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The physics we have

UNIVERSITA DI BOLOGNA

* The take-home message from the LHC so far: this universe is very SM-like.
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The physics we do not have

ALMA MATER STUDIORUM
UNIVERSITA DI BOLOGNA

EW scale stability under CP and baryon/lepton
quantum corrections number violation

Dark Energy

Dark Matter
EW-phase transition

Priorities:

. e Take the most from LHC.
Neutrino masses

* Put the standard model under a microscope
* Pave the way for the next discovery machine
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European Strategy for Particle Physics Update (2020)

ALMA MATER STUDIORUM
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 These questions are not new (neither is the LHC outcome).

 Some of the key (for this talk) outcomes of the 2020 ESPPU:

e Europe, together with its international partners, should investigate the technical and financial feasibility 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. Such a feasibility study
of the colliders and related infrastructure should be established as a global endeavour and be completed on the timescale of the next Strategy update.

* |t has been a long five-years:

ECFA roadmapping exercise on detectors lead to the
creation of the DRDs.

Parallel exercise on accelerators highlighted a number
of strengths/weaknesses, and gave a snapshot on
status of various technologies.

Launch of the FCC feasibility study.

The 2021 ECFA Detector Research and
Development Roadmap (+ Synopsis)

European Strateqy for Particle Physics
- Accelerator R&D Roadmap
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https://e-publishing.cern.ch/index.php/CYRM/issue/view/146
https://e-publishing.cern.ch/index.php/CYRM/issue/view/146
https://cds.cern.ch/record/2784893
https://cds.cern.ch/record/2784893

European Strategy for Particle Physics Update (2026)

ALMA MATER STUDIORUM
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iy
* The new update of the ESPPU is on us. /18

/

!
!

* National processes already in full swing. ECFA has published
gquidelines to provide national input.

* ... and let me remind you of the INFN workshop at Bicocca. Europ%p, %grate

LS
:

M f/
Y

* The integrated FCC programme is the baseline option.

Injection transfer lines proposed to be
into booster RALExperimont site) e Azimuth = -10.2" installed inside FCC-hh ring tunnel

________

LSS = 2160 m

FCC-ee ./

M site
PL LD

8 d b $S = 2160 m =  Technical site
Booster RF éam dump LSS =2180m P8 Beam dump A

« Stage 1: FCC-ee (Z, H, WW, f) - high-precision
exploration of the EW sector of the Standard Model,
flavour physics, feebly coupled BSM physics.

Asc length = 9616 .586'm

& » Stage 2: FCC-hh (pp @ 100 TeV) - exploration of the
| energy frontier.
L "  momentm climaton o—— 777"« Synergic programme starting a few years after the
B8 completion of the high-priority HL-LHC physics.
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https://ecfa.web.cern.ch/ecfa-guidelines-inputs-national-hep-communities-european-strategy-particle-physics-0
https://agenda.infn.it/event/44313/page/9578-practical-information

I m e I n e ALMA MATER STUDIORUM

UNIVERSITA DI BOLOGNA

O O ® 0 ® @
ibili Proj ALLHC  operation of FCC Operation of FCC-hh
Feasibility Study roject approval by 2 ands peration o -€€ peration 0 -hh

(geology, R&D on accelerator, CERN Council (15 years physics exploitation) (~ 20 years of physics exploitation)
detector and computing
technologies, administrative
procedures with the Host States,

(or alternative project selected)

environmental impact, financial
feasibility, etc.)
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FCC-ee In pills
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The FCC feasibility study

* An effort to document the feasibility of the project in terms of:
* Civil engineering, implementation and sustainability.
* Accelerator, technical infrastructure, safety concepts.

* Physics, experiments and Detectors.

* A set of high-level objectives are listed here.

* Feasibility study to be delivered by March 2025.

* A mid-term review was successfully passed in 2024.
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Civil engineering, implementation and sustainability

Scenario development: A balance of stakes
Territorial impacts

« Avoid-Reduce-Compensate »
approach to iteratively develop e

a well-balanced scenario

N
~
.......

~
-

=Technical feasibility

and cost
Acceptable risks

Performance of
the collider
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Civil engineering, implementation and sustainability

ALMA MATER STUDIORUM
UNIVERSITA DI BOLOGNA

. PA - Ferney Voltaire (FR, 01) — experiment

. PB — Choulex (CH) — technical

. PD — Nangy (FR, 74) — experiment

. PF — Etaux (FR, 74) — technical

. PG — Charvonnex/Groisy (FR, 74) - experiment
. PH — Cercier/Marlioz (FR, 74) — technical
. PJ — Vulbens/Dingy en Vuache (FR, 74) — experiment o = o \A
. PL - Challex (FR, 01) — technical

0 N O O A WO N =

LSS@IP (PA, PD, PG, PJ) 1400 m
LSS@TECH (PB, PF, PH, PL) 2032 m
Arc length 9.6 km
Sum of arc lengths 76.9m
Total length 90.7 km
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Civil engineering, implementation and sustainability

ALMA MATER STUDIORUM
UNIVERSITA DI BOLOGNA

o See talk from J. Gutleber at the
8th FCC Physics Workshop (13-17
January 2025) for a recent,
detailed update, including:

 Update on surface investigations.
* Design of surface sites.
* Design of injector.

e Sustainability needs on electricity
consumption, waste management
(including excavation materials),
construction carbon footprint, etc.
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https://indico.cern.ch/event/1439509/contributions/6287215/attachments/2994411/5275491/FCC-250111700-JGU_PhysicsMeetingPresentationCERN_V0100.pdf

Accelerator (ee) - Superconducting RF

ALMA MATER STUDIORUM
UNIVERSITA DI BOLOGNA

Current | RF Voltage
(mA) (GV)
/ 45.6 1270 0.08
W Hi tt,
WW 80 135 1
) ) ) ) ) ) ) ) Q) 4

/H 120 26.7 2.08
tt 182.5 5 11.67

I I I I I I I I I | I >

time (operation years)

See Talk from Cristian Pira

 Maximum beam power limited to 50 MW (determines the maximum current at each cos, hence the
luminosity).

» Different technology for Z, WW and ZH (400 MHz, Nb coating on Cu) and tf/booster (800 MHz, Nb bulk).

* International R&D ongoing for high-Q cavities, thin-film coating, cryomodaules, efficient power sources (with
INFN involvement, for example in NbzSn).
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Machine-Detector Interface

 MDI design nearly finalised.

See Talk from Manuela Boscolo

ALMA MATER STUDIORUM
UNIVERSITA DI BOLOGNA

Radiation studies (mainly synchrotron

» Cooled beam pipe with vertex detector anchored to radiation and incoherent pair production) fully

it.

« Low-material (0.68% X, for the central beam pipe).

* Mock of the interaction region being built in Frascati.

performed with FLUKA, worst conditions at

the Z pole (total ionisation dose of tens of
kGy/y, fluence of 1013 1 MeV neg/cm?).

Remote vacuum connection
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| - - >
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The physics of FCC-ee e
Precision SM ) BSM direct
Vgl scarches
mz, Fz, NI/’ Rl, AFB’ mw, FW

Axion-like particles, dark
photons, Heavy Neutral
Leptons, LLPs

a, (with permille accuracy)

Quark and gluon fragmentation
NP QCD

Higgs physics

Higgs width, Higgs to

EW factory [P nvisible, couplings
(Z,WW) - ‘:' (including self-couplings)

Flavour Physics
- 10! 77: tau-based EW Top physics
observables, lepton universality

» 10'? bb/c¢ pairs: flavour Mgy Lo EW tOp

observables, flavour anomalies,
CKM, CP etc.

top?
couplings

Original idea/slide from C. Grojean
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FCC-ee - EW physics

* An unprecedented Standard Model precision test.

¢ Atthe Z pole

. Exquisite (better than 1/105) precision on sin” 8 mainly from AI’;‘]/; .

105560708050 00 110 20 Ta0 \!_(1éOV) 150
« Measurements of a(m%) from the slope of Ag]’; close to the Z pole.
'.9;1 21 FCCee W-pair threshold
5 _ _ _ . = — m,=80.385 GeV T,=2.085 GeV A
e ag(m;) from ratio of Z partial widths in leptons and hadrons. T I byt R el o2
« Atthe WW pole:
« m(W) with sub-MeV precision from dependency of WW production
cross-section on \/E .
* All this assumes ability to control cms beam energy at
the 0.1 — 0.5 MeV level (see talk from G. Wilkinson),
detector acceptance at the 0.01% level. 0cs - — e
s (GeV)
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https://indico.cern.ch/event/1439509/contributions/6287212/attachments/2994838/5276128/CERN_EPOL.pdf

' See recent talk from Matteo Defranchis RS
FCC-ee - top physics

UNIVERSITA DI BOLOGNA

« Simultaneous determination of m, and 1, from the production cross section

determination as a function of \/E .
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https://indico.cern.ch/event/1439509/contributions/6286667/attachments/2995357/5277099/top_FCC_jan25_MD.pdf

Higgs physics

E 250
* If built, FCC may be the first leptonic Higgs factory ever 3
_ y 3 200
built. 5
150 |
« A few million Higgs production events at \/_ 240
GeV and \/_ = 365 GeV. E
50 |
> ML ELTEEERS RER REE] EARE LELYLERY KX ALY
& 70001 mww -
& ~ Vs =240.0 GeV . 22 1 H wrwrari PP IR T EPIPE | (PO PR
c\C,jeooo:— Ls=5ab" ) + -ﬁ’](;b) . 800 220 240 260 280 300 320 340 360 380 400
|5 - ete" - ZH > I'l +X — lH(gg) - Vs (GeV)
> 5000:_ 2, m,, lcos@,, m__.m_ ., E ., lep.veto,d>0 IIH(cT) _:
b i * Higgs recoil gives unique access to Higgs boson decays
: pﬂq ez without looking at the Higgs.
30001~ ] —
: F . . Ce
2000 1 - e Direct I'; (and H — 1nvisibles).
- Food :
1000 g ‘\\_ _ —

« Access to H decay into hadrons (H — cc, H — ss§, but
20 122 124 126 128 130 132 134 136 138 140 7

s (GV] also improved H — bb,H — gg, H — 7171, etc.)
rec01l = (s — Ell_)2 — pizl' =s —2E;/s + mlzl-
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Higgs couplings

From FCC-ee CDR

" " Collider HL-LHC] ILC250] CLIC380| LEP3240] CEPC FCC-ee
() — 250 380 240 250 2404365
Important contribution from FCC-ee to = i | LCasg] CLIC0q] LEPS3a0 J _FCCoonoums
Higgs coupling determination Years 2 I I I n 3
5Tr/Tr (%) SM| 3.6 4.7 3.6 2.8 2.7 1.3 1.1
Sgrzz/9uzz (%) 1.5 0.3  0.60 0.32 025 0.2 0.17 0.16
_ saww /gaww (%) 1.7 1.7 1.0 1.7 1.4 1.3 0.43 0.40
* (Clean access to hadronic decay mode (see o /o (7 s 17 2y 1§ 13 13 061 056
] " . . 9Hcc/ Y9Hce 0 . . . . . . )
slides about combination of hadronic state Sorss/ grrss (%) 25 22 26 21 1.5 1.6 1.01 0.90
sourr/gurr (%) 1.9 1.9 3.1 1.9 1.5 1.4 0.74 0.67
measurements). soupp/onp (%) 43 141  na. 12 8.7 10.1 9.0 3.8
S9s1yy /9xzyy (%) 1.8 6.4 n.a. 6.1 3.7 48 3.9 1.3
FCCAnalyses: FCC-ee Simulation (Delph Snse/gne (70) 34 N - N 1 N 3.1
CCAnalyses: FCC-ee Simulation (Delphes) BRexo (%) SM <17 <21 <16 <12 <12 <10 <1.0
gzsooo__llllllllllllllllIlllllllllllillWWIIIII__:
S (s=3650GeV mmzz : :
5 [ L-zap — bl Final states separated via a neural network
g20000~ e*e” » ZH — vD + X 0 GH ]
® L [Final selection VUH b_ =
: - Expected sensitivity (%) of c.BR(H—>jj) at 68% CL L =10.8ab-1
15000 — . ,
i ] 240 GeV H—bb | H—cc H—gg | H—ss H—»ZZ 'H-H>WW H-oTtr
I i Combined (BNL) 0.21 166 0.8 10499 | 10.07 116 3.97
10000 | |
I Combined (APC) 0.22 165 0.93 121 9.56 11 379
50001 365 GeV H—bb | H—cc H—gg H—ss H—>ZZ |HH>WW H-ott
: m . p— m Combined ZH 0.41 3.13 2.21 356.12 | 26.01 3.18 10.97
visible 7]
VBF 0.67 3.49 2.66 290 37.12 5.36 24 .2
%O 100 120 140 160 180 200 220 240 260 280

EGeV]
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https://indico.cern.ch/event/1439509/contributions/6286663/attachments/2995403/5277192/FCC_8th_physics_week_mlzv2.pdf
https://indico.cern.ch/event/1439509/contributions/6286663/attachments/2995403/5277192/FCC_8th_physics_week_mlzv2.pdf
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FCCee simuation /s = 240 GeV, 10.8 ab™"

%2000:""1""I”"I""I""I""I""I""I""I'"':
| m = 18001 Muon final state Z(u*u-)H I
3 - — IDEA §
Iggs mass an WI @ 1600} ~—IDEA perfect resolution ]
g | —IDEA3T ;
i 1400 —IDEA CLD silicon tracker
1200 : J
« Higgs mass precision today o(100 MeV). Recoil mass distribution will bring it to 1000} R TETR RIS
only a few MeV. soof slides by Ang Li-
. . . - 600 e B e
» Higgs width (I '; = 4.1 MeV in the SM) measured only indirectly at the LHC. b E
Will be measured directly, with percent level precision. ok E
E I A .... paaa i |||1T||ﬁi
S— = — 922 123 124 12|5 1.’|26 157 1.’;.8 1&9 11!10 131 132
) _ \2 2 . B 2_ Recoil (GeV)
Mrecoil = (V S Ell) Pii =S 2Ell\/§ T my; y 2FCCiee Simulation (s = 240 GeV,10.7 ab™’
4 2
Z 5 . -
FCCAnalyses: FCC-ee Simulation (Delphes) § 1.8 _— Muon fi 'I‘;'ET: ;1(;1:4?:4(:;:/ + syst.)
g8000:_”']”"”"”']]”II”I”"'”e'*iel')'ZI”]—: 1.6:— —IDEAperfectresqution6(mh)=3.95MeV
S - (s =240.0 GeV -wwW [ | —— IDEAST 8(m) = 4.14 MeV
% 7000, _ 10.8ab" -ZZ/ZY—’ Wi 1'4:_ ——— IDEA CLD silicon tracker 8(m ) = 5.73 MeV
& 6000 s

:_e*e'—»Z ~Hu X Rare _E
S — Z(wwHH " \\ / /
5000 Myecoil = 1 \ /

4000F- distribution : osk
3000} for fit E 0.6
: : 0.4f-
0.2
NES P20 122 124 126 128 130 182 134 136 138 140 SR S SR
S m+;- 12499 124.995 125 125.005  125.01

Z leptonic recoil [GeV] m, (GeV)
h

- @ @a e —— - . - . mm - - mm -
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Taken from J. Erler, M. Schott
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See slides from J. Davighi
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Flavour physics

. FCC-ee at the Z pole: 1012 Z (BR(bb) = 15 % , BR(c¢) = 12 % ,BR(z7) = 3 %).

 LHC-like statistics, full range of hadrons, but ete” precision a-la-Belle Il.

0.010F — : One example: b — st7 7. (Suppressed in SM,
=ty important for R(D()) anomalies)
0.001 | @ Giga-z | “
@ W Teraz o Rate too low to be measured at Belle Il.
c 107 Witz g But LHC experiments cannot effectively deal with
P ¥ the two neutrinos.
S 10k
:.é
S 108 FCC-ee overcomes both problems (closed
kinematics and high production rate).
1077 .
More conservative
, » ‘ ~ rojection includes finite
B5K*t*'t™ Byttt  BYoKit'r B->t'1 Pro)

tracker resolution
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The physics of FCC-ee e
Precision SM ) BSM direct
Vgl scarches
mz, Fz, NI/’ Rl, AFB’ mw, FW

Axion-like particles, dark
photons, Heavy Neutral
Leptons, LLPs

a, (with permille accuracy)

Quark and gluon fragmentation
NP QCD

Higgs physics

Higgs width, Higgs to

EW factory [P nvisible, couplings
(Z,WW) - ‘:' (including self-couplings)

Flavour Physics
- 10! 77: tau-based EW Top physics
observables, lepton universality

» 10'? bb/c¢ pairs: flavour Mgy Lo EW tOp

observables, flavour anomalies,
CKM, CP etc.

top?
couplings

Original idea/slide from C. Grojean
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Detector hermeticity,
flexibility

The physics of FCC-ee

ALMA MATER STUDIORUM
UNIVERSITA DI BOLOGNA

Tracking resolution
— g f (tagging), vertexing
Precision SM BSM direct i~ (flavour), jet resolution

searches

myz, 17, N, R), Agg, my, L'y,

Axion-like particles, dark
photons, Heavy Neutral

Leptons, LLPs
| Higgs physics

f Higgs width, Higgs to
Particle ID, detector EW factory |- : invisible, couplings

resolution (Z,WW) . _ (including self-couplings)
systematics, stability

a, (with permille accuracy)

Quark and gluon fragmentation
NP QCD

e N Flavour Physics
Vertexmg’ Particle . 10'! 77: tau-based EW Top phySiCS
ID (tracking,calo) observables, lepton universality

» 10'? bb/c¢ pairs: flavour Mgy Lo EW tOp

observables, flavour anomalies,
CKM, CP etc.

top?
couplings

l. Vivarelli - Workshop on FCC-ee and Lepton Colliders - 22-24 January 2025 23



FCCee simulation \/g 240 GeV 5ab™ K

% B T | T Y l T | T I 1T 1 | T I I [ | | |

e SICS CAS€e arivers 2 :

o ) W (vu )W ( u) _

o« 12000 — - v —

o - Wz i | -

- . - - . . . w1 _ ................................... .................. Rare (e(e) €)Z, VY=L, ........ _|

* Higgs boson tagging and BR into invisibles sets requirements on: OOOO: - =3 ,( ) ”_’“” '”) B

* Material in the tracking volume. 6000 — 1 _

« Magnetic field (and thickness of solenoid). 40001 |

* Higgs boson BR sets requirements on e, y and jet energy and angular poool] |

resolutions. i

» Tagging H — bb, cc(s57) sets requirements on tracking and vertexing. % 20 40 60 80 100 120 140

_ _ o M (GeV)
e ...and in general requirements grow as more and more physics is explored. 2,
Mrec = <\/_ _ E,u/,t> _p/,{,u

Critical detector Requirement Comments

ZH - ¢ ¢~ X Tracker (,;,,%T) . O;T% p2-105 | Butalso precision EW, favou, Benchmark physics channels for
H— bi?, cC Vertex 6,y ~5® 15(psin6?)~'[um] | Additional case study: B—K'tr nggS/TOp/EW f.aC:tOrleS discussed In
- o T —— 2401.07564 will improve detector
H— gg,qq,VV ECAL, HCAL L B 0 6eV) reconsiructon requirements by spring 2025

oE, 10-15% _
~ But flavour physics may need better EM

H — y}/ ECAL E, \/Ey energy resolution

l. Vivarelli - Workshop on FCC-ee and Lepton Colliders - 22-24 January 2025 24


https://arxiv.org/pdf/2107.04509.pdf
https://arxiv.org/abs/2401.07564

FCC detectors

IDEA (Innovative Detector for ete- CLD (CLIC-like Detector A
Accelerators)

ALMA MATER STUDIORUM
UNIVERSITA DI BOLOGNA

HCAL Barrel

dejpu3 TvOH

deopu3 1vd3

2 T thin solenoid within calo 2 T solenoid outside calo 2 T solenoid outside calo

~ Sivertex detector Full silicon tracker Tracking with ultra light drift chamber +
Tracking with ultra light drift chamber SiW high-granularity EM Calo Si Wrapper (improved tracking + timing)

Dual Readout Calorimeter + pre-shower

Sci-steel high-granularity HAD Calo i
MPGD (uRwell) based Muon detector e - LAr EM Calo + Sci-steel HAD Calo

RPC-based Muon detector

« Beam crossing angle + need to keep vertical beam emittance low = B field limitedto 2 T

* They should be taken as frameworks/benchmarks - a lot of room for (even radical) changes.

 These concepts show already different approaches to tracking/calorimetry.
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IDEA

 |Innovative detector for e Te ™ accelerators:

r—
S

[—
-

* Large INFN contribution to many parts of the

detector Muon chambers
| Return yokes

* An international study group was created
recently.

DR Fiber Calo
 Large room for contribution from young (and less

young) researchers.

Coil

* [racking with ultra-light drift chamber.

5.5+

5.0

4.5

4.0-

3.5+

3.0+

2.5

Silicon Wrapper :.

* Calorimetry uses a homogeneous crystal EM

section + a fibre-based HAD section (both
dual-readout).

* Ultra-thin solenoid (2 T with the opportunity of vertex petector
3 T) in-between EM and HAD calo sections.

ALMA MATER STUDIORUM
UNIVERSITA DI BOLOGNA

A

1.5+

1.0

0.5+
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Vertex detectors

General requirements

Flavour physics and tagging requires 3-5 um — pixel size ~15 um.
Small material budget (0.1% of Xy/layer) = Thickness ~ 50 um.
Low power consumption (especially inner layers) = 10-30 mW/cm2.

Complete vertex
detector simulation

\=J

Solution: CMOS MAPS

R=315,0
OUTER TRACKER= N.51 Stave
16 Pixel detector/stave
Power dissipated 1398,1 W

high spacial resolution and small material (integrated circuitery) S —
- Used in a number of LHC experiment upgrades (ALICE ITS, ATLAS ITK, etfc.).

!
609,40 | DISK 2
515,00 DISK 1

Power dissipated 314,64 W

Layer1:N.15 stave of 6 pixel

| detectors=90 pixel detectors Outgf Tracker
Layer 2: N.24 stave of 10 pixel
detectors= 240 pixel detectors AP [ . S -t -

Layer 3 : N.18 pixel detectors stave
of double 16 pixel detectors=576 pixgl detectors
Layer 1: Power dissipated 12.1 W 0,00 315,30

U T A B e e aztm [ L
X, 1.4f ESilicon o'_'o - B iicon o :ﬁh/ _— w| e i[ ——T— T}
><° ~ [ ]GlueEcobond45 X - [ GlueEcobond45 R — ’z‘?::".ea”"s':";':‘ﬁ’lt e T 7
X 120 CKenton 27 SRk e
D - [_IRohacell © - [ CarbonFiber \
o)) 1+~ [_]CarbonFiber O) ~ mmm CarbonFleece
g " [l Aluminum g - Aluminum
2 osk ! £ IDEACDR Vertex Outer vertex tracker Inner vertex tracker
T ®© = * intermediate layer at 13 cm radius  three layer at 13.7, 23.7
S 06- [5 - » outer layer at 31.5 cm radius and 35.8 mm radius
S N @© - » 3 disks on each side
= 04F = - based on the ARCADIA sensors
I } ' based on the ATLASPIix3 sensors ith modules of 25 x 25 yum?2
0.25 | with modules of 50 x 150 um? pixel size ixel size
' |
00 0102030405060.70809 1 00 0102030405060.70809 1
cos(0) cos(9)

Ultra-light option using bent sensors, see A. lig, F. Palla

First vertex layer Complete IDEA vertex
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UNIVERSITA DI BOLOGNA

All-silicon tracking - the CLD approach

112

Silicon vertexing, and silicon also for the ID: 3
» Single point resolution 7x90 pm2 - 5x5 pm=2 in 1st layer.
* Inner tracker: Barrel 3 layers, end-cap 7 discs.

» Quter tracker: Barrel 3 layers, end-cap 4 discs.

0 125,126 159, 161 229, 231

A

1 FCC-ee CLD FCC-ee CLD
r EI I I 1 Ll LI II 1 1 1 1 LI L] II | e | L] L} I ' 1 L] 1 I 1 1 L] l 1 1 1 I L
-> Single o\o 30 B Outer tracker
) " A g = :138 g:g T Inner tracker
A 1071 E- X =50d J = » B Vertex detector |
- S o v=20ced E QD : -
— = + 0=70deg . 53 I Beam pipe
o - 3 o 0=389deg 3 ] —
51 02 .. e, e a®b/(psin”0) | o 20
L N ke -
Q_ 3:~ 0 O A N - N
= T g, e | m <
— s~ X
Q 10 3 3 T Tha = —
d - RS ~ = T 10
= B '~0\ E- . - - m—
b B Sz EL. 7] —
107 & Pt - Q2
P ©
: ®:2eenn, '@Z E
_5 I 1 L 1 L L1l II 1 1 1 1 Ll Ill 1
10 0
2 0 20 40 60 80
1 10 10 9o
p [GeV] [°]
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IDEA: Material vs. cos(0)

3o/ Il Beam pipe
[ Vertex silicon ALMA MATER STUDIORUM
] Drift chamber UNIVERSITA DI BOLOGNA

25| [ Silicon wrapper

Light-weight tracking

% of Xo

ALLEGRO and IDEA: .
Tracking with drift chamber (similar in concept to MEG || chamber).
* Minimising multiple scattering, adding only 2% Xo to material in front of

15

calorimeter. "
* Single point precision better than ~ 100 um. Many points on each track.
* Particle ID via cluster counting technique yields interesting performance.

0 01 02 03 04 05 06 07 08 09 1

o, /pt
. . p
Particle Separation (dE/dx vs dN/dx) 0.005 a5 angis 90 465
# of T » '
sigma | Anallt_lc 0.0045— -—-- :Bgi MS only
1 alculatlons N LE)L%A No Si wrapper
10 - o 0.004— ~--- CLDMSonly

e 0.0035 -
" n 0.003}

K/n
K/p

0.0025———

0.002F

0.0015F

90 degree

0.001-

0.0005—

-
-
—

~~

© = N W A OO N O ©

0 C 1 1 | | | | l | | | | | | | | | | | | | |
0 20 40 60 80 100
pt (GeV)

p [GeVic]
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Particle-flow oriented calorimeters

* Basic idea: for charged particles, measure their contribution to jets
by using tracker rather than calorimeter.

* Requirements: High granularity - compactness (small Moliere
radius).
» Studied in detail for linear colliders.

SiW ECAL Analogue Scintillator HCAL Semi Digital HCAL /
and ECAL
Heat shield: 1004400 pm PIR " Tile, thick Fob Electronics hfiigh! 17mm max
W (co ptper) H Sw",‘z’?f TWLEOPO?‘"::MM Robus(lgftedaoe \\ g‘n:iucﬁ':s:;c& POWER Mylar layer (SOp) 8 interconnect ?:::‘o:ttms
PCB+FEE non- - . b PCB (1.2mm) .' Readout ASIC
3 "‘;’“" —p \ “16 PCB support (FR4 or polycarbonate) .' (Hardroc2, 1.4mm) .
ol . ~ F | ettt St Challenges:
¥ A —— glue: 75 ym S.4mm | P — "B .;; o SRR TRy e RSB VRN =,y . . .
T - - ., @&  =w  ® N Cooling despite challenging
k [ ] N Sl e L) environment (no power pulsing
Reflector Foils {4 ! r Ceramic ball spacer (1.2mm) 9
i | coompee |\ GRS Gl terfame 1 2nm) et i -
g HOULOTSIMINA L o Canatesotomeute o 7T possible).
. "
Active area: silicon PiN Diodes Scintillator tiles/strips + SiPM Gas RPCs L_arge area of S_Ihcon'
Typical segmentation: 0.5x0.5 cm? Typical segmentation: 3x3cm? Typical segmentation: 1x1cm? * Timing for particle flow?
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 CLD paradigm: calorimeter optimised for particle flow (emphasis on granularity rather than quality
of the energy measurement)

ECAL (CDR numbers - See here for optimisation studies):
Cell size 5x5 mm2 with Si-W. 5.05 mm ]

Connectivity (0.1 mm)
ABSORBER (W) Il | ~

9mm 7
=X= Insulator (0.15 mm)

- Air (0.1 mm)

PCB (1.3 mm)

40 layers - 5.05 mm thickness each. 3.15 mm
Total 20 cm, 22 Xo, ~ 1 A.
No power pulsing - cooling is an issue - part of the optimisation process.

: Air (0.25 mm) _Y_
Insulator (0.75 mm)

-~
ABSORBER (W) 11.9 mm

HCAL:
Cell size 30x30 mm? scintillator-steel.
44 layers - 26.5 thickness each.

Total 117 cm, 5.5 A..

FCC-ee CLD FCC-ee CLD

o' 8 | T | ! '_o' 25 6 | T | ! —_— 5 FCIC'ee C.:LD. i i : : : : : : i
o~ o o barrel (6: 50°-130°) > [ barrel (6: 60°-120°) | 32 I §' ' o
L © ~ transition (0: 40°-50°) | - [ ~ transition (0: 45°60°) | — “ Moenergy correction
= 6 s endcap (0:15-40°) 4 W 20 s endcap (0: 15°-45°) w- ﬁ —=— with software compensation |
u- T o 1 = ] S50 ; ’
~—" o) LIJ B C .
o) ~ - (0] - 4
/) E— KU SO S S o T L e S S Se— — )
a . ] =
) I R N B ] 1] S . - w 41 : -
! @ i | | ] S | 1
_ l | | T n ;
| S R R ' ‘
O-...i...i...i...i...i. 5—-.. ...... - 1 ...... R S— Il ...... — | ...... B % ] 535‘ L E.-
0 20 40 60 80 100 0 20 40 60 80 100 ~ g 100 150
Energy [GeV Energy [GeV E,., [GeV]
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Calorimeters (ALLEGRO)
EM Calorimeter: \ ,, . 1

* Noble liquid calorimeters: good energy resolution, long-term stability, easy to
calibrate.

r 0

N\
N\

AL

N\

\\\\“ \ \ ; o
AW o (o B R \ e
\§S§§§§;t\\ : E% s

| | z

NN

* |deas to achieve high granularity targeting particle flow.

\

N
TN
AN

)

e Solution heavily inspired to ATLAS: LAr + copper - but different geometry.

NANN

AN
A
QNN

1N

N
oy N N
\ ‘%QR\\
A\\ AN
W 4
Ny

Hadronic section with an increased granularity scintillator tile + steel (a la TileCal).

': \\\:

RS/

- ~200 %
.p-—!““ —— — if
—— ,
T i
- 22
.\\ \

\“““‘ E— 21:bsorbe
\ \ L\
W

\ ‘ : Readout
\\ \¢\ \\q\ . electrode

-

Example optimisation
of material

2160 2170 2180 2190 2200 2210 2220
Radius (mm)
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Calorimeters (IDEA)

ALMA MATER STUDIORUM
UNIVERSITA DI BOLOGNA

* Dual-readout calorimeters: Challenges:
* Potentially large number of channels.
- Extract Cherenkov signal (produced by electrons in hadronic shower). * Challenging mechanics (for fibre

option.)
» Also extract scintillation signal (produced by all particles in the shower). MEEMULEER NI EIEIEC eI RO

* The combination enables an event-by-event correction for fluctuations in the electromagnetic fraction.

omogenec : dual-readc alorimete Fibre-based dual-readout hadronic calorimeter:
Deric anergy resolutic * Nice lateral granularity.
Dual-readout achieved by separating signe * Dual-readout achieved by using different fibres
avelenc for Cherenkov and Scintillation signals.
——— |
—— _____-,.‘351‘: Rear crystal ECAL segment: -, . -

— Il filters optimized for scintillation and
S 1] cherenkov detection resp.
b

| f
o f . - .
g “ | R
= 3 . . ‘ } L]
~ I >‘.J:- \\.(/w‘\ A“ \/‘ ‘ |
11 — J‘ ‘
! e — m—

%Fj“” i Front crystal ECAL segment:
’,} - Single 5x5 mm? SiPM per crystal
optimized for scintillation light detection

IME — ﬁﬂi - Two 4x4 mm? SiPMs with optical
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Performance

ALMA MATER STUDIORUM
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The combination of a (very simple)

particle flow-like technigue and dual

readout achieves very interesting results

Jet energy scale

~ 0.3_
£ L[ee—>Z"y—] —e— wlo DRO, w/o pPFA
Lu_;._; P o w/ DRO, w/o pPFA
~ i —e— w/DRO, w/ pPFA
_r-
2
::? 0 1_ ..........................................................................................................................................
2
L
1
Q PO
&
3,
L
Nt ) e e
~
_osT.ﬁ..lll | L1
’ 20 40 60 80 100 120
(E  )I[GeV]
jet )

01 _ .......................................................................................................................................
0.08 _ ......................................................................................................................................
0.06
0.04

002—lll|llllllllllllllIllllll

Jet energy resolution

- e'e > 2y —j —e— w/o DRO, w/o pPFA
o w/ DRO, w/o pPFA

—e— w/ DRO, w/ pPFA

ofAW/E = 0.36/ \E ® 0.042
oPRY/E = 0.34/VE ® 0.027
oPFAE = 0.20/ VE ® 0.015

0 20 40 60 80 100 120 140

(E _ )[GeV]

jet

Taken from https://doi.org/10.1088/1/48-0221/17/06/P06008

Crystal
section

isolated photons

7

HCAL fiber towers

EM crystal rear

1 EM crystal front

Timing rear

Timing front

Solenoid gap

neutral hadron  charged pion
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« Common software framework available for detector simulation (and reconstruction) and for physics use.

* Geometry/simulation available for all detector concepts. Digitisation and reconstruction at different level of maturities.

Muon System Solenoid Dual-readout Fiber HCAL Dual-readout Crystal ECAL Drift Chamber Silicon Wrapper

Key4HEP
A common software framework used for FCC, but also
for many of the other future collider projects.
Includes a common event data model, tools for easy
and portable detector geometry handling, a consistent
set of tags of the most used HEP softwares.

Beampipe LumiCal Endplate Absorber Vertex Detector

See also a recent talk from L. Pezzotti
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Where can | contribute?

UNIVERSITA DI BOLOGNA

* Detector concepts are nice frameworks - fresh ideas and redesign are more than
welcome.

e ... and we have 3 detector concepts and 4 IPs....
* New technologies (timing? Radically new options for calorimeters and/or tracking?).

 Software is in development (simulations are there, but digitisation and reconstruction need work).

e “communities” fairly compact (0(20) people) - a lot of room for new collaborators).
* Opportunities for younger colleagues:

* Doing “core” HEP detector/software work after highly optimised LHC detectors.

N

contributors

Niaiks

, lalks and proceedings - ~ 1 (maybe while spending the majority of their time on a

major LHC experiment).
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Summary
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* The development of the case for FCC (and in
particular FCC-ee) is in full swing in view of

the European strategy of particle physics
update in 2026.

 The physics case is compelling - The project is
very ambitious!

 INFN iIs seen as an example from abroad:
nicely structured for future projects and
strategically placed in many of the key
R&Ds (both in software and hardware).

* |tis alongtimeto FCC-ee...

 But a lot is happening right now! Feasibility study
+ European Strategy update key ingredients for
project approval.
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Synergies: Consortia and ECFA DRD

* A lot of leverage done in the past within
consortia and proto-collaborations.

» Challenges connected with detector
R&D find a common framework
(aimed at increasing coherence and
optimising resources) with ECFA DRD.

* INFN positioning for many of these
items Is strategic.

CRYSTAL

EUR®-LABS .

EUROPEAN LABORATORIES
FOR ACCELERATOR
BASED SCIENCES
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CERN COUNCIL ‘

ECFA [CERN Research Board ]— -
Recommends
Community Approves
interaction
(" Scientific and Resource Reporting and Review R
Roadmap Oversight and Detector Research and Development Sporss
Community Interaction Committee (DRDC)
ECFA Detector Panel Includes members from: ECFA Detector Panel,
(EDP) ¢ ’ CERN and LDG
Includes ex-officio: APPEC, . 'rbn "'.' ;dd'.'.---e:q:eﬂs from the EDP can “:
NuPECC and ICFA IID Panel be invited for dedicated review tasks -
representatives e e
* ICFA Instrumentation, Innovation
and Development Panel
Detector RD (DRD) Collaborations
4 S ) SRR
DRD 1 DRD 2 DRD 3 DRD x
S N S e/

7/ \
.
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* High-level objectives:
 demonstration of the geological, technical, environmental and administrative feasibility of the
tunnel and surface areas and optimisation of placement and layout of the ring and related
infrastructure;
* pursuit, together with the Host States, of the preparatory administrative processes required
for a potential project approval to identify and remove any showstopper;
e optimisation of the design of the colliders and their injector chains, supported by R&D to

develop the needed key technologies;

* elaboration of a sustainable operational model for the colliders and experiments in terms of
human and financial resource needs, as well as environmental aspects and energy efficiency;

* development of a consolidated cost estimate, as well as the funding and organisational
models needed to enable the project’s technical design completion, implementation and
operation;

* identification of substantial resources from outside CERN'’s budget for the implementation of
the first stage of a possible future project (tunnel and FCC-ee);

e consolidation of the physics case and detector concepts for both colliders.
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Calorimeters (other ongoing R&Ds)
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GRAINITA DECAL - Ultra-high granularity CMOS Ecal
scintillator grains and absorber suspended in High-density digital CMOS readout - count

a liquid. Trapped light extracted with WLS hits rather than measuring energy
fibres - high density EM calorimeter. .

- default settings

DECAL Nicis<N_articies

Basic Module N

‘ Crystal Scinﬁllat‘or (eg. BGO, LYSO..)

’ 5| Traditionally achieve superb EM

1x1x40cm *

Nveteecrs g eour,som Y’ | | resolution but limited granularity.

ot Recent R&D shows potential for  cysaicierconasoraten 22111
particles particle flow. Crystal fibers for high granularity
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Challenges

* Full silicon tracking:
 Keep material down, despite cooling and services

* Particle identification may need alternative detectors (RICH?)
* Drift chamber:

 Mechanical stabillity, cluster-counting compatible electronics

Particle Separation (dEldX VS dNIdX) . Preliminary! analytic calc., assumes focusing target achieved
#of o > [
sigma | Analitic = | ARC aerogel gas — K-n
" \ alculations = 5 | o e K
10 TN o .9 /,"‘\.\ p
9 \ . / dX - e/ E N
8 \\b i "’ T 8 "
7 r " E/dx K/n g !
| N
6] \ 1 \\‘ K/p ’
5 \\\ b
] A
4 - \ - SN 10 2
3 =i :
- RICH
2 1 . 2 30 '
| ;
0 ‘ 10 10°
p [GeV/c] Momentum (GeV)
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Taken from here

pt [GeV]

Detector occupancy driven by incoherent pair
creation and synchrotron radiation photons.

Estimated < 1% for full silicon detectors.
It is almost a no-go for a TPC (see here)
OK (but need to keep an eye on) for DWC.
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Vertex detectors

General requirements

Flavour physics and tagging requires 3-5 um — pixel size ~15 um.
Small material budget (0.1% of Xy/layer) = Thickness ~ 50 um.
Low power consumption (especially inner layers) = 10-30 mW/cm2.

Solution: CMOS MAPS

high spacial resolution and small material (infegrated circuitery)

- Used in a number of LHC experiment upgrades (ALICE ITS, ATLAS ITK, etfc.)
- No need for bump-bonding: allow smaller pixel size

- Affordable overall
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Cylindrical
Structural Shell

Half Barrels

w“‘Q@
!
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The IDEA vertex detector
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b MEDIUM TRACKER=23 Stave
8 Pixel detector/stave
Power dissipated 314,64 W

OUTER TRACKER

Seziong D-D

Inner Tracker: N.3 layer pixel detectors Without
Layer1:N.15 stave of 6 pixel
detectors=90 pixel detectors

Layer 2: N.24 stave of 10 pixel
detectors= 240 pixel detectors
Layer 3 : N.18 pixel detectors stave
of double 16 pixel detectors=576 pixgl detectors
Layer 1: Power dissipated 12.1 W
Layer2: Power dissipated 32,25 W,
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Outer vertex tracker

* intermediate layer at 13 cm radius
> outer layer at 31.5 cm radius
> 3 disks on each side

based on the ATLASPIx3 sensors
with modules of 50 x 150 um?2 pixel size
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Inner vertex tracker
 three layer at 13.7, 23.7
and 35.8 mm radius

with modules of 25 x 25 ym?2
pixel size

based on the ARCADIA sensors
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Synergies: Common tools

* Nice sub-products of these collaborations already widely used

Key4HEP EUDAQ
A common software framework used for FCC, but A common data acquisition software, often used

also for many of the other future collider projects. in conjunction with common hardware for beam
Includes a common event data model, tools for easy monitor (EUDET), and data quality tools

and portable detector geometry handling, a consistent
set of tags of the most used HEP softwares. = o

State: . . HBHXY @0 @ [ 12 Hits vs Event
Current State: Running Fis vs Evert

(IMMOSA26 Entries 520
Control (D Corelations Mean 2600
Init: Jopt/eudaq1/conf/telescope.init Init (D Corelations Vs Time Meany 4.137
([Z3Monitor Performance ‘ Std Dev 1501

Config: |/opt/eudaq1/conf/telescope.conf Config 5 EUDAQ Manitor StdDevy 205

|
|
‘ — Number of Planes
|
|

Run:

= Phoenix Menu

Stop Hits vs. Plane |
FCC-ee CLD Log:

-Jj Hits vs. Event | | i

Run / Event: 0/0 ! ® © Detector @ EventN vs TimeStamp

GeolD: 0 Terminate - ((]Planes

® £3 EventData stat
atus
® Tracks Run Number: 1 Events Built: 5221

’ |
Rate: 30.3502 (29.8211) Hz Triggers: 5221 4 | | I
l \ [

® Jets File Bytes: 1169 kB Particles: 5242
® Hits TLU Status: 00,~,~,——,~(0,1) Scalers: 0,0,0,0

Connections
type 4 pame state connection
® vertices DataCollector Running 192.168.22.1:53018

LOgCOueCtOr Running 192.168.22.1:53012 oIIII|||II|IIllllllillllllllllllllll
® wissingEnergy Monitor onlineMon  Running 192.168.22.1:53034 0 1000 2000 3000 4000 5000 6000 7000

® i Lol Producer TLU Running: Started  192.168.22.1:53028
| tebes Producer MimosaNI Running: Started  192.168.22.1:53022

# caloClusters

"

[ Cun. event: 5190 | Analysed events: 520

Level: From: Search:
|4INFO =/ All 2

Received 4 Sent Level Text From File Function

14:27:07.196 14:27:07.195 4-INFO Connection from LogCollector (192.168.22.1:41798) LogCollector euLog.hh:106 OnConnect(const eudaq::Connectioninfo&)
14:27:09.599 14:27:09.599 4-INFO Connection from DataCollector (192.168.22.1:41802) LogCollector euLog.hh:106 OnConnect(const eudaq::Connectioninfo&)
14:27:10.601 14:27:10.601 4-INFO Connection from Producer.MimosaNI (192.168.22.1:418... LogCollector euLog.hh:106 OnConnect(const eudaq::Connectioninfo&)
14:27:10.601 14:27:10.601 4-INFO Connection from Producer.MimosaNI (192.168.22.1:551... DataCollec... DataCollec... OnConnect(const eudaq::Connectioninfo&)
14:27:13.706 14:27:13.706 4-INFO Connection from Producer.TLU (192.168.22.1:41812) LogCollector euLog.hh:106 OnConnect(const eudaq::Connectioninfo&)
14:27:13.706 14:27:13.706 4-INFO Connection from Producer.TLU (192.168.22.1:55194) DataCollec... DataCollec... OnConnect(const eudaq::Connectioninfo&)
14:27:15.409 14:27:15.409 4-INFO Connection from Monitor.OnlineMon (192.168.22.1:418... LogCollector euLog.hh:106 OnConnect(const eudaq::Connectioninfo&)
14:27:23.232 14:27:23.232 4-INFO Initialising (fopt/eudaq1/conf/telescope.init) RunControl  RunControl... Init(const string&)

14:27:35.165 14:27:35.165 4-INFO Configuring (/opt/eudaq1/conf/telescope.conf) RunControl  RunControl... Configure(const string&, int)

14:27:37.101 14:27:37.101 4-INFO Configured (/opt/eudaq1/conf/telescope.conf) ProducerTLU TLUProduc... OnConfigure(const eudaq::Configuration&)
14:27:50.857 14:27:50.857 4-INFO Configured (/opt/eudaq1/conf/telescope.conf) Producer.M... NiProducer... OnConfigure(const eudaq::Configuration&)
14:27:53.390 14:27:53.390 4-INFO StartingRun 1: RunControl  RunControl... StartRun(const string&)

14:27:54.564 14:27:54.564 4-INFO Preparing for run 1 DataCollec... DataCollec... OnPrepareRun(unsigned int)
14:28:00.612 14:28:00.612 4-INFO Startingrun1 Monitor.On... Monitor.cc:95 OnStartRun(unsigned int)
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