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Different challenges at different colliders B rbverityof

Factors:
@ Type of particles being collided (e+e_, e~p, e h, pp, hh, u =, vy, ... )
@ Centre-of-mass energy
@ Luminosity
e Asymmetry (HALHF or Belle I1)
@ Hermetic or forward only

Will focus on FCC-ee experimental challenges, but also show differences at linear colliders,
muon colliders, and FCC-hh
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— Looking for the needle in the haystack
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University of
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@ Collision of point-like particles
— Initial E and p known
e No multijet (or QCD)
background
e No total line six orders of
magnitues above the EW
gauge bosons!
o All collisions are interesting!
o O(10°) Higgses at e-e~
Higgs factories
e Almost no pile-up
e Lower radiation environment

@ Especially sensitive to EW
states

@ Directly produce ligher BSM,
indirect sensitivity through

precision
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n collisions Universi

@ Collision of point-like particles
— Initial E and p known

¥ e No multijet (or QCD)

b background

positron

e No total line six orders of
magnitues above the EW
gauge bosons!

o All collisions are interesting!

o O(10°) Higgses at e-e~

100 |\

€ Single Z
10°F

10 Single W Higgs factories
W fusion e Almost no pile-up
10" M . .
e Lower radiation environment

i o Especially sensitive to EW
WW pair decay at LEP2, detected
by ALEPH (source). 50 100 150 200 250 300 350 400 states

Vs /GeV . .
e+e— cross section [1]. @ Directly produce ligher BSM,

— Measure a needlestack: How many needles and how indirect sensitivity through

pointed are they? precision
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The Future Circular Collider (FCC) integrated programme W) priverttyol

Zurich™
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EW: 2.4-108 WW, 6-10'? Z

Flavour: O(10'?) bb, c¢, etc., O(10'1) 77
H: 1.78 - 10° HZ, 125k WW — H

Top: 1.9-10° tt
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The Future Circular Collider (FCC) integrated programme B vonnerof
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Possible FCC-ee run plan [2]

EW: 2.4-108 WW, 6-10'? Z

Flavour: O(10'?) bb, c¢, etc., O(10'1) 77
H: 1.78 - 10° HZ, 125k WW — H

Top: 1.9-10° tt

So what can be done with this many rather
clean collisions?
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Physics at the FCC-ee
A few highlights
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University of

H Iggs phySICS Zurich™

Shape of the Higgs potential:
V(h) = + \avh?
FCC-ee: Ind|rect measurement

Yukawa couplings to third-generation quarks
and 7 and to W and Z established. Now look-

_ ing at second generation (except p, to be done
@ Probe a non-zero value for the Higgs at HL—LHC)

self-coupling (A3) at better than 95% CL  recanayses: eceesi

10°E DEa, e'e” - Z(vv)Hi)

@ Accurate ttZ and Higgs couplings O 00 Gov Lo 1
—  FCC-hh: measurement down to few % g

Hee

level in gg — HH — g

Hre

[ preC|S|on (global fit)

4 |P>"\f:°'ea"

Discovery of ¢ Yukawa
coupling guaranteed, s

107"
0 20 40 60 80 100 120 140 160 180 200 220 240 not too far away

M, (Gev)

G. Marchiori, FCC Physics
Workshop 2023.

>\3 in loops at FCC-ee [3]

Latocev (ab™")

C. Grojean
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EW and top physics nivers

LEP1: 18-10°% Z bosons

Armin llg (UZH) Experimental challenges at future colliders CHIPP Strategy Update Workshop ECR Discus



EW and top physics i) Universityof

LEP1: 18- 10° Z bosons
FCC-ee: 6-10'2 Z bosons — LEP1 programme in couple of minutes (LEP2 W stats in 90 min)

Observable Presentvalue emor  FCCee St FCCeee Syst. Comment and dominant exp. error, =

my, (keV) 91,186,700 2 2200 5 100 From Z line shape scan Beam energy calibration —

Tz (keV) 2,495,200 4 2300 8 100 From Z line shape scan Beam energy calibration 3 C

RZ (x10%) 20,767 425 0.06 0.2-1.0 Ratio of hadrons to leptons acceptance for leptons =

a (mg) (x10%) 1196430 [ 04-16 From R above [43] B

Ry, (x10°) 216,290 60 03 <60 Ratio of b to hadrons stat. extrapol. from SLD [44] € C

T (x10%) (nb) 41,541 £37 0.1 4 Peak hadronic cross-section luminosity measurement -

N (x10%) 20917 0.005 1 Z peak cross sections Luminosity measurement 80.37—

sin2651 (x109) 231,480 + 160 3 25 From A% at 7 peak Beam encrgy calibration r

1/egen (myz) (x10%) 128,952+ 14 4 Small From Al off peak [34] C

AL (x10%) 992£16 002 13 b-quark asymmetry at Z pole from jet charge 80.36—

AR (x10%) 1498 + 49 0.15 < Polarisation and charge asymmetry T decay physics -

my (MeV) 80,350 % 15 05 From WW threshold scan Beam energy calibration E ——FcCee Zpoie)
'w (MeV) 2085 +42 12 From WW threshold scan Beam energy calibration 80.35— — FCC-ee (Direct)
s (myw) (x10%) 1170 £420 3 From R} 45] r

N (<109 202050 08 Ratioof inis. to leponic in aditive Z returns r +=+ LHC (Future)
gp (MeV) 172,740 4 500 17 From tf threshold scan QCD errors dominate 80.34 1~ LHC (Now)

Tep (MeV) 1410 + 190 45 From tf threshold scan QCD errors dominate C Z pole (now) + m|
aop/ M 12403 01 From tf threshold scan QCD errors dominate r —— Standard Model
uZ couplings +£30% 0.5-1.5% Small From Ecy = 365 GeV run 8033 L

|
174 176

Precision measurements at FCC-ee (FCC CDR) 68% C.L contours of EW fit at FCC-ee (FCC CDR)
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EW and top physics i) Universiyof
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|
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Precision measurements at FCC-ee (FCC CDR) 68% C.L contours of EW fit at FCC-ee (FCC CDR)

FCC-ee is a Higgs, EW and top factory!
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Physics at the FCC-ee: Flavour physics University of

Zurich™

Particle production (10°) B /EO B* /B~ BY /ES Ay /ANy e T/

Belle 11 27.5 27.5 n/a n/a 65 45
FCC-ee 300 300 80 80 600 150
Total fit
1200 FCC-ee — Blau'u

Z" —5 bb Delphes simulation

& 100 | Simulated data
. 80 T T
40:- 1—;{% Preliminary _
60 k BDT 0.5

Cand

A

Al
A

5250 5300 5350 5400 5450 3000 s e f{;ﬂ“
m(p*p) [MeV/cd wn

phel Lt 1

ftae

Candidates / (27.5 MeV/c?)

S. Monteil, FCC Flavours Workshop 2022
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Physics at the FCC-ee: Flavour physics University of

Zurich™
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University of

Physics at the FCC-ee: Flavour physics Zurich™

Particle production (10°) B /EO B* /B~ BY /ES Ay /ANy e T/

Belle 11 27.5 27.5 n/a n/a 65 45
FCC-ee 300 300 80 80 600 150
Total fit
120 FCC-ee — Blau'u
29 —» b5 Delphes simulatior A Bowe

FCC-ee is a Standard Model factory! ‘

o ;
S o] LA Petiminary b E
g 9t —— Total p|
- BDT 205 == ]
5 30 — E

|
m ’AII great and easy, right? '{

20 [, T = g ]
/(V'// " ‘\k J k,_‘ ()E-;w-. sy Nl g
TSN, Y Sr = :
5000 5500 6000

5250 5300 5350 5400 5450 »
2 - [MeV/
m(p*p) [MeV/cd My [MeV/e?]

S. Monteil, FCC Flavours Workshop 2022
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The Future Circular Collider (FCC) integrated programme 1) Yniverttyof

i 00— T T T T T ! T T ™/

'§> i ‘ I 1 Experimental challenges

£

§ ol i @ Need to match tiny statistical

g I ] uncertainties with theoretical and

0 i 1 experimental systematic uncertainties of

0 ; é .’!\ é 7 é é 10 1 1‘2 1‘3 1I4 1Ylféar186 0(10_4_10_5)|
Possible FCC-ee run plan [2] e Event rate of ~ 100kHz @ Z-pole —

EW: 2.4 10° WW, 61012 Z « challenging! almost no pile-up, but want to read out
Flavour: O(10'2) bb, c¢, etc., O(101) 77 every every single of these collisions with
H: 1.78 - 10° HZ, 125k WW — H a very well defined efficiency!

Top: 1.9-10° tf

So what can be done with this many rather
clean collisions?
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The Future Circular Collider (FCC) integrated programme 1) Yniverttyof
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g I ] uncertainties with theoretical and

0 i 1 experimental systematic uncertainties of

0 ; é .’!\ é 7 é é 10 1 1‘2 1‘3 1I4 1Ylféar186 0(10_4_10_5)|
Possible FCC-ee run plan [2] e Event rate of ~ 100kHz @ Z-pole —

EW: 2.4 10° WW, 61012 Z « challenging! almost no pile-up, but want to read out
Flavour: O(10'2) bb, c¢, etc., O(101) 77 every every single of these collisions with
H: 1.78 - 10° HZ, 125k WW — H a very well defined efficiency!

. 6 7 .
Top: 1.9-10° tt ow are these challenges overcome experimen-

tally?

So what can be done with this many rather
clean collisions?
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Particle detection at colliders e

Sflicon -7 K
Tracker

Ny
Electromagnetic

Calorimeter
Hadron
Callorf perconducting
Solenoid Iron return yoke interspersed
witth muon chambers
Muon Electron Charged hadron (e.g. pion)
-==-Neutral hadron (e.g. neutron) ----. Photon

Particle detection in CMS ((©2016 CERN).

eTe™ experiments similar structure. Main difference: First acc. magnets inside experiments!
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https://cds.cern.ch/record/2120661?ln=de

University of

Vertex detector ]

FGCee Reco. Jets - (Deeplet Transformer on Zqa Jets) V5 = 91 GeV

For anything that has secondary vertices!

@ b and c hadrons, taus, V0s, ... .
@ Reconstruct complex decay chains ‘ ‘
@ Particle lifetime measurements e Secondary vertices for
.. . —— ; : s-tagging [5]
o Efficient flavour tagging (b/c/g/s e
gg g ( / /g/ ) BO N K*OT+T— [4]

Stringent requirements on vertex detector to limit syst. uncertainties: |~ ———_ TiIX

T

—  Coverage down to |cos(6)| < 0.99 and high reco. efficiency

— 04y =ad psT‘;/zg with a =~ 3 um, b = 15 umGeV
@ a given by sensor resolution — Small single-hit resolution, pixels

loss in precision (%)

@ b given by multiple scattering — Minimise material budget 1 ) st st tator
. . . Impact of IP resolution on
(number of radiation lengths Xp) in vertex and beam pipe Yukawa coupling

measurement (L. Gouskous)
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https://indico.cern.ch/event/1298458/contributions/5977767/attachments/2875394/5035391/lg_fccee_higgs_fccweek_2024mar.pdf

c University of
TraCklng Z:rll\ﬁ'ruﬂ yo

Reconstruction of the charged particle trajectories
@ Large radius due to lower momenta and B field limited to 2 (or

N T
@ Precise angle determination in di-muons, < 100 prad

@ Need for exquisite momentum resolution of

o(1/pt) ~ a® b/pr, with a~ 3 x 107°GeV~!, b~ 0.6-103 [ j( :
o Again minimise the material budget I /'
o Either some precise hits (silicon tracking) or many less precise /)
hits (gaseous tracking) 4

. - . . Visualisati f tracki .
e Gaseous tracking benefitial to long-lived particle searches isualisation of tracking [0]

@ Precise tracks are important ingredient to particle flow
reconstruction
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Ca |OI’I metry University of

Zurich™

EM calorimeter
@ Supreme energy resolution for
o B, — D,K: Pions may require 5%/vE
o Resolution on Higgs mass in ete™ — Z(— ete™)H almost as good as in utu~ with
3%/VE (M.T. Lucchino et al. [7])
o Zv.v, coupling

Traditional Calorimetry Particle Flow Calorimetry
Wea

Particle-flow reconstruction s 0

e Optimise jet energy resolution by individually | — ==
reconstructing each particle and using the best
measurement for each (tracker, ECAL, HCAL) i = E(ECAL + E(HOAL) = E(Tracken) + EQ1) + ECun)

Composition ~30% :(~70% Composition ~60% : ~30% :(~10%

CXS
)
o%® Kun

@ Needs transverse and longitudinal granularity Particle flow calorimetry (M. Dam)
Hadronic calorimeter

@ Sensitivity down to few 100 MeV

@ Single hadron resolution of 25—50%/\/E

@ Particle Flow — Enough for jet resolution of ~ 3—-4 %
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Particle identification: Distinguishing K, u, m, €, v pniversity of

e Kaon ID for flavour tagging (s jets contain more kaons) and flavour physics

@ ~y/neutral hadron separation for particle flow reconstruction

e Background suppression in flavour physics (e.g BY — DsK from B — Dsr)
Drift chamber as tracker

e dE/dx and/or cluster counting (d/N/dx)
Timing measurement for time-of-flight

e O(30) ps to get PID at low momenta (LGADs, MAPS, etc.). O(100)m? of sensors needed
Ring i |mag|ng Cherenkov (RICH) detectors

time of flight Kaon-pion separation significance in ARC barrel

- Composite vessel wall

significance

2 - combined i —Gas
Insulation + support — Acrogel
1
| \ [
8| dewalor(zs@ 10—
4
“'°5°'® _ Photosensor o))
2 L —
1 1‘0 ;0‘
Momentum [GeV/c’] ARC detector (one cell) L o“
Kaon-pion separation using drift Cell of ARC detector for FCC-ee (R. arertn oo

chamber and TOF (F. Bedeschi [8]) Forty) Kaon-pion seperation in ARC (M. Tat)
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https://indico.cern.ch/event/995850/contributions/4406336/attachments/2274813/3864163/ARC-presentation.pdf
https://indico.cern.ch/event/995850/contributions/4406336/attachments/2274813/3864163/ARC-presentation.pdf
https://indico.desy.de/event/33640/contributions/128392/attachments/77681/100501/ARC_Presentation_ECFA_Workshop_DESY_6th_October_2022.pdf

Particle identification: Distinguishing K, u, m, €, v pniversity of

e Kaon ID for flavour tagging (s jets contain more kaons) and flavour physics
@ ~y/neutral hadron separation for particle flow reconstruction
e Background suppression in flavour physics (e.g BY — DsK from B — Dsr)
Drift chamber as tracker
e dE/dx and/or cluster counting (d/N/dx)
Timing measurement for time-of-flight

2
° O(30) ps to get Let's build some detectors with these ingredients! )m? of sensors needed
Ring i |mag|ng Chere

2
8 BT
§ “r { time of fight Kaon-pion separation significance in ARC barrel
= H dN/dx Composite vessel wall z
5 7 £ «r-+ COMmbined e ——— ey —Gas
@ | Insulation + support — Acrogel
10f-
i \ Focusing mwmr® /
8- i

@
— e
OE———

—— Cooling plate
1 Mgmentum [GeV/c;]OA ARC detector (one cell) L gu
Kaon-pion separation using drift Cell of ARC detector for FCC-ee (R. arertn oo
chamber and TOF (F. Bedeschi [8]) Forty) Kaon-pion seperation in ARC (M. Tat)
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https://indico.cern.ch/event/995850/contributions/4406336/attachments/2274813/3864163/ARC-presentation.pdf
https://indico.cern.ch/event/995850/contributions/4406336/attachments/2274813/3864163/ARC-presentation.pdf
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FCC-ee detector concepts + variations (RICH, different trackers, ...

(dN/ax)

CLD [9, 10]/ILD’ [11] IDEA [12, 13] . .A[LEéRO B
o ILC (= CLIC) —» FCCoee (s © Ot vertexing ® Si vertexing
1Col) @ Drift chamber (down to @ Drift chamber, silicon wrapper
o Si vertexing and Si 1.6% Xo, dNion. /dx) @ Noble liquid ECAL, Pb/W-LAr
tracking/TPC @ Silicon wrapper with T.O.F or W-+LKr
o Highly-granular ECAL and @ Crystal ECAL, light solenoid, @ ECAL and solenoid coil in same
HCAL. CALICE-like dual-readout calorimeter cryostat
@ Solenoid coil outside calorimete® #-RWELL muon detector in @ CALICE-like or TileCal-like

system return yoke HCAL

rmin llg xperimental challenges at future colliders trategy Update Workshop ISCuSs
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Differences at linear e e~ colliders Uriite 7ot

Zurich™

156 ns 20 ms
«> Gl
ClIC = (= = = =" =
e e Circular colliders better at low
1 train = 312 bunches, 0.5 ns apart \/g, linear better at high ﬁ

- not to scale - — Linear collider experiments

) Bunch structure at CLIC [15] ] optimised for larger
No continuous bunch collisions as in circular colliders

momenta
— Allows to power off on-detector electronics in-between o Larger B fields of 4T at
bunch trains — Makes cooling easier CLIC (limited to 2T at
— Need O(5 ns) time resolution to deal with beam Z pole), smaller tracker
o Larger depth of hadronic
backgrounds .
calorimeter

—  Time-projection-chamber as tracker is feasible, since
number of primary ions is limited (period between bunch
trains). At FCC-ee: Extremely challenging

@ Smaller beam pipe at
FCC-ee, but cooled

— 1-2 orders of magnitude less radiation damage
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Differences at 3 or 10 Tm,. V muon colliders

Main challenges:
@ Intense beam-induced background (muons constantly
decaying into detector)
—  Very complex machine-detector interface design
— Radiation levels at HL-LHC levels or ~ 1 order above
— Timing to suppress beam induced background hits

@ "HL-LHC detectors with amazing timing and better
resolution” or "FCC-ee detectors with amazing timing”

@ High-energy shower containment, measurment of very
high-momentum particles

| Vertex Detector | Inner Tracker | Outer Tracker

Cell type pixels macropixels microstrips
Cell Size 25pm x 25pum | 50pm X 1mm | 50 pm x 10 mm
Sensor Thickness 50 um 100 pm 100 pm
Time Resolution 30ps 60 ps 60 ps

Spatial Resolution S5um X 5pm Tum x 90pm | 7pm x 90 pm

rmin llg xperimental challenges at future colliders trategy Update Workshop ISCuSs
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https://indico.cern.ch/event/1293507/contributions/5436398/attachments/2721833/4730607/ECR_NPastrone_MuonColliderDetectors_27set23.pdf

FCC-hh (check [ ] for details) Univess

Not so difficult
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FCC-hh (check [ ] for details) Universityof

Take ATLAS
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FCC-hh (check [ ] for details)

Take ATLAS, strap two LHCb's to it on both
sides
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FCC-hh (check [ ] for details)

Take ATLAS, strap two LHCb's to it on both
sides, reconstruct events with pile-up of 1000
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FCC-hh (check [ ] for details) @) uriyer

Take ATLAS, strap two LHCb's to it on both
sides, reconstruct events with pile-up of 1000,
make it sustain 100 times more radiation than
HL-LHC (108 NIEL)
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FCC-hh (check [ ] for details) @) uriyer

Take ATLAS, strap two LHCb's to it on both
sides, reconstruct events with pile-up of 1000,
make it sustain 100 times more radiation than
HL-LHC (108 NIEL), extend forward coverage
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FCC-hh (check [ ] for details)

Take ATLAS, strap two LHCb's to it on both
sides, reconstruct events with pile-up of 1000,
make it sustain 100 times more radiation than
HL-LHC (108 NIEL), extend forward coverage,
you're done

1 b Forwar

9 00 11 12
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Conclusions Elivers]

Lots of challenges for all proposed colliders.

If approved, the next 5 years will be the time in which the collaborations for the next
generation of collider experiments will be formed.

Huge room for contribution, innovation, and crazy ideas...
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University of

Conclusions ELivers

Lots of challenges for all proposed colliders.

If approved, the next 5 years will be the time in which the collaborations for the next
generation of collider experiments will be formed.

Huge room for contribution, innovation, and crazy ideas... from you!
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Thanks!
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Links to other good intro talks i

@ Mogens Dam and Nadia Pastrone @ Future Colliders for ECRs Workshop
@ Mogens Dam @ CERN EP R&D day 2022
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https://indico.cern.ch/event/1293507/contributions/5436398/
https://indico.cern.ch/event/1156197/contributions/4883492/attachments/2465074/4227052/EPRD_220620.pdf
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How to concretisise the detector designs?

A lot of work done for the feasibility study, but many points still open
@ Requirements to the accelerator? (backgrounds, space constraints, etc.)
@ Expected performance? What can we do with the particles we get?
@ What next-gen detector technologies can benefit the FCC-ee physics program? Different
detector concepts?

Feedback-loop

detector sample . theor: - .
Sensor perf. ~— Subdetector perf. il physics perf. 8" sensor specification
sim. analysis input

What you can do:
e Develop your new instrumentation, e.g. within the Detector R&D (DRD) collaborations
@ Describe your detector (variants) in simulation, perform/implement/improve
reconstruction
@ Sample analysis: Study a process you're interested in, compare different detectors
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The common software vision: Key4hep Zurich™

Key4hep is a huge ecosystem of software packages adopted by all future collider projects,
complete workflow from generator to analysis

@ Event data model: EDM4hep for exchange among framework components

e Podio as underlying tool, for different collision environments
e Including truth information

@ Data processing framework: Gaudi
@ Geometry description: DD4hep, ability to include CAD files
o Package manager: Spack: source /cvmfs/sw.hsf.org/Key4hep/setup.sh

[EDM4hep DataModel Overview (v0.6)

Event Data Model: EDM4hep

Generic Detector
Description Model
based on ROOT TGeo

Alignment

Recon- Analysis Cahb;a(mn
e struction /
” Es (R | S Dieasion seCin Provided »
- Vertex Tracking Fevoriaooeg extensions
Prn
o %y TrackerHit “4= > 4 = -
Sicteriy TIPS~ TrackerHitPlane i’ U <
Monte Carlo X Reconstruction & o | .
A C Raw Data | Digitization Analysis DetEar e omety DDANED ‘
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https://Key4hep.github.io/Key4hep-doc/
https://edm4hep.web.cern.ch/
https://github.com/AIDASoft/podio
https://gaudi.web.cern.ch/gaudi/
https://dd4hep.web.cern.ch/
https://github.com/Key4hep/Key4hep-spack

FCC-ee collision environment at the Z pole

a
WW, ~160 GeV
! Hz,~240 GeV
\
ttbar, 350-365(GeV

©: eTe™ collisions are clean - there's no QCD in the initial state
@: Very high inst. luminosity of 140 x 103*cm™2s~! thanks to 50 MHz
bunch collision rate (tgc = 20 ns)
@ Very high rate of interesting events (200 kHz of Z) that need to be
and saved (and simulated!) ’

o Considerable , mainly from incoherent pairs
e Hit rate of O(200 MHz/cm?) for innermost layer P
. . . eTe™ annihilation
—  Trigger-less readout will be challenging cross section [1]

@ "Pile-up” of 200 kHz/50 MHz = 0.004 at Z-pole i

— Integrate over of a couple of bunch crossings?
— But need to check impact on uncertainties
e Timing of O(few ns — 1 ps)

e O(1 x 10'* 1 MeV negem™2) and O(10 MRad/100 kGy) per year

K o C—

Incoherent pairs at
pole [17]
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Higgs physics bonus: Elect

Gives mass to e, in nature everywhere! Unique to FCC-ee, in dedicated run at /s = my

a One of the toughest challenges, which requires in particular, at v/s = 125 GeV
+ Higgs boson mass prior knowledge to a couple MeV, requires at least the design lumi at v/s = 240 GeV
¢ Huge luminosity, achievable with with several years of running and possibly 4 IPs
+ /s monochromatisation : T, (4.2 MeV) < natural beam energy spread (~100 MeV)
o First studies indicate a significance of 0.46 with one detector in one year
AN N 40 Significance e+e-—H, Vs=125GeV
NS b
16 o (2): with ISR \g 0
(2): 8Vs =6 MeV o N 60
14 (3): 8v/s = 10 MeV g} N
aQ
12 2.0
g N e e
Z o8
©
0.6
04
0.2 @ - la =
=5yrs @ Vs = 125 GeV
L
125.08 125.085 125.09 125.095 125.1 Still working on optimizing luminosity vs monochromatization
Vs (GeV) 2 34567 10 20 30 100 200
Zin (ab7)
P. Janot
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