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FutureCircularCollider

e Aversatile sequenceof next-generationparticlecollidershousedin a 9Gkm ring
¢ Implelentedin two stages
¢ Stage 1, PrecisioRrontier, FC&ee : electronpositroncollisionsat 88365 GeV
x Construction: 2032045 /Physicoperation: 20452060
x Precision tests of Standard Model indirecthighmass+ directlow massBSMsensitivity
¢ Stage 2, Energlyrontier, FCéhh : proton-proton collisionsatm 100 TeV
x Physicoperation:D 2070
x Maximaxingpotential for BSMliscoveryl DirecthighhrmassBSMsensitivity
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FCGStrengths

¢ Sharednfrastructure
¢ One tunnel andne set ofcaverndor both stages
x 90.7 km ring, &urfacepoints

x 4 experimentalareas/ experiments

A Experimentadiversity- controlof overall
systematicuncertainties

A Sustainability physicéTWh .l

A Accomodatinghe sizeof the CERN community
FCC

5000

[Not to scale ]

¢ Timescale
¢ FC@etechnologyismaturel constructionin

parallel with HLLHC operation .
2045
¢ Physicoperationfew yearsafter HL-LHC 2048 @
® ® @ °

¢ Allows20 yearsof R&Dtowardsoptimal and ,
affordableFC@hh highfield magnets E—— N HLLHC

Feasibi ty SlUdY Cor uctior ends
St 3. R&D pCColor at

end 2018 procedur es with the Host States

Operation of FCC-hh
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Possibldimeline

[ Start of FCC-ee physics run J

Start accelerator commissioning Start detector commissioning

End of HL-LHC Start detector installation

Start accelerator installation

Detector component production
Four detector TDRs completed

Industrialisation and component production
Technical design & prototyping completed

Start of ground-breaking and CE at IPs
Detector CDRs (>4) submitted to FC3

End of HL-LHC upgrade: more detector experts available
FC3 formation, call for CDRs, collaboration forming

End of HL-LHC upgrade: more ATS personnel available
FCC Approval: Start of prototyping work

European Strategy Update: FCC Recommendation

FCC Feasibility Study Report Detector Eol submission by the community

—— A 7 a ——
FCC-ee Accelerator FCC-ee Detectors

[ Key dates
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FCGze LuminosityandConditions

Z WWwW ZH tt
I ' ' '
= 10° 1 | | | | | 3
C}I(D E Z (88-94 GeV) E
(E, N ® FCC-ee(4IPs)
500 ] Z peak K® 91GeV 4years 6PR10%? e'e| Z
= 0F = WW threshold K # 160 GeV 2years 2.4R10% e‘e| W'W
-‘§ n ¥ ZH maximum K ® 240 GeV 3years 2.3R10° e'e’| ZH
£ i 1 ft threshold K 365 GeV 2years 2P10° e'e’]l tt
10 & == A
3 = e [s-channel Higgsk & I ™mH5Pye®r$ 5000 e‘e| Hi,d
E 1 | | el )me:r ————— T (SBOGTV)_E
100 150 200 250 300 350 400
Vs [GeV]
FCGeeparameters WHW- ZH ttbar ExperimentallyZpoleisthe mostchallengingl\
LI O GeV 160 240 | 350365 A Extremelylargestatistics
Luminosity/ IP 104cm2s? 20 7.5 1.5 A Physicsvent ratesof D100 kHz
Bunchspacing ns 160 680 5000 A Bunchspacingat 25ns
&Physicécrosssection ob 10 0.2 0.5 A éContinuous b_eams no bunchtrains
Total crossection pb 30 10 8 A no powerllpulsmg derlvi
iz e [ os | o1 | " "R el pleupor 25 x 104 Zpole
50EI A 6D&]| 100 1 1 , PICUPOT 2. P
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Reminder pp vsete collisionsij

pp collisions

Proton is compoundobject
A Initial state not known evenby-event
A Limits achievable precision

High rates of QCD backgrounds
A Complex triggering schemes
A High levels of radiation

High crosssections forcolored-states

ete collisions

e*/e are point-like
A Initial state well definedE, p)
A High-precision measurements

Cleanexperimental environment
A Triggerless readout
A Low radiation levels

Superiorsensitivity forelectro-weak states

Mogens Dam / NBI Copenhagen VCI, Vienna
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Reminder: pp ve'e collisions (ii)

8 TeV 14 TeV 33 TeV 100 TeV
LHC LHC HE LHC VLHC

In e*e collisions the total cross section
equals the electroweak cross section.

LHC total cross section
factor > 100 million !

o
L= Z Ww- ZH tt
° £
z s
%W Sx 10
! | E 1 | w.' ‘I IP-EE-CFP.'I—'I:,':F EJI"'..-|.IE|5||$'.rqlE-;5.' --------------------------------- )
1 0 — . . 1 02 / Z fusion
Vs [TeV] collision energy ] ’1 f5x10°
50 100 150 230: [Gez‘f: 300 350 400
At LHC, muchof the interesting physics needs — — oo
to be found among a huge number of collisions etee AOAT OO AOA OAI /
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Reminder:pp vs.e*e collisiongiii)

Higgsevent inpp Higgsevent inefe

(EATLAS

EXPERIMENT

http://atlas. ch From

Higgs decay

particles

From B
Higgs decay

\s = 240 GeV

(ATLAS: H > ZZ* 5> pgee candidate)

-6m -3m 0 3m 6m

pp: look forstrikingsignal in largéackground e*e: detecteverything measureprecisely
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HigggactoryHiggsProductionrandDecay
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HigggactoryHiggsProductionrandDecay
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Very rich physics Physics programim€hallenging Detectors

Higgs Factory Programme
A1ld Karuwnn YR Kalocp DS+ 02f tA ®idment@crasolltioa (b)ypRE 102 @ p D 50 GeV

150k WW H events

- (p)/p limited by multiple scattering minimise material

A Higgs couplings to fermions and bosons A Jet’ (E)/E€ 3-4% in multijet events for Z/W/H separation
A Higgs seltoupling (24 ) via loop diagrams A Superior impact parameter resolution for b, ¢ tagging
A Uniquepossibility schannelete’| H at 125 GeV A Hadron PID for s tagging
PreCISlog EWand QCD Programme A Absolute normalisation of luminosity to 18
A 6PR102Z and P1BWW events AwSElGADS yv2NYVIERIA2Y G2
A P500 improvement of statistical precision on EWPO: - I o
My M, M, SIP w R My ME X - Acceptancalefinition to {10 >m)
Ln W T W . A Track angular resolution < 0.1 mrad
A 2P10Btt events:my,,, ng,,, EWcouplings A Stability of B field to 16
A Indirectsensitivityto new physicaup to tens ofTeV y
A Superior impact parameter resolution
HeavyFlavourProgramme A Precise identification and measurement of secondary vertice
A 1012bb, cc, 2P10*2_ (clean and boosted): 1BBelle II Ao/t [ NBaztdziazy G FS6 72kKO9
A CKM matrix, CP measurements _ _ A Excellent /1 separation for_ decaymode identification
A rare decays, CLFV searches, lepton universality A PID: K7 separation overwide p rangel dN/dx, RICH, timing
Feebly coupled particles Beyond SM A Sensitivity to (significantly) detached vertices (mim m)
A Opportunity to directly observe new feebly interacting -UNY O1TAYy3aAY Y2NB fFL@SNERX ¢€02
particles with masses below - calorimetry: granularity, tracking capabilities
A Axionlike particles, dark photons, Heavy Neutral Lept A Precise timing
A Longlifetime LLPs A Hermeticity
Mogens Dam / NBI Copenhagen VCI, Vienna 17.02.2025 13



ExperimentaChallenges

¢ 30 mradbeamcrossingangle Central part of detector volume; top view

¢ DetectorB-field limited to 2Tesla (@ £nergy ¢ beamemittancecontrol T ——
x Alternativecompensatiorschemeunder study, mayallow D3 Tesla e et e .
—— : i Availablefor : : _ro(

s :

¢ TightlypackedMDI (MachineDetectorinterface)
x Lastquadrupoleat L' = 2.2 mcompensatingsolenoid in front
e €Continuous beams(no bunchtrains); 25 nsbunchspacing [ d
¢ Power management ancboling(no powerpulsing compnsin L‘;;zm
e Extremelyhighluminosities - —
¢ Highstatisticalprecision -- control of systematicgo ©{10°) level
¢ Online and offline handling @{10'3) eventsfor precisiornphysics
x€. A3 5kl ¢

<

wojoz

e Physicevents at 100 kHz MDI Components serooning
¢ Detectorresponsell A Y S> @Kmimimisedeadtime and event overlaps N 1
¢ Strongrequirementson front-endelectronicsand DAQ systems S
x At the same timekeepmaterialbudget low:minimisemassof wmical

electronics cablescoolingg X .-
Cooling

Central P Qcitl

“Beam pipe

“Crotch transition, space for

. X
Trapezoidal \ vacuum connection
chamber Bellows

VCI, Vienna 17.02.2025 14
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Wellestablisheddesign

A ILC> CLI@etector-> CLD
Full Swvtx + tracker
CALICHke calorimetry¢ highgranularity
Largecoil outsidecalorimetry muonsyste
Engineeringeededfor operation with
continousbeam (no powepulsing

A Coolingof Siseosors& calorimeters
Possibledetector optimizations

A Improved’ /p, ' JE

A PIDprecisetiming and/or RICH?

To Io To Do Do

To

arXiv:1911.12230

FC&ee DetectorConcepts

To o To Po o Do I

Vertex Detector

Designdevelopedspecificallyffor FC@e

and CEPC

Sivtx detector; ultra-light drift chamber

with powerful PID;

Crystal ECAL wualreadout

Compact, lightoil

Dualreadoutfibre calorimeter

Muon system

Veryactivecommunity

A Prototype designs, tesieams

campaignsand software

https://pos.sissa.it/390/819

To I>o o To o o To T

dedpu3 w3

< 12/2 m >

In earlydesignphase
HighgranularityNoble Liquid ECAL as cot
A Pb+LA(or denserW+LKy
Sivtx detector
Tracker: Drifthamber or straws or Si
CALICHke or ATLASIileCalike HCAL
CoiloutsideECAL in sam&yostat
Muon system
VeryactiveNoble Liquid R&D team
A Readoutelectrodes feed-throughs
electronics lightcryostat. X
A Software & performance studies

Eur.Phys.J.Plus 136 (2021) 10, 1066, arXiv:2109.00391

Mogens Dam / NBI Copenhagen

VCI, Vienna 17.02.2025
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Wellestablisheddesign

A ILC> CLI@etector-> CLD
Full Swvitx - study TPC optiorviability
CALICHke calorimetry¢ highgranularity
Largecoil outsidecalorimetry muonsyste
Engineeringeededfor operation with
continousbeam (no powepulsing

A Coolingof Siseosors& calorimeters
Possibledetector optimizations

A Improved’ /p, ' JE

A PIDprecisetiming and/or RICH?

To Io To Do Do

To

arXiv:1911.12230

FC&ee DetectorConcepts

Vertex Detector

Designdevelopedspecificallyffor FC@e

and CEPC

Sivtx detector; ultra-light drift chamber

with powerful PID;

Crystal ECAL wualreadout

Compact, lightoil

Dualreadoutfibre calorimeter

Muon system

Veryactivecommunity

A Prototype designs, tesieams

campaignsand software

https://pos.sissa.it/390/819

To I>o o To o o To T

dedpu3 w3

< 12/2 m >

In earlydesignphase
HighgranularityNoble Liquid ECAL as cot
A Pb+LA(or denserW+LKy
Sivtx detector
Tracker: Drifthamber or straws or Si
CALICHke or ATLASIileCalike HCAL
CoiloutsideECAL in sam&yostat
Muon system
VeryactiveNoble Liquid R&D team
A Readoutelectrodes feed-throughs
electronics lightcryostat. X
A Software & performance studies

Eur.Phys.J.Plus 136 (2021) 10, 1066, arXiv:2109.00391

Mogens Dam / NBI Copenhagen
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To Io To Do Do

To

Wellestablisheddesign
A ILC> CLI@etector-> CLD
Full Svtx + tracker

CALICHke calorimetry¢ highgranularity
Largecoil outsidecalorimetry muonsyste
Engineeringeededfor operation with
continousbeam (no powepulsing

A Coolingof Siseosors& calorimeters
Possibledetector optimizations

A Improved’ /p, ' JE

A PIDprecisetiming and/or RICH?

arXiv:1911.12230

FC&ee DetectorConcepts

To o To Po o Do I

IDEA

os
Vertex Detector

] III_

% [ E— B 3

= m

Designdevelopedspecificallyffor FC@e

and CEPC

Sivtx detector; ultra-light drift chamber

with powerful PID;

Crystal ECAL wualreadout

Compact, lightoil

Dualreadoutfibre calorimeter

Muon system

Veryactivecommunity

A Prototype designs, tesieams

campaignsand software

https://pos.sissa.it/390/819

To I>o o To o o To T

Allegro new

—1m02m——*

v

< 12/2 m

In earlydesignphase
HighgranularityNoble Liquid ECAL as cot
A Pb+LA(or denserW+LKy
Sivtx detector
Tracker: Drifthamber or straws or Si
CALICHke or ATLASIileCalike HCAL
CoiloutsideECAL in sam&yostat
Muon system
VeryactiveNoble Liquid R&D team
A Readoutelectrodes feed-throughs
electronics lightcryostat. X
A Software & performance studies

Eur.Phys.J.Plus 136 (2021) 10, 1066, arXiv:2109.00391

Mogens Dam / NBI Copenhagen

VCI, Vienna 17.02.2025
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Role of Detector Concepts

Detector concepts form the link between performance requirements and technological capabilities
Athus,guide the R&Dand givefeedback on performancénpact of technical solutions

Two main ingredients

Afull simulation model
¢ enable validation of single particle performance with prototypes
¢ realistic prediction of fulevent performance: also need for highl@vel reconstruction tools

Aoverallengineering
¢ to act and respond in the design of the MDI
¢ to guide the optimisation of the global structure and parameters

Collaborations forming at a later stage
AYFAYOGFAY FTNBSR2Y (G2 O2Y0AYST So3ad (NFOlTAY3I |yl

Mogens Dam / NBI Copenhagen VCI, Vienna 17.02.2025 19



Detectorcomponents and
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VertexDetector

¢ Measurement oimpactparameters ¢ ConditiongrequirementscommonbetweenALICE and
¢ reconstructionof secondaryvertices flavourtagging, FC&e/CEPC
lifetime measurements ¢ Moderate radiationenvironments
¢ Verystrongdevelopment ¢ Noneedfor picosecondiming
C Lighter’ moreprecise closer ¢ High resolution and low multiplescatteringis key
StrongALICE/ertexdetector development e Heavyflavourtaggingresults(simulation)
_ _ ¢ ML based largelifetimes, displacedverticegtracks large
ITS3 installation 2027/2028 track multiplicity, nonisolatede/>
R Verysubstantial
x— < 9 o hetagal aaal improvement
Z on ayers - ___ ‘alg‘gl‘n‘g‘ e 5 ‘c Iagglll19 w.rt. LHC
-3 107F —buvsg -S 10-'? —cvs g
g [ TheM ke 2 g | :”SE" %”&\‘ Z8E
§‘ L \ E" cvs O?g
102 b ® B 102 = = e
E ’(@r F % % )
0. &(%a: 0.35% - 3’;‘; ’ o smcuu:ous% 5 | ‘ | ; ; i 5 \ ; ‘ %‘f—: a
- Carbon o7 e 10% 02 04 06 08 1 107, 02 04 06 08 1 -2
g0 goe XI0é 0.05% jet tagging efficiency jet tagging efficiency |§_ g )
’§ :j ‘ :: Eff Mistag Mistag Mistag Eff Mistag Mistag Mistag g
Yom @ w) @ e @ wdm
%oz ga.z MSS Loose | 90% 2% 0.1% 2% Loose | 90% 7% 7% 4%
. o Medium | 80% | 0.7% | <0.1% | 0.3% Medium |80% | 2% | 0.8% | 2%

Azimuthal angle [*] Azimuthal angle [*]
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https://link.springer.com/article/10.1140/epjc/s10052-022-10609-1

Vertex Detector Study

Detailedengineering

Fabrizio Palla INFN Pisa — 7" FCC Physics workshop — Annecy (France) — 29 Jan - 2 Feb 2024 _ 10 mm in ner beam p | pe radiu q

- Arst vitx layer at 13.4 mm

U7

Mid-term review vertex detector overall layout

k2 1
652,60 I.E

[ 1 1 1 4

INFN

Istituto Nazionale di Fisica Nucleare

Sezione E-E

_~—OUTER TRACKER | |

~—~MEDIUM TRACKER

=]

INNER TRACKER

Fabrizio Palla INFN Pisa — 7t FCC Physics workshop — Annecy (France) — 29 Jan - 2 Feb 2024

(1 — —_— S
Jd 0 | 8 D 539,40
[ & i1, SezioneCC| 000 : o
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[ | Lr=3450 iy N e\“ N N
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LR=315,0 ' L 1860,00 | E g 5\\, [ = \\/ J/\\ \, //
I | | \
OUTER TRACKER= N.51 Stave DISK 1—. 1240,00 | ~DISK 3 BN \_/ \/
16 Pixel detector/stave T 609,40 ) DISK 2 { = -
Power dissipated 1398,1 W DISK 2 —~__ ~—— 515.00 _pisk 1 /
BAMEDIUM TRACKER=23 Stave DISK 3—~.__ 326,20 = 12,00 32,00 | 32,001.32,00 | 32,00 | 32,00 | 32,00 32,00 | 32,00 2,0§ 32,00 (32,00 | 32,00 | 32,00/32,00 132,00 | 32,00 |12,00 Layer 3
8 Pixel detector/stave ~ / IS I ey [ e e R R RS 22 === | N = s B
Power dissipated 314,64 W ; 321,80 020 | 020] 020 0200020 020 020 020] 020 020 02| 020 020 0,20] 020] 0,20 0,20 36 staves of 16 modules
g Sezione D-D 193,00 = 55 B
Inner Tracker: N.3 layer pixel detectors Without . eaCh
Layeri:N.15 stave of 6 pixel 1,40
| detectors=90 pixel detectors Outer Tracker B Inner Tracker IDEA
Layer 2: N.24 stave of 10 pixel Layer 3: N.36 stave of 16 pixel detector=576 Vista D
detectors= 240 pixel detectors — -t & - - : 2 B 0,20
Layer 3 : N.18 pixel detectors stave D‘Powetld d:g:;teo by pixel detector 50 mW/cm2 LampShade geometry'
of double 16 pixel detectors=576 pixel detectors s :
Layer 1: Power dissipated 12.1 W 310,00 315,30 Pxel °§'.§f§;£§:§ff;§ﬁ‘§é.-o i 035 C harge sym metric track
Layer2: Power dissipated 32,25 W T "" .
“|Layer 3: Power dissipated 7'1;,11 w B Layer 3 : Power dissipated 77,414 W lig reCOﬂStrUCtlon
Toyal Power dissipated by the inner tracker:121,76 W 1 163,10| 163,10 h Py 0| 1,80 =
ELEMENTO| QTA| NUMERO PARTE | DESCRIZIONE 257,50 257,50 =) I ."\‘
2 1 |Assieme completo outer tracker struttura ma[bolare 304,70 304,70 315,30 310,00 ] 1 i ~
3 1 |Assieme completo medium tracker rovesciato |ayout 19 - . . 2 ¥ Total Welght 150 grams
5 2 |Assieme disco completo 2_1 1240,00 — — — A ﬁ‘
6 1 |Assieme disco 3 1860,00 fosi | I |os,'m,‘zoz‘ I i
7 1 |Assieme disco 3_MIR Istituto Nazionale di Fisica assieme middle outer e inrler tracker_2 1 ] Total thICkneSS 025% Xo
8 2 |Assieme disco 1_1 M—t
a Nucleare-Sezione di Pi o i
9 1 _|Assieme inner tracker con supporti carbonio_1 cleare-sezione cl sa IDEA TRACKER | 1/1 \ T " I
B L T 7 T T T T =1 i
- . ELEMENTO QTX I NUMERO PARTE DESCRIZIONE
-] ’ 36| Asslcme coffipleto modulo layer3 singolo Power bUdget
\madificito tion costola bus stretto simmetrico
P e e e H ~TTW
= R o il [
‘ Isstituto Nazlonak; di Fis ,t, Assieme modulo layer3 stave simmetrico
\‘ Nu(leare~$ez|on§" di hs‘]‘ Layer 3 Inner Tracker I oo 1 1‘7’1
T 1] T 9 ¢ E] 1 T T
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Interaction Region Layout

(N ree Fabrizio Palla INFN Pisa — 7" FCC Physics workshop — Annecy (France) — 29 Jan - 2 Feb 2024

Quadrupole magnets
surrounded by shielding magne

Compensating magne

Vertex Detector
Carbon fibre support tube

Mogens Dam / NBI Copenhagen VCI, Vienna 17.02.2025



Vertex Detector Study: Alternative ultrght option

R=33.65mm

R=27 mm

Material budget [% of XO]

216.7 mm 173.3mm
= =
in "
f g Flex circuit
(power & R/0O)
R=20.35 mm
Layer 2
b L L B B T T T T T
% lellcon [ D Carbon Fibre ]
ue L

5f- [ PCB r DSlIlcon B
[ ]Kapton D Kapton ]
[ ] Rohacell ]
4l [] Carbon Fibre : - Il Carbon Foam .
i [l Aluminium L -Aluminium ]

Q1 -0.8-0.6-04-02 0 02040608 1

coso

(a) Baseline inner vertex detector

Material budget [% of XO]

3 .

ol _

y

0 | P Sl T TN A . P S

01080604020 02040608 1
coso

(b) Ultra-light inner vertex detector

Support Structures for S| detectors

7t FCC PHYSICS Workshop
January 19t — February 2, 2024

Assembly of a half-layer

Corrado Gargiulo

RED  gryce

Gluing of the Iongerons Gluing of the H-rings

Gluing jig

Mogens Dam / NBI Copenhagen

VCI, Vienna
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Tracking System#omentum Measurement

Momentum resolutiontendsto be multiple scatteringdominated

- 0.005 - Track angle 90 deg. - T T -]
o = IDEA B B I ]
B a0 i
B — — CLDMS only ExampleSi tracker: CLD _—3 E
T A AlISi trackm_*—;r E — Perfect resolution E
0.003 A total materialbudget 11% X 800 E
0.0025 f Examplegaseous IDEA - — IDEA detector E
0.002 ; A Drift Chambel< 2% ¥ E — CLD detector E
0.0015 A vix[2.5% X] 400— r
0.001F A { AwrappgrE surrounding o o B
: drift chamber C i
0.0005 | - P | .
0 = 920 125 130 135
pt (GeV) Mreoo" (GeV)
» At relevant momenta, transparency _
] ) ] IDEA Drift Chamber
more important than point resolution
Strong case for
] b gaseous tracker
=a
a(pT)/pT D pSiIl9
L » mult.scat
— resolution
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Several Tracker Options under Study

IDEADC B (F it included)
— 0.20m — -
Full silicon 0.045%, 006X e
-CLD @ FC&2 r=2.00m
0.050 X,
112 layers §=14°
Front Plate 12-15 mm cell width
4.2m : — r=035m
Drift Chamber » inner wall 0.0008 X, AN :
- IDEA @ FG&: & CEPQ
,000 cells

340,000 wires
(0.0013+0.0007 X,/m)

outer wall|0.012 X,

Gas: 90% He, 10% iC,H, Z2200m e
OTK (+TOF)
750 A
Straw tracker -
- FC&ee -
| TPC
Pixelated readetit TPC"

TPC outside silicon »
-ref-DET @ CEPQ

For 3T Higgs run, not TerdZ
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Particle Identification

PID capabilities across a wide momentum rangeessential for flavour physics
¢ IDEA drift chamber and straw tracker promise >3K separation up t®35 GeV
based orcluster counting,dN/dx

¢ Crossover window at 1 GeV, can be alleviated by
unchallenging TOF measurementtdiM 0.1 ns

¢ Time of flight (TOF) alonwith { T of D10 psover 2 m (e.g. LGAD)
¢ could give 3 K gseparation up t®®5 GeV (only)
¢ RICH counterbeing investigated
¢ Example: A pressurized RICH DetegtdRC
¢ Compact via use @iPMs
¢ Gas + Aerogel:'3 K gseparation in 2.550 GeV range
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