufficient for Higgs physics e

Jet resolution ~ 30-40%/VE LR

i Clearly identify W, Z, H in 2 jet decays "

Transverse granularity < 1 cm for n, from t and HF
All electronics 1n the back to simplify cooling and services

Dual Readout fiber calorimeter satisfies these requirements

Possible extension with crystal EM gives outstanding performance

FCC seminar, Perugia, April 2023 15 F. Bedeschi, INFN-Pisa
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47t detector in GEANT4 tuned to RD52 test beam data

Tower segmentation: A9 =1.125°, A¢p =10.0°

Number of towers in barrel: 40 x 2 x 36 = 2880

Number of towers per endcap: 35 x 36 = 1260
Theta coverage up to ~0.100 rad

Tower 40

FCC seminar, Perugia, April 2023 F. Bedeschi, INFN-Pisa
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47 detector in GEANT4 tuned to RD52 test beam data
Good resolution averaged over n and ¢

«— Energy (GeV)
260 100 20 1 5 « Energy (GeV) - 150 100 70 50 30 10

13.0%

03 .
1/ JE (GeV)

FCC seminar, Perugia, April 2023 16 F. Bedeschi, INFN-Pisa
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47 detector in GEANT4 tuned to RDS52 test beam data
Good resolution averaged over n and ¢
DR works well with jets

Gaussian resolution

IDEA Preliminary Jet clustering on:
.. True jets

ete” > Z > jj :

Scintillation signal

DR correction

60 70 80 90 100
Jet energy (GeV)

FCC seminar, Perugia, April 2023 16 F. Bedeschi, INFN-Pisa
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47 detector in GEANT4 tuned to RD52 test beam data

Good resolution averaged over 1 SIPEGE.
° b i 1 i ", éo/n';f;m 62327;4/14.;
DR works well with jets Nosolenoid £y e 0105 £0012

Gaussian resolution

Small effect from solenoid material

Std Dev 2.631
¥? 1 ndf 246.4 /49
Constant 6039 +40.1

an  -0.2045+0.0127
Sigma 2.443 +£0.010

FCC seminar, Perugia, April 2023 16 F. Bedeschi, INFN-Pisa
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Calorimeter simulation (o s

4m detector in GEANT4
Good resolution averageg

DR works well with jets
Gaussian resolution

Small effect from solenoix

700 110 120 130 140 150 160
Mass (GeV)

Adequate separation of W/Z/H

16 F. Bedeschi, INFN-Pisa




FUTURE
CIRCULAR . . . IN
C COLLIDER Calorimeter simulation o s

Energy (MeV)

50 GeV electrons 100 GeV 1Y

17_}_7_,,_,
140 j

\
|
120 ]|
|
|

1004

Adequate separation of W/Z/H
Event displays

FCC seminar, Perugia, April 2023 16 F. Bedeschi, INFN-Pisa
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~20 cm PbWO,
oo = 3%NE
DR w. filters

Timing layer
LYSO 20-30 ps

= ECAL layer:

PbWO crystals 1x1x5¢cm3
front segment 5 cm (~5.4X,)

rear segment for core shower PbWO PbWO
(15 em ~16.3X,)
10x10x200 mm? of crystal

Ix1x15cm?

FCC seminar, Perugia, April 2023 F. Bedeschi, INFN-Pisa



FUTURE
CIRCULAR
COLLIDER

~20 cm PbWO,
Oy = 3%/NE
DR w. filters
Timing layer
LYSO 20-30 ps

PF for jets

FCC seminar, Perugia, April 2023

Crystal option

Jet resolution

--0-- IDEA w/o crystals

—e— w/ crystal DRO

—e— w/ crystal DRO+pPFA

20 40 60 80 100 120
(E_,)[GeV]

F. Bedeschi, INFN-Pisa
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Software R&D and phy.sics studies with IDEA concept
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() sirctiag INFN RD FCC detector work Lo S

Software R&D and phy.sics studies with IDEA concept

Structured detector R&D efforts with additional contributions from funds
outside INFN and/or synergies:

FCC seminar, Perugia, April 2023 18 F. Bedeschi, INFN-Pisa
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Software R&D and physics studies with IDEA con:cept

Structured detector R&D efforts with additional contributions from funds
outside INFN and/or synergies:

Tracking detectors
1 Vertex pixel detector: ARCADIA, AtlasPix3 — Collaboration with CEPC
1 Vertex detector/MDI mechanical structure and cooling — Collaboration with CERN
il Silicon wrapper: AtlasPix3 — International collaboration, Resistive LGADs

i Drift chamber design and cluster counting study — Collaboration with CEPC
* Synergy with MEG2 chamber and Tau-charm factory R&D

8 Muon chambers: uRwell technology — synergy with LHCb/CLAS12 upgrades

FCC seminar, Perugia, April 2023 18 F. Bedeschi, INFN-Pisa
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Software R&D and physics studies with IDEA con:cept

Structured detector R&D efforts with additional contributions from funds
outside INFN and/or synergies:

Tracking detectors
1 Vertex pixel detector: ARCADIA, AtlasPix3 — Collaboration with CEPC
1 Vertex detector/MDI mechanical structure and cooling — Collaboration with CERN
il Silicon wrapper: AtlasPix3 — International collaboration, Resistive LGADs

i Drift chamber design and cluster counting study — Collaboration with CEPC
* Synergy with MEG2 chamber and Tau-charm factory R&D

8 Muon chambers: uRwell technology — synergy with LHCb/CLAS12 upgrades
Calorimeter
i New mechanical & electronics solutions — Digital SiPMs

il Full containment fiber prototype/ Crystal EM - International collaboration

FCC seminar, Perugia, April 2023 18 F. Bedeschi, INFN-Pisa
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FUTURE /j
o sties  ARCADIA (contacts: M. Rolo, M. Caccia) (M7l....

CMOS DMAPS: ARCADIA: Reticle floorplan for engineering run

(max. 26x32mm)
110 um CMOS CIS
25 x 25 pum pixels

Thickness 50-500 um
# Current sample 200 um

Fast full depletion
charge collection

Low power data driven
architecture (<20 mW/cm?)

Scalable to reticle-size
# Side buttable Call CSN5 & collaboration with IHEP, PSI

Included in Aidalnnova

DRD3 CMOS in progress
FCC seminar, Perugia, April 2023 19 F. Bedeschi, INFN-Pisa




FUTURE /j
CS&?&%E‘RR ARCADIA (contacts: M. Rolo, M. Caccia) (NN

i Fis

CMOS DMAPS:
110 um CMOS CIS

25 x 25 um pixels )i e E\;
Thickness 50-500 pm £ i %;

i Current sample 200 pm sz;z;s «(8] ——_
Fast full depletion [J ol [~ & "g?/
charge collection g -

Low power data driven
architecture (<20 mW/cm?)

Scalable to reticle-size
i Side buttable Call CSN5 & collaboration with IHEP, PSI

512x512 proto tested Included in Aidalnnova

1 Updated version for TB DRD3 CMOS in progress
FCC seminar, Perugia, April 2023 19 F. Bedeschi, INFN-Pisa
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C COLLIDER AtlasPix3 (Contact: A. Andeazza) (e

Based on ATLASPIX3 R&D
50 x 150 pm2
Up to 1.28 Gb/s downlink
TSI 180 nm process

132 columns of 372 pixels
Active (total) length (r-phi x z)

18.6 (21) mm x 19.8 (20.2) mm
Module 1s made of 2x2 chips

Power budget not established

FCC seminar, Perugia, April 2023 20 F. Bedeschi, INFN-Pisa
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C COLLIDER AtlasPix3 (Contact: A. Andeazza) (e

Based on ATLASPIX3 R&D
50 x 150 um?2 A
Up to 1.28 Gb/s downlink
TSI 180 nm process
132 columns of 372 pixels |
Active (total) length (r-phi x z) - oy 009 6o
18.6 (21) mm x 19.8 (20.2) mm
Module 1s made of 2x2 chips

Power budget not established

Module tested on beam (DESY) I s BT
Collaborazione: INFN, IHEP, KIT, Liverpool

FCC seminar, Perugia, April 2023 20 F. Bedeschi, INFN-Pisa
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CIRCULAR

COLLIDER (Contacts: F. Palla, M. Boscolo)

O FUTURE Mechanical integration

Vertex design based on:

ARCADIA inner 3 layers
2 Air cooled

AtlasPix3 outer 2 layers

3 Liquid cooled

FCC seminar, Perugia, April 2023 F. Bedeschi, INFN-Pisa



O FUTURE Mechanical integration / N/h?
COLHIDER (Contacts: F. Palla, M. Boscolo) s

Vertex design based on:

ARCADIA inner 3 layers
3 Air cooled

AtlasPi1x3 outer 2 layers
1 Liquid cooled
Full view with support
cylinder
Supported by:
CSNI1, Aidalnnova, FCC-IS
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C\ FUTURE _ Mechanical integration / N?
COLHIDER (Contacts: F. Palla, M. Boscolo o

Vertex design based on:

ARCADIA inner 3 layers
1 Air cooled

AtlasPi1x3 outer 2 layers
i Liquid cooled
Full view with support
cylinder
Supported by:
CSNI1, Aidalnnova, FCC-IS
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FUTURE /j
O SSLinER Resistive LGAD (Contact: E. Robutti) (M7

Recent new activity with INFN-GE/(TO)
DC contact

Match time and position resolution ACpadnl ACpadn2 AC padn3

p-stop ntt

> coupling

P e b orain oxide
resistive n p'-gain
=

traditional pT-gain”

LGAD _ B gTR

100 - 200

Spatial resolution for pixels with different Metal-Pitch

timeresweight3hit
as a function of signal amplitude 2

Entries 454
Mean -5.784e-13
Std Dev 5.728e-11
%2 / ndf 352.3/16
Prob 0
Constant 80.87 + 0.63
Mean-3.028e-12 + 3.889e-13
Sigma 4.369e-11=+ 3.945e-13

© 200-500

= 100-200

4 50-100

Resolution [um]

lIll]llllllIII]lllI]llll]lllllll[llllllll

Amplitude [mV]
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O sieviar  Drift chamber (Contact: F. Grancagnolo)

90% He/ 10% C,H,, — All stereo — ¢ ~ 100 pm
Small cells, max drift time ~ 400 ns SR AR

service area
: (F.E.E. included)
- active area

F=2.00m

112 layers / 0=14°
12-15 mm cell width

inner wall 0.0008 X, ‘7 r=0.35m
z-axis + stereo

* * * .
56,000 cells . o gy B
0.016 X, 340,000 wires tracking efficiency X B L
to barrel calorimeter (0,0013+0.0007 X,/m) e=1 B - zipping” .e
layers x
e

0.050X; w|

wires

0.050 X, " for 8 > 14° (260 mrad) . 1 :
to end-cap calorimeter Rt e 97% solid angle . o

- stereo

saes datnete
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o skewar  Drift chamber (Contact: F. Grancagnolo)

5

90% He/ 10% C,H,, — All stereo — 6 ~ 100 pm
Small cells max drlft time ~ 400 ns
1 Il 5 5 B
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Cluster counting x2 better than dE/dx
Poisson vs . Landau = no large tails

Sample signal few GHz > on detector electronics R&D

Cluster counting

counting peaks

Louvain
Savitzky-Golay

Novosibirsk second derivative

Number of Cluster Distribution

O Pt A

N Cluster Peaks found - Ch 6

TiNPeaks_clust_che
Louvain

CWT "I‘ = 16-46 ( zs;gﬂﬁg
Ol
0. = 4.03 lormalisation 536.1223.2

164202

Expected Cluster: 17.6
Track Angle: 45°
He:lsoB(90/10), 0.8 drift

8
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( Vorciiar  Muon Chambers (Contact: P. Giacomelli) L’i A

COLLIDER

Cheap technology with industrial partner (ELTOS)
Sinergy with LHCb/CLASI12 upgrade

Cathode PCB

800 um Gasgap
(3+6 mm)
600um
5umCu : 150 um
Pitch
140 um 50um
DLC !
ps¥100MQ/o N T - > ~500V
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O cirstiar  Muon Chambers (Contact: P. Giacomelli)

Cheap technology with industrial partner (ELTOS)
Sinergy with LHCb/CLAS12 upgrade
Several satisfactory test beams

RD-FCC p-RWELL, Residuals w/ tracking contribution RD-FCC pu-RWELL, Efficiency

ArC0.:CFy 45:15:40 ArCO2CF, 45:15:40

200
1
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(& Muon Chambers (Contact: P. Giacomelli) i oS

IEARERRRR e S A R AR R

Cheap technology with industrial partner (ELTOS)
Sinergy with LHCb/CLASI12 upgrade
Several satisfactory test beams

Next:

Study 2D readout and new integrated electronics (TIGER)
Bu11d large 50x50 cm chambers

Wi
11T
FCC seminar, Perugia, April 2023 25 F. Bedeschi, INFN-Pisa
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O COLLIDER DR calorimeter (Contacts: R. Ferrari) (™ Moo

International collaboration:
TTU (USA), Sussex (UK), _several universities (Korea — 2 M$/5 yr), Chile
Princeton, Maryland (USA), CERN for crystal extension

EM prototype built and tested on beams (DESY/CERN)

e - - _
ua . . ——
- E = ——
: e - ; o = — i
I
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International collaboration:

TTU (USA), Sussex (UK), several universities (Korea — 2 M$/5 yr), Chile
Princeton, Maryland (USA), CERN for crystal extension

EM prototype built and tested on beams (DESY/CERN)

IDEA Dual-Readout Proiminar ano JOEA Dual-Readout Preiminary

Ph-e/GeV

~
=1
S

Raw Data
Baseline
Multi-ph

Sonilaing: 56060102 PhafGey ] Absolute calibration in ph.e

Cherenkov: 61.70 + 0.14 Ph-e/GeV
« S
o]

ER ot TER R TR T S S T SR S TR Y S P

5 5 cy : P
Beam energy [GeV] Beam energy [GeV]
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FUTURE
O SOLLIBER. DR calorimeter (Contacts: R. Ferrari)

Full containment hadronic prototype in progress
Hidra2 call CSN35

Hadronic-size prototype:

16 modules w/ highly granular core ) 1 Module: 5 MMs
~13 x 13 cm?

5120 fibres

1 MiniModule:
64 x 16 = 1024 fibres in total
(512 S +512 C)

highly granular core:

~ 65 x 65 x 250 crm? 10240 fibres to read out with SiPMs

FCC seminar, Perugia, April 2023 F. Bedeschi, INFN-Pisa



d: F:s:r.: Nucleare

FUTURE
C SOLLIDER DR calorimeter (Contacts: R. Ferrari) L’i

Full containment hadronic prototype in progress
Hidra2 call CSN35

A
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FUTURE . . IN
C GOLLIDER DR calorimeter (Contacts: R. Ferrar1) (7 i

Full containment hadronic prototype in progress
Hidra2 call CSN35

The Mini-Module

Grouping board = 1 readout board serves 64
front-end boards with grouping

FCC seminar, Perugia, April 2023 27 F. Bedeschi, INFN-Pisa




@F i FCC @ INFN

INFN FCC Work Packages

Sezione [Total FTE |Scientists

All 19 INFN sections BA 240 i —S=TESHETR
BO 3.40 16 Evolution of INFN FCC effort

cT 1.80 =@=FTE FA

GE, LNF, LNL, MI FE L.50

Fl 0.15 =—@==FTE FCC

—@—People FCC

GE 0.75 —®—Funds FA (k£)
LE 1.10
4.85
0.10
MI 3.45

BA, LE 0.10
NA 1.00 -
PD 1.25 4 ILC, FCC
BO, FE, LNF PI 2.10 s £ .

PV 410 Muon Collider
RM1 0.30

BO, MI, MIB, NA, PI, PV, (R 0.90
TO 0.90
RMI, RM3 2017 2018 2019 2022

ubD 0.55
Totali 30.70

—@—Funds FCC (k€)

GE, ML, P1, TO

People/FTE
Funds (k€

(2]
o
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INFN well positioned in FCC R&D
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FUTURE

INFN well positioned in FCC R&D
INFN proposed detector concept IDEA 1s baseline for many studies
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() circliar - INFN
_  COLLIDER Conclusions (o s

di Fisica Nucleare

INFN well positioned in FCC R&D
INFN proposed detector concept IDEA 1s baseline for many studies
Several R&D 1n progress strongly supported by INFN (CSN1, CSNY)

All included in Aidalnnova

Additional EU external funds:
i Eurizon, EuroLabs, FCC-IS, uTubes

FCC seminar, Perugia, April 2023 29 F. Bedeschi, INFN-Pisa
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COLLIDER COHCIUSiOnS -

INFN well positioned in FCC R&D
INFN proposed detector concept IDEA 1s baseline for many studies
Several R&D 1n progress strongly supported by INFN (CSN1, CSNY)

All included in Aidalnnova
Additional EU external funds:
i Eurizon, EuroLabs, FCC-IS, uTubes

Strong connection with new ECFA/CERN DRD organization
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INFN well positioned in FCC R&D
INFN proposed detector concept IDEA 1s baseline for many studies
Several R&D 1n progress strongly supported by INFN (CSN1, CSNY)

All included in Aidalnnova
Additional EU external funds:
i Eurizon, EuroLabs, FCC-IS, uTubes

Strong connection with new ECFA/CERN DRD organization

All R&D activities still very open to new collaborators

FCC seminar, Perugia, April 2023 29 F. Bedeschi, INFN-Pisa
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INFN well positioned in FCC R&D
INFN proposed detector concept IDEA 1s baseline for many studies
Several R&D 1n progress strongly supported by INFN (CSN1, CSNY)

All included in Aidalnnova

Additional EU external funds:
i Eurizon, EuroLabs, FCC-IS, uTubes

Strong connection with new ECFA/CERN DRD organization

All R&D activities still very open to new collaborators
Need more people to carry on these exciting/demanding programs

FCC seminar, Perugia, April 2023 29 F. Bedeschi, INFN-Pisa
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It all started with the Higgs boson ...

PHYSICS LETTERS B

Abstrocted/indexed in; Current Contents: Physical, Chemical & Earth Sciences/ INSPEC
Also covered in the absact and ciarion database SciVerse Scopus *.
Full text avaifable on Scilierse Science Direct ™

Volime 715, lsue 1, 17 September 2012

MathSciNer

Volume 716, issue 1

Observation of a new particle in the search
tor the Standard Model Higes boson

Obscrvation of a new particle in the search
for the Standard Model Higgs boson with the
ATLAS detector at the LHC
ATLAS Collaboration
Obscrvation of a new boson at a mass of
125 GeV with the CMS experiment at the LHC
CMS Collaboration

Experiments

Search for the Standard Model Higgs boson in
the H— WW'™' — fviv decay mode with
4.7 b~ of ATLAS dataat /5 =7 TeV

ATLAS Collaboration
Search for high-mass resonances decaying
into 7-lepton pairs in pp collisions at
Ji=TTeV

CMS Collaboration
‘Search for heavy, top-like quark pair
production in the dilepten final state in pp
collisions at /5 =7 TeV

CMS Collaboration
Search for TeV-scale gravity signatures in
final states with leptons and jets with the
ATLAS detector at 5 =7 TeV

ATLAS Collaboration
Evidence for the associated production of a
W boson and a top quark in ATLAS at
JSI=TTeV

ATLAS Collaboration

Astrophysics and cosmology

Low-temperature light detectors:
N Luk and

C.lsailact al
A cosmological concordance model with
dynamical vacuum term
15. Alcaniz, H.A. Borges, 5, Cameing,
1. Fabris, €. Pigozzo and W, Zimdah!

T

0370-2693(20120017)716:1;1-H
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17 September 2012

Primordial black hole evaporation and
spontancous dimensional reduction

1R Mureika
Significance of tension for gravitating masses
in Kaluza-Kicin models

M. Eingorn and A, Zhuk

Phenomenology

Higgs portal. fermionic dark matter. and a
Standard Model like Higgs at 125 GeV

L. Lopes-Honorez, T, Schwetz and

1. Zupan
Revisiting the T2K dara using different
models for the neutrino-nucleus cross

ctions
D Melani and M. Martini
Geometrical CP violatian from
non-renormalisable scalar potentials
1. de Medeiros Varziclas, . Emmanuel-Costa
and P, Leser

125 GeV Higgs, type Il seesaw and
gauge-Higes unification

B, He. N. Olsada and €, Shafi
The apparent excess in the Higgs to di-photon
rate at the LHC: New Physics or QCD
uncertainties?

1. Baglio, A, Dijouadk and R.M. Godbole
B— Do, vs B— Duty,

D. BeGirevit, N. Knénik and A, Tayduganoy
The top quark and Higgs boson masses and
the stability of the electroweak vacuum

S. Alekhin, A. Djouadi and 5. Moch
Afurther study of g7 symmetry breaking at
neutrino telescopes after the Daya Bay and
RENO measurements of f13

Z.z.Xing
Tap decays with flavor changing neutral
Higes interactions at the LHC

C.Kao, HY. Cheng, W.-S. Hou and . Sayre 223

(Continued inside)

bG2-1 (2LO2) LALL TOA T BHILITT BOISAHA

SHEETTERS

Avalabl

13 2011-12
PN T

w4500
m, [Gav]

Ptk s iz locate plystec
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After the Higgs ... what next?
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After the Higgs ... what next? il v uazona. oscanuoreare
[talian community started an FRASCATI PHYSICS SERIES

internal discussion

INFN Commissione Scientifica Nazionale 1 (CSN1)

CSN1 community published
summary

1 1.5 yr of work by theorists and
experimental physicists

What Next: White Paper of CSN1

Proposal for a long term strategy for accelerator based experiments

Frascati Phys. Ser. 60 (2015) pp. 1-291
ISBN 978-88-864-0999-5

Editors
F. Bedeschi, R. Tenchini, J. Walsh

FCC seminar, Perugia, April 2023 31 F. Bedeschi, INFN-Pisa
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After the Higgs ... what next?

[talian community started an
internal discussion

CSN1 community published
summary

1 1.5 yr of work by theorists and
experimental physicists

il Starting point for INFN contribution to
European Strategy Update 2020

FCC seminar, Perugia, April 2023

NE[] ISTITUTO NAZIONALE DI FISICA NUCLEARE
Laboratori Nazionali di Frascati

FRASCATI PHYSICS SERIES

INFN Commissione Scientifica Nazionale 1 (CSN1)

What Next: White Paper of CSN1

Proposal for a long term strategy for accelerator based experiments

Frascati Phys. Ser. 60 (2015) pp. 1-291
ISBN 978-88-864-0999-5

Editors
F. Bedeschi, R. Tenchini, J. Walsh

31 F. Bedeschi, INFN-Pisa
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After the Higgs cee What neXt? @f ISTITUTO NAZIONALE DI FISICA NUCLEARE
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Laboratori Nazionali di Frascati

[talian community started an FRASCATI PHYSICS SERIES
internal discussion

INFN Commissione Scientifica Nazionale 1 (CSN1)

CSN1 community published
summary

1 1.5 yr of work by theorists and
experimental physicists

il Starting point for INFN contribution to
European Strategy Update 2020

« FCCee CDR: 164 INFN authors/1364

What Next: White Paper of CSN1

Proposal for a long term strategy for accelerator based experiments

Frascati Phys. Ser. 60 (2015) pp. 1-291
ISBN 978-88-864-0999-5

Editors
F. Bedeschi, R. Tenchini, J. Walsh
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) Istituto Nazionale
di Fisica Nucleare

After the Higgs ... what next?

[talian community started an
internal discussion

CSN1 community published
summary

1 1.5 yr of work by theorists and
experimental physicists
il Starting point for INFN contribution to
European Strategy Update 2020
« FCCee CDR: 164 INFN authors/1364
« CEPC CDR: 95 INFN authors/1149

FCC seminar, Perugia, April 2023
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NE[] ISTITUTO NAZIONALE DI FISICA NUCLEARE
Laboratori Nazionali di Frascati

FRASCATI PHYSICS SERIES

INFN Commissione Scientifica Nazionale 1 (CSN1)

What Next: White Paper of CSN1

Proposal for a long term strategy for accelerator based experiments

Frascati Phys. Ser. 60 (2015) pp. 1-291
ISBN 978-88-864-0999-5

Editors
F. Bedeschi, R. Tenchini, J. Walsh
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Some key recommendations

In the absence of new physics observations at LHC ..., 1t will be
crucial .... a detailed examination of the electroweak sector, in
particular precision measurements of the recently discovered
Higgs boson; this could be achieved with a new electron-positron
machine, possibly complemented at a later stage by a very high-
energy hadron collider ...

FCC seminar, Perugia, April 2023 32 F. Bedeschi, INFN-Pisa
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Some key recommendations

In the absence of new physics observations at LHC ..., 1t will be
crucial .... a detailed examination of the electroweak sector, in
particular precision measurements of the recently discovered
Higgs boson; this could be achieved with a new electron-positron
machine, possibly complemented at a later stage by a very high-
energy hadron collider ...

CSNI1 urges INFN to continue and strengthen its support of R&D
for the development of new high field magnets and conventional
or un-conventional accelerator structures
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@F CSN1 White Paper 2015 INFN.

FUTURE

F

Some key recommendations

In the absence of new physics observations at LHC ..., 1t will be
crucial .... a detailed examination of the electroweak sector, in
particular precision measurements of the recently discovered
Higgs boson; this could be achieved with a new electron-positron
machine, possibly complemented at a later stage by a very high-
energy hadron collider ...

CSNI1 urges INFN to continue and strengthen its support of R&D
for the development of new high field magnets and conventional
or un-conventional accelerator structures

CSNI1 supports INFN participation in studies and R&D related to
the future colliders. Qur community must be part of the
planning of the future.
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Fall 2016: line of research on future accelerators created in CSN1
Interest keeps growing over the years

=@=People FA
FTE FA
People FCC

FTE FCC

EIC, ILC, FCC,
Muon Collider

2017
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Fall 2016: line of research on future accelerators created in CSN1
Interest keeps growing over the years

More resources

—e—bebric FA CSNS grants
=y 1 ARCADIA
HOEE 1 Hidra2

EU grants:

8 EuroCirCol
1 FCC-IS

3 Attract

i Aidalnnova
i EuroLabs

8 Cremlin+, FEST
FCC seminar, Perugia, April 2023 33 F. Bedeschi, INFN-Pisa

EIC, ILC, FCC,
Muon Collider
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Fall 2016: line of research on future accelerators created in CSN1

Participants to 5th FCC PW per institution country (as of 2022/02/10)

More resources

CSNS grants
i ARCADIA
8 Hidra2

EU grants:
8 EuroCirCol
1 FCC-IS
3 Attract
i Aidalnnova
i EuroLabs
8 Cremlin+, FEST
FCC seminar, Perugia, April 2023 F. Bedeschi, INFN-Pisa
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Constraints from physics (some similar to LC)

Physics

process

ZH,Z s ete ,utu"
H — purpu—

H — bb/

H — q3, WW*, ZZ*

H — 7

FCC seminar, Perugia, April 2023

my. o(ZH)
BR(H — g p—)

BR(H — bb/ci/gg)

BR(H — q7, WW™*, ZZ*)

BR(H — ~v7y)

Detector Performance
subsystem requirement

Tracker

Vertex

ECAL
HCAL

ECAL

34

Istituto Nazionale
di Fisica Nucleare

F. Bedeschi, INFN-Pisa
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COLLIDER Detector requirements
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Istituto Nazionale
di Fisica Nucleare

Physics Detector Performance

process subsystem requirement

ZH,Z s ete ,utu" myp.,o(ZH)

) ) : Tracker
H — putu~ BR(H — pu ™)

H — l)f')‘_“-""‘ /e BR(H — f’)!i)./‘"('rf‘l,e-“"‘r/_g ) Vertex

H s q3, WW*, ZZ* BR(H — q3, WW*, ZZ*)

L BR(H — 77)
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Detector requirements
Constraints from physics (some similar to LC)
Physics Detector Performance
process su I)S)-"Stt‘.lll req uirement
ZH,Z s ete ,utu" my. o(ZH) Tracker
H — purpu— BR(H — g p—) ’
H — l)f')‘_“-""‘(‘(i;“"_(j_f_j BR(H — !’)!7)/"('(".,‘«“",{/_(/ ) Vertex
_ . N _ . ECAL
H — qg. WW™*, ZZ* BR(H — gq, WW™*, ZZ*) HCAL
H — vy BR(H — ) ECAL
Addditional constraints
1 Excellent acceptance and luminosity control
1 PID & 7% ID for HF/t physics
1 Low B field to avoid emittance blow up Not present at LC
1 Power pulsing not allowed
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Simulation results: field map

A

Brass or copper calorimeters

Large variations in tracking volume
Im Yoke is oversized (2x50 cm 1in fig.)

L |
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Density Plot: |B|, Tesla
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Radial field variation: interaction vertex till after yoke

Yoke in

/ Yoke out
/

3 4

Radius, meters
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Simulation results: proj. (R = 2.0 m) e

Longitudinal field projection @ R =2.0 m

Solenoid end

Yoke 1n
|

I
1 Yoke out
I

¥

Z, meters
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Simulation results: proj. (R = 1.0 m) e

Longitudinal field projection (@ R=1.0 m

Solenoid end
Yoke 1n

Z, meters
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| Simulation results: proj. (R = 0.1 m) s
Longitudinal field projection (@ R=10 cm
Solenoid end
Z, meters
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Much nicer!
Almost no need for yoke

Iron calorimeter

FCC seminar, Perugia, April 2023
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COLLIDER Iron Calorlmeter

B vs R from interaction point
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COLLIDER II‘OH Calorlmeter

|B|, Tesla

Length, m
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COLLIDER II‘OH Calorlmeter

R=Im-Bvsz

|B|, Tesla

Length, m
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R=10cm—-Bvsz

|B|, Tesla

Length, m
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