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Origin of
EWSB?

Thermal History of Higgs Portal
Universe to Hidden Sectors?

Naturalness Stal?'“ty of
Universe

Higgs
Physics
CPV and
Baryogenesis

Fundamental
or Composite?

Origin of

L,
Is it unique* 1asSEs?

Origin of

Flavor?
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https://arxiv.org/abs/2211.11084

Initial state well defined
= High-precision measurements

Higgs bosons appear in 1 in 100 events

= Clean experimental environment and
trigger-less™ readout

Higgs at e*e-
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o(e’e” — HX) [fb]

H Iggs at e+e- The Energy Frontier 2021 Snowmass Report

= L L R I - ZH is dominant at 250 GeV
- Hv v, - - Above 500 GeV
10° / — + Hvv dominates
He'e — - ttH opens up
. — _
i ttH ZH :
107" | -
10—2 J_J
0 1000 2000 3000
\'s [GeV]
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o(e’e” — HX) [fb]

H |ggS at e+e- The Energy Frontier 2021 Snowmass Report

S D T - ZH is dominant at 250 GeV
- Hv .V, - Above 500 GeV
10° / - Hvv dominates
He'e = - ttH opens up
- / _
- ttH cH :
1E f\ E
107" | -
10—2 J_J
0 1000 2000 3000
\'s [GeV]
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H Iggs at e+e- The Energy Frontier 2021 Snowmass Report
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o(e’e” — HX) [fb]

Higgs at ete-

The Energy Frontier 2021 Snowmass Report
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- /ZH is dominant at 250 GeV
- Above 500 GeV

- Hvv dominates
- ttH opens up


https://arxiv.org/abs/2211.11084

FCC Feasibility Report

FCC RU N planS ESG Physics Briefing book 2025

Working point Z pole WW thresh. ZH tt

Vs (GeV) 88, 91, 94 157, 163 240 340-350 365

Lumi/IP (103* cm—2s—1) 140 20 7.5 1.8 1.4

Lumi/year (ab—1) 68 9.6 3.6 0.83 0.67

Run time (year) 4 2 3 1 4

Integrated lumi. (ab™?) 205 19.2 10.8 0.42 2.70

2.2 x 10° ZH 2 x 10° tt
Number of events 6 x 1012Z 2.4x10° WW -+ + 370k ZH

65k WW - H +92k WW — H

< Quasi-total order flexibility
| | | ; | i | |
200 — ' '

—

ww / ZH
" X 10

—

10/ab with 4IP
Available for Higgs physics

100 —

—

Integrated luminosity [ab™]

—

—

’ ; |
1 12 13 14 15
Years
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Higgs couplings at future machines ESG Physics Briefing book 2025

B vec [ Fcc-hn LCF 2250 CLIC 0 FCC-ee zmmwizéo B MuCiore
o B P B i B Fcc-cozmmane
L i ol TP — P Weceren O
. The rare ZY /,U Couplin gs challen gin g HEP[T 68% probability sensitivity - All scenarios combined with HL-LHC o Porichs Pisohcs
to measure at all future machines T T _ 1.5/ 'Y S 1.5
- HL-LHC 3/ab data remains 1 .
essential Sodl [ %
FCC-ee achieves the best precision o il N
across the accessible couplings 0.0 00
+ HL-LHC + FCC-ee (running below | 4 as 28
HH threshold) achieves ~17-20% . s
precision on A_ through EW £ 5 5
corrections in single-H processes 1t | 05
0 0.0 0.0
2.0 4
I AL 3
£ f\iw - £,
I_ 0.05!| ¢
0.0 0.0 e I ) o o 0
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arXiv:2209.07510

Precision and discovery potential arXiv:1506.05992

New physics can show up with different patterns of deviations from the SM values

MSSM (tang =5, M, =700 GeV) MCHMS5 (f = 1.5 TeV)

15 15

10% 10%
5% 5%

0% 0%

Higgs coupling deviation from SM
Higgs coupling deviation from SM

ILC Projected Higgs coupling precision (model-independent)
500 GeV, 4000 fb™' @ 350 GeV, 200 fb" @ 250 GeV, 2000 fb’
—— Model prediction

ILC Projected Higgs coupling precision (model-independent)
500 GeV, 4000 fb™' @ 350 GeV, 200 fb' @ 250 GeV, 2000 b
—— Model prediction

Precision is complementary to direct searches at LHC

1l A
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Precision physics and its experimental challenges

(Higgs) Physics benchmarks
Z physics imposes additional constraints - next talk
(Beam structure and beam-induced backgrounds further limit design choices) - not today

SLAL  cCaterina Vernieri + HFCC 2026 Higgs meeting * June 3, 2026



Physics benchmarks for e+e-

Different energies — different physics goals — different detector requirements?
NG\

Higher Energies, O(500) GeV
- ZHH and ttH: multi-(b)jets final state
ZHHT >°° tt, top mass
Higgs boson physics at 240-250 GeV

- Measurement of the total ZH cross section with <1% uncertainty
- Measure Higgs boson mass to 0.01% accuracy and branching ratio to invisible

1% iﬁg particles using Z recoil, with 0.1% or better uncertainty.
Z pole run, TeraZ program, WW threshold
- Precision measurement of electroweak parameters: sin26w, Z and W masses and widths, ...
ZH ?2:?0 - Limits B field to 2 T and stability to 10°
4 . Absolute normalization of luminosity to 10*

- Track angular resolution < 0.1 mrad

Z =4
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Physics benchmarks for e+e-

Different energies — different physics goals — different detector requirements?
NG\

Higher Energies, O(500) GeV
- ZHH and ttH: multi-(b)jets final state

Higgs boson physics at 240-250 GeV
- Measurement of the total ZH cross section with <1% uncertainty

- Measure Higgs boson mass to 0.01% accuracy and branching ratio to invisible

1k iﬁg particles using Z recoil, with 0.1% or better uncertainty.
Z pole run, TeraZ program, WW threshold
- Precision measurement of electroweak parameters: sin26w, Z and W masses and widths, ...
ZH ?%TO - Limits B field to 2 T and stability to 10°
4 . Absolute normalization of luminosity to 10*

- Track angular resolution < 0.1 mrad

Z —Aa
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How physics drives detector requirements

arXiv:1604.07524

arXiv:2203.07622

Unprecedented precision unlocked with a well defined initial state

initial 4-momentum

- nominal CM energy +

* beam energy spread [ < 0.2%/beam | +
* beamstrahlung energy loss

smearing due to Z momentum ~ smearing due to beam energy spread
dpt /pt ~ few x 105 pt @ high momentum

SLAL  cCaterina Vernieri + HFCC 2026 Higgs meeting * June 3, 2026
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arXiv:1604.07524

How physics drives detector requirements arxiv:2203.07622

Unprecedented precision unlocked with a well defined initial state

initial 4-momentum C
- nominal CM energy +

~H—X 2 -
R H Myecoil =

s+m% —2-Ez -

* beam energy spread [ < 0.2%/beam | +

- beamstrahlung energy loss 4- momentum measured by detector

smearing due to Z momentum ~ smearing due to beam energy spread
dpt /pt ~ few x 105 pt @ high momentum

SLAZL Caterina Vernieri + HFCC 2026 Higgs meeting * June 3, 2026
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How (Higgs) physics drives detector requirements  rcc¥ashin fepo

Unprecedented precision unlocked with a well defined initial state

(d)p) B ! L L L o = =
2 | e ToymcData - ZH process: Higgs recoil reconstructed from Z decays
g’ o ——— Signal+Backaround _] o Drives requirement on charged track momentum and
1 400 g g - | |
D | R Signal . jet resolutions
300 - . Background _‘ o Drives need for high field magnets and high precision /
- _ i low mass trackers
i e'+e - pu'u + X@ 250 GeV ]
200 - - peak ~ Higgs mass ~ 4-12 MeV
[ ook T i , FCC-ee simuiation /s = 240 GeV, 10.8 ab™
100 ] I [
| g 1 8= Muon final state Z(w'w)H (stat. +syst) |
| - ' . IDEA 8(m ) = 4.74 MeV
O I L T . L TX T N —— 1.6 :'— """ — IDEA perfect resolution 3(m ) =3.95 MeV |~
110 120 130 140 150 A :322??):4{14:”8; NP
. 2 - — silicon ra:c er §(m )= 5. : e
Recoil Mass (GeV/c?) 1ol \ T / .........................
1: :
0.8: . ......................... ......................... : ...................................
0.6 :_. ......... l \ ...................... ......... .....................................
04 AN\ S/ —
0.2 :_ .............................. ................................ .....................................

1?4.99 124.995 125 125.005 125.01
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How (Higgs) physics drives detector requirements  rcc¥ashin fepo

Unprecedented precision unlocked with a well defined initial state

L L L L A L L L L I B
—®— Toy MC Data

Events

400 — Signal+Background
+ """ Signal
300 ,"l e Background

e'+e - u'u + X @ 250 GeV

200

|||||||||||||||||

I|llll|llll|llll|llll

100

® -
- -
-
ol

]
u , -
S R TR SO S i w— e B SN IS F——

O Ll |
110 120 130 140 150
Recoil Mass (GeV/c?)

ZH cross section can be measured with O(1%)
precision and in a model independent way
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ZH process: Higgs recoil reconstructed from Z decays

o Drives requirement on charged track momentum and
jet resolutions

o Drives need

for high field magnets and high precision /

low mass trackers
peak ~ Higgs mass ~ 4-12 MeV

-2ANLL

0.8

0.6

0.4

0.2

FCCiee Simulation s =240 GeV, ;o.z; ab”’
_:_ ,,,,, Muon final étate Z(wu)H (sfat. +syst) |

IDEA 8(mh) =4.74 MeV
— | = |DEA perfect resolution S(mh) =395Mev |
- |DEA 3T 8(mh) =4.14 MeV

- |DEA CLD silicon tracker 8(mh) =5.73 MeV

| / .........................

1?4.99 124.995 125 125.005 125.01

m, (GeV) 1 1
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Impact on calorimeter performance FCC Feasibility Report

0 FCC-ee Simulation | s = 240 GeV, 10.8 ab™’
2 Ll f 111 O(50) GeV electrons (2T field) arrive 2—3 cm from the
J 18— T wwem)=anaMey electron at the calorimeter entrance
CF e'e” o(m,) = 5.68 MeV — transverse granularity < 1x1 cm?2 and longitudinal
1.6 | == pu-+ete d(m)=3.97Mev [ : :
- — segmentation to resolve overlapping showers
7| SR | E— S I —
12\ 1 W .................................... T —
1 Efficient photon bremstralung recovery for Z(ee)H
- — assuming ECAL high granularity and 3%/V/E EM resolution
08:_ ............................... .................................. .................................. .................................... _} improves mH by 220/0 compared to y-channel alone
0.65' ................................ ............................... ................................. .....................................
- Also: Distinguish W, Z, H = hadronic jet energy resolution
04:_, ................................ ................................ ................................ ..................................... oE/E ~ 3 _} 5 o/o Over Wide energy range
0_25_ ................................ ................................ ................................. .....................................
: | | | | l | | | .. | | | | | | | |
124.99 124.99 125 125.00 125.01

m, (GeV)

L Yo
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Impact on calorimeter performance FCC Feasibility Report

oo FCC-ee simulation Vs =240 GeV, 10.8 ab™"
=2 [ Ll f 111 O(50) GeV electrons (2T field) arrive 2—3 cm from the
J 18— T wwem)=anaMey electron at the calorimeter entrance
CF e'e” om,) =568 MeV — transverse granularity < 1x1 cm2 and longitudinal
1.6 — | — -+ ete (m)=397MeV [ : _
i — segmentation to resolve overlapping showers
14 :_ .............................. .................................... ..................................
12\ 1 W ................................... T —
i Efficient photon bremstralung recovery for Z(ee)H
- — assuming ECAL high granularity and 3%//E EM resolution
085_ ............................... .................................. .................................. .................................... _’ improves mH by 220/0 compared to y_channel alone
0.6} ................................ ............................... ................................. .....................................
- Also: Distinguish W, Z, H — hadronic jet energy resolution
04:_, ................................ ................................ .. ..................................... GE/E ~ 3 _} 5 o/o Over Wide energy range
0.2 5_ ................................ ................................ ................................. .....................................
Dioe 1'24_'99' e 1'25!00' T 125.01 More studies needed to assess needs on

m_(GeV) granularity / segmentation
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Flavor tagging and vertex detector

G. Sadowski LCWS 2024

arXiv:2003.01116

Higgs — bb/cc decays challenges vertex detector

Flavor tagging at unprecedented level

Drives requirement on charged track impact parameter
resolution = low mass trackers near |IP

<0.3% X0 per layer (ideally 0.1% Xo)
b

prsinl’2g

GdO — Clea

Constant term describing resolution ~ 3-5um
Multiple scattering term decreasing with pr~ 15um* GeV

el Ay
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https://arxiv.org/abs/2003.01116
https://agenda.linearcollider.org/event/10134/contributions/54629/attachments/39740/62754/LCWS2024_GaelleSadowski.pdf

G. Sadowski LCWS 2024

Flavor tagging and vertex detector ArXiv:2003.01116
Higgs — bb/cc decays challenges vertex detector — 100 5SGeeCLD —
] E Si‘ng:’ =uiGonVXD res 1 #m
Flavor tagging at unprecedented level = 2 100CeY VXD ros 1 fm
Drives requirement on charged track impact parameter o0 10° : E;i?@'ﬁ%ﬁsﬁ% -:
resolution = low mass trackers near IP % = BIio WO sl
. S p=1GeV. VXD res 7 um
<0.3% X0 per layer (ideally 0.1% Xo) - E:i%ggvyg%éj‘h
b 10° o E
o; =ad :
d . o
0 prsinl’2g ® .
v ¢ ¢ ¢
10 I } - - 3
. : N oo = [=J N
Constant term describing resolution ~ 3-5ym A N
Multiple scattering term decreasing with pt~ 15um* GeV 1 . ., A I

10 20 30 40 50 60 70 80 90
0 [deq]

Need new generation of ultra low mass vertex detectors with
dedicated sensor designs
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G. Sadowski LCWS 2024

Flavor tagging and vertex detector ArXiv:2003.01116
Higgs — bb/cc decays challenges vertex detector — 10¢FCCee CLD
E Sl.ng:’ =u1.GeV VXD res 1
Flavor tagging at unprecedented level = A Eii%‘.’%?m; {'fim
- . . — o p=1GeV, res 3 um
Drives requirement on charged track impact parameter T 10° 3 b= 1008el, VXD res Fiim
resolution = low mass trackers near IP % = BIio WOl
. : : e Vx ro;” m
<0.3% X0 per layer (ideally 0.1% Xo) ° - E:i?.?gi’vf’g%{?{s m
b 107 . <
L Yy: ° e -
prSin N i ' ° o ¢ o &
" L n = .—§
ag = . 8 a W (!] (!1 ; ! I '.:
Constant term describing resolution ~ 3-5um N g : ;
Multiple scattering term decreasing with pr~ 15um* GeV 1 e ., A .
S PPIPT TYTIN PETVE PYTYY YT IYPPY IPTTT PPN |-
10 20 30 40 50 60 70 80 90
0 [deg]

Need new generation of ultra low mass v
dedicated sensor desig

SLAZL Caterina Vernieri + HFCC 2026 Higgs meeting * June 3, 2026 .


https://arxiv.org/abs/2003.01116
https://agenda.linearcollider.org/event/10134/contributions/54629/attachments/39740/62754/LCWS2024_GaelleSadowski.pdf

nggS tO |nV|S|b|e & ” FCC Feasibility Report

-
o

Strong constraints on hadronic calorimeter performance £, E suer uo invis. =1.06 x10° Fcc-ee Simulation (Delphes)],
X - e'e— ZH =

SM: BR(H— vvvv) = 1.06x10% - beyond HL-LHC reach Y Tt o

Z(ee, UM, bb, cc, qq); Mvis as discriminant E 30— e iG] EP

* Results (10.8 ab' @240 + 3 ab* @365 GeV) & SM BR > BB e — E g

measured to 25% precision : fz— -- Z- qq ::

* 95% CLBR > 0.05% or 5 o if BR>0.13% £ 10§_  4

» Z — qq best sensitivity; 240 GeV run dominate 5F— Zee, uy, qg,cc,bb g

* 5% extra hadronic smearing = +130% uncertainty (Z—qq) prairmliiinlisioliinstiiel iy
H- cC /g g /S S Additional smearing to hadronic energy [%]

- Baseline performance 30% (IDEA dual-readout) vs 50% —
(ATLAS-type) vs 100% (CMS-type) <50 H oo
- Assuming an ideal PFA reconstruction setup with highly- Sl — 2%
efficient tracking and neutral hadron identification §;3O_
capabilities, the neutral hadron resolution drives the
sensitivity to the strange Yukawa coupling rkad
» Degrading by 50% (100%) HCAL stochastic term, H—=+ss 1o
gets 20% (55%) worse 0
30 50 100

Hadronic Calorimeter Stochastic Term (%)
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nggS tO |nV|S|b|e & ” FCC Feasibility Report

-
o

Strong constraints on hadronic calorimeter performance & ,,E swer uo invis.=1.06 x10° FcC-ee Simulation (Delphes),
X - e'e— ZH =

SM: BR(H—vvvv) = 1.06x10% - beyond HL-LHC reach Y Tt o

Z(ee, Ui, bb, cc, qg); Myis as discriminant E 30— e iG] EF

* Results (10.8 ab™ @240 + 3 ab™ @365 GeV) - SMBR = *- . T - E

measured to 25% precision - fgi : Z- ag ::

* 95% CLBR >0.05% or 5 o if BR>0.13% £ 10§_  EN

- Z = qq best sensitivity; 240 GeV run dominate 5E— Z->ee, pi,qq cc,bb s

* 5% extra hadronic smearing = +130% uncertainty (Z—qq) griiemlsiiasae taliias Lo ens Loy
H- cC /g g /S S Additional smearing to hadronic energy [%]

- Baseline performance 30% (IDEA dual-readout) vs 50%
(ATLAS-type) vs 100% (CMS-type)

» Assuming an ideal PFA reconstruction setup with highly-
efficient tracking and neutral hadron identification
capabilities, the neutral hadron resolution drives the
sensitivity to the strange Yukawa coupling

* Degrading by 50% (100%) HCAL stochastic term, H—ss
gets 20% (55%) worse

Relative Loss in Precision (%)

0

50 100
Hadronic Calorimeter Stochastic Term (%)
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Particle ID

arXiv:2202.03285
arXiv:1912.04601

£2019-900045-4
NIMA 1059 (2024)

Combininp different stratenies for ontimal PIIN) nerformance across a wide momentiim range

N

1 O o) an dalan
E‘ Ett;g:/?d.oi.o(:gtljlloh087%78-3-030-35318-6_7 TR + dE/dx Rich
= / '
% 1 X Gases,
;:) ME/dxA / \/
% / i Aerogel
L 10 _ Liquid/solid
a TOF
‘; FWHM = 100 ps
o
1072
p [GeV/(]
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https://arxiv.org/pdf/2202.03285.pdf
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https://arxiv.org/abs/2307.01929

arXiv:2202.03285
arxXiv:1912.04601

: £2019-900045-4
Particle |ID NIeMA1@(2()24)

Combining different strategies for optimal PID performance across a wide momentum range

Timing (e.g. ECAL, HCAL or timing layer) for time-of-flight for momentum < 5 GeV
dE/dx from silicon (< 5 GeV) and large gaseous tracking detectors (< 30 GeV)
PID for momentum larger than few GeVs via ionisation loss measurement (dE/dx or dN/dx)

Use H — ss to inform detector design, while monitoring other benchmarks’ performance
RICH could improve reconstruction of K+- at high momentum (10-30 GeV)

—
o
J

(4]
€ 9 -
20
7, -
o~ !
O 7 1%
I
6 -
S -
4 -
3 —
2 -
1 y
0
0.1

Momentum [GeV/c]
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arXiv:2202.03285
arxXiv:1912.04601

: £2019-900045-4
Particle |ID N|6MA1@(2024)

Combining different strategies for optimal PID performance across a wide momentum range

Timing (e.g. ECAL, HCAL or timing layer) for time-of-flight for momentum < 5 GeV
dE/dx from silicon (< 5 GeV) and large gaseous tracking detectors (< 30 GeV)
PID for momentum larger than few GeVs via ionisation loss measurement (dE/dx or dN/dx)

Use H — ss to inform detector design, while monitoring other benchmarks’ performance
RICH could improve reconstruction of K+- at high momentum (10-30 GeV)

=Y
o
J

- <p  --dE/dx IDEA
o7
'™ 8 - — dN/dx
“— 1
O 7 4%
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6.4
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4 -
3 —
2 —
1 4
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Strange tagging

A key lesson from the LHC is that ML combination of detector inputs maximizes performance

State of the art tagger : ParticleNet Tagger, O(1000) inputs/jet = [O(50) properties/particle] x [~50-100 particles/jet]
and ~2M |jets per flavor.

Evaluating impact of different PID detector configurations: PID: cluster-counting (dN/dx) + 30ps ToF system
Findings: limited impact of TOF mass measurement on strange tagging

Precision of H — s5 vs. Particle ID assumptions

FCC-ee Simulation (IDEA)

>.. 1 E— T T T T T T T | T 500 et e
= - L. Gouskos @FCC week ! ! : FCC Feasibility Report
¥o - e'e—=ZH,H—jj: ] 4007
© g s é . —
Q - j=uds,cbg i X400
g. _ § ! T%\350
-o_ 10—1 R R . e S = T
k> : 1 = 300-
é = e aw
- s taggingvs.ud - M 250
s a - S
- — b 200 )
10—2 é_ -'—noPID ........................ —E % 150
i “— dN/dx 3 §
B S : —— dN/dx + t.o.f (5,230 ps)_] = 100+
—— dN/dx + t.o.f (5,=3 ps) _ 50-
. /- 1 :+--+ ideal PID
— i | 4 | | | | | | | | 1 | | | l O
¥y 02 04 06 08 1

jet tagging efficiency
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Current benchmarks and next steps

Aggressive Conservative Comments
Vertex X/Xo < 1% — R., flavor tagging
Tracking o,/p < 0.1% for O(50 GeV) tracks o,/p < 0.2% My =4 MeV, 0I'z < 10 keV
ECAL og/E = 3%/VE 10%/VE Z — Velle, H — vy
HCAL og/E = 30%/VE 50%/vE H — s3, c¢, gg, inv.
Particle ID 30 K/m, p <40 GeV 30 K/m, p < 30 GeV H — 85, b — svv

1l AL
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Current benchmarks and next steps

Aggressive Conservative Comments
Vertex X/Xo < 1% — R., flavor tagging
Tracking ) keV
Technology EM energy resolution
ECAL :
stochastic term constant term
HCAL . :
| Highly granular Si/W based 15-17% 1%
Particle 1 - 141 readout fibre (ECAL+HCAL) 11% < 1%
Hybrid crystal (dual readout) 3% < 1%
Highly granular noble liquid based ECAL 8—10% < 1%

FCC Feasibility Report

1l AL
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Detector Designs, a quick overview

r(m)
5
|
4

ECAL E

"ALLEGRO

- Detector designs at all colliders features very similar strategies, main difference is in the B field
FCC@Z limits B field to 2 T to avoid a blow up of the vertical beam emittance
- CLD/ALFA - Compact all silicon tracking systems with highly segmented calorimeters optimized for PFA
- compensates the lower B field (2 T) with a larger tracking radius
- IDEA - Drift chamber with PID and dual readout calorimeter
- Allegro - Drift chamber and silicon wrapper with timing information and noble gas calorimeter

Lots of work in the past decades into ILC/CLIC detectors designs
and more recently into first CEPC/FCC detector concepts

SLAZL Caterina Vernieri + HFCC 2026 Higgs meeting * June 3, 2026
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Detector concepts

R A

Yoke + Muon system

HCAL

ECAL
Tracking system

Vertex detector

1l AR
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Detector concepts

R A

Yoke + Muon system
Solenoid
HCAL

ECAL
Tracking system

Vertex detector

1l AR
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Detector concepts

R A

Yoke + Muon system

Solenoid %%
HCAL
ECAL $$5

Tracking system
Vertex detector
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Detector concepts

R A

—— Z EEmmm  =s== ===m === _ ==

—
Timing e ——
layer(s)? —T— 5

1l AR
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Yoke + Muon system

Solenoid %%
HCAL
ECAL $$5

Tracking system
Vertex detector
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Detector concepts

R A

Yoke + Muon system

Solenoid $3%
HCAL
ECAL $55
Timing Tracking system
layer(s)?

Vertex detector

Z

Magnet and Calorimeters are generally driving detector cost (>30% each)
Optimizations and cost reduction are possible with targeted R&D
Physics benchmarks will have to guide overall detector optimization

1l AL
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Add | ng R I C H ? G. Sadowski LCWS 2024

A dedicated PID detector will need to take space from something else...

LD tracke Outer Tracker Barrel [nm|] R; R> R3
fe———— 22m . 02_v05 1000 1568 2136
‘ ST D 03 _v01 1000 1446.8 1849.2
R Outer Tracker Endcap [mm]  Z) Z1 Z> Z3
. 2 02_v05 1310 1617 1883 2190
| 7 03 v01 1310 1547 1752 1990
s .
| U FCC-ee
‘ | o 10 e
| — L > L5 =10dog, SLb-o3 V4 37
CLD detector o3 8 1 69 =30 agl CLD 02 _v52T
W6 = 30 deg, CLD 03 _v1 3T
b {8 =50 deg, CLD_02_v5 2T
~o ¢ =50 deg, CLD 03 _v1 3T
2 107'E +0=70 dog, CLD 031 3T
Lever arm reduced by 10% - * A 0= 89 dog, GLD 03w 3T
. - sl
= pr resolution should degrade by = 20% g{ L -
~— = &
: : © -3 ¢ ¢ 2
2 T to 3 T increases pr resolution and compensate the loss of 10 0 N
pt resolution caused by the reduced tracker length 10 ! 2
. " | 2 aaal
What about the calorimeter energy resolution ? i O B
Y e e
o1 A . . . . 1 10 10?
g~ Caterina Vernieri -+ HFCC 2026 Higgs meeting - June 3, 2026 momentum [GeV]
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https://agenda.linearcollider.org/event/10134/contributions/54629/attachments/39740/62754/LCWS2024_GaelleSadowski.pdf

Outlook

- FCC-ee will measure Higgs couplings to sub-percent precision across the widest set of
accessible channels - a qualitative advance beyond the HL-LHC program

» H—invisible: FCC-ee can exclude BSM branching fractions below 0.05% at 95% CL -
uniquely sensitive to Higgs portal dark matter, well beyond HL-LHC reach

» Achieving this physics program places stringent, (to be?) quantified requirements on detector
performance

- especially vertexing and calorimetry (HCAL stochastic term);

 Legacy linear collider detector work provides a foundation, but new technologies and full
simulations are needed to meet FCC-ee's more demanding and broader physics goals

- Revisit physics goals to refine detector requirements in light of new technologies
- Full simulations remain crucial to derive quantitative, optimized design choices
- Al tools can help reducing the parameter phase space

1l AL
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H |ggS Self'COUpling ESG Physics Briefing book 2025

68% probability sensitivity - All scenarios combined with HL-LHC

HL-LHC

LHeC

« HL-LHC + FCC-ee (running below HH threshold) achieves ~17-20%
precision on A

* Running above the HH threshold improves this; linear colliders at

LCF 2/250/s50/100 ~ 550 GeV and 3 TeV can reach 7-11%

» Few-percent precision requires high-energy machines: a hadron
collider or muon collider can reach 3-4%

LCFz/250

CLIC35

CLIC380/1500/3000

LEP3

FCC-eezww/240

for Particle Physics

l )
European Strategys |

HEP[iT
10 15 20 25 30
O0A3[%]

SLAL Caterina Vernieri -+ HFCC 2026 Higgs meeting + June 3, 2026 oa


https://arxiv.org/pdf/2511.03883

A. Blondel FCC 2024

(Z pole) physics requirements for detectors L Eysermans (2024

Z pole precision challenges even more detector design

[z Is extracted from the Z lineshape
systematic uncertainty should be ~ 5 keV to match statistical precision
Requires exquisite control and stability of the beam momentum scale
oIz ~ 20 (40) keV — sub-ppm (=10°) precision on beam-energy calibration
R demands precise knowledge of the geometrical acceptance
Absolute luminosity measurement at Z pole, required by peak Z cross section
ABmin ~ 10 urad to match statistical precision (2x10-5)

cross section, nb

N
.
.

D (S S —— S

equivalent to Ar ~ 30 um, Az ~80 um at 6 = 20° and z = 2.6m 160 160 7o Top view
Luminosity Monitors centered around outgoing beam lines o | o | .
ORmin ~ O(1 ym), dz ~ O(100 ym) 1 "
Ambitious goal: absolute normalization to 104 note O(102 ) for LHC and o oy |
relative (energy scan points) to 10 ol )

0 >

Current theoretical uncertainty: 3.8x10-4 , major theory efforts also needed

-20 4 -20 f

—40 + —40 +

—60 +

oa® _()0 4
True position z;,,. N I Theoretical

position zy, —80 4+

—80 +

-100 + —100 +

-120

- Z -140 +

- -160

—120 +

~140 +

_160 1 1 L L L L L
—-20 0 20 40 60 80 100 120 140 160 1040 1060 1080 1100 1120 1140 1160 1180 1200 1220

”
-
’d
-

On each side, tan0 =r/z

AO = sinB cosO (Ar/r — Az/z)

>
)

(N
5..
(
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A. Blondel FCC 2024

(Z pole) physics requirements for detectors L Eysermans (2024

cross section, nb

Z pole precision challenges even more detector design

[z Is extracted from the Z lineshape
systematic uncertainty should be ~ 5 keV to match statistical precision
Requires exquisite control and stability of the beam momentum scale
oIz ~ 20 (40) keV — sub-ppm (=10°) precision on beam-energy calibration
R demands precise knowledge of the geometrical acceptance
Absolute luminosity measurement at Z pole, required by peak Z cross section
ABmin ~ 10 urad to match statistical precision (2x10-5)

N
.
.

D (S S —— S

equivalent to Ar ~ 30 um, Az ~80 um at 6 = 20° and z = 2.6m 160 160 7o Top view

Luminosity Monitors centered around outgoing beam lines o | o | .
ORmin ~ O(1 ym), &z ~ O(100 pym) Qi -]
Ambitious goal: absolute normalization to 104 note O(10< ) for LHC and ot o0 |

140 + 40 + 1074 mm 1190 mm

relative (energy scan points) to 10-5 0]
Current theoretical uncertainty: 3.8x10-4 , major theory efforts also needed N

20 + = ———

-20 4

—40 + —40 +

—60 +

True position Zyye |\ | Theoretical
position z,, 80 4+

-100 + —100 +

-120 + —120 +

-140 + —140 +

-160 —160
—-20 0 20 40 60 80 100 120 140 160 1040 1060 1080 1100 1120 1140 1160 1180 1200 1220

oo
-
-
-—

On each side, tan0 =r/z

AB = sinb cosb (Ar/r - Az/z) This In-situ calibration technique could be used to
determine lumiCal acceptance
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PRL 85 (2000), 5059
SLAC-R-520

H(Sé), a new Opportunlty? arXiv:2101.04119

arXiv:2203.07535

Tagging strange is a challenging but not impossible task for future detectors at ete-

u, d S

As b,c, and s jets contain at least one strange hadron

Strange quarks mostly hadronize to prompt Ks

s-tagging demonstrated by SLD at SLC (e+e- at the Z)
measured asymmetry in Z(sS)
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PRL 85 (2000), 5059
SLAC-R-520

H(Sé), a new Opportunlty? arXiv:2101.04119

arXiv:2203.07535

Tagging strange is a challenging but not impossible task for future detectors at ete-

u, d S

As b,c, and s jets contain at least one strange hadron

Strange quarks mostly hadronize to prompt Ks

s-tagging demonstrated by SLD at SLC (e*e- at the Z)
measured asymmetry in Z(sS)

A limit on the BR H(ss) at ~5x above the SM value would
already be a significant probe to new physics.

This would be achievable at future ete-

1l AL
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Strange tagging

2203.07535

Momentum spectrum

0.06 i
0.05 F

0.04

0.03

arbitrary units

0.02
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0.00
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fraction of jet momentum
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PRL 85 (2000), 5059
SLAC-R-520
PRD (1999) 59 52001

s-tagging in the past

SLD at SLC (e+e- at the Z ) measured asymmetry in Z — 3
SLD

A Cherenkov Ring Imaging Detector combined with a drift

Support chamber and vertex detector

Arches

Maanet Iron Magnet Coil CRID only available for K+with pt > 9 GeV with a
gn?gwarq\ ron Galorimeter selection efficiency (purity) of 48% (91.5%)
alorimetier

KOs efficiency (purity) of 24% (90.7 %)

Moveable Door
Luminosity Monitor

Cerenkov Ring
Imaging Detector

=)
W
0

efficiency

e AO
> KOS

)
W

B=06T =t

0.2

01s | ©® A

9-88
5731A2

1l AR

g~ Caterina Vernieri -+ HFCC 2026 Higgs meeting - June 3, 2026

0.1

0.05

Ary

Lh

t
¢¢¢+¢+ +++ ++T+
AR

+*+1+++

| | I 1 | | | I | |

#

!

15 20 25

30 35

momentum (GeV/c) 2 7


https://arxiv.org/pdf/hep-ex/9805029.pdf

P. Azzi FCC week 2024

What does that mean for the calorimeter?

Two approaches - DualReadOut (DRO) and Particle-flow algorithm (PFA)

A
—5 -
9\:—10
c
(@)
@ -15
9
2 _20{-DRO,; 30% / VE resolution for HCAL
8 1 — Hobb
— H - Cc
91— Hoss
— H ->9g9

I
w
Ul

1.00 1.25 150 1.75 2.00 2.25 250 2.75 3.00
Neutral Hadron energy resolution scale factor
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- with a perfect Particle-flow algorithm jet

energy energy resolution is dominated by
neutral hadron (HCAL) resolution

- with a realistic Particle-flow algorithm

granularity and thresholds matter

neutral A \ H

hadron

10% in a jet

photon
7 25% in a jet

Charged hadrons
65% in a jet
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arXiv:2203.07535
L. Gouskos @FCC week

Constraints on s-coupling

Compatible results for both FCC and ILC like analyses

ILD combined limit of ks < 6.74 at 95% CL with 900/fb at 250 GeV (i.e. half dataset)
No PID worsen the results by 8%

FCC for Z(vv) only sets a limit of Ks < 1.3 at 95% CL with 5/ab at 250 GeV and 2 IPs
No PID to PID with dN/dx — at fixed mistag, efficiency doubles

FCCAnalyses: FCC-ee Simulation (Delphes)

- 1.2
> 15llllllllllllllllIII|III|III|III|III|III|III|III o _
S 1014 IDEA, e’e — Z(vv)H(j) ILIZ nggllglca% L—= 9+00_fb 180‘7 309 05% CL, upper limit: 6.74
8 1013 Vs = 240.0 GeV, L=5ab K \/E - ev- (e ) € ) o (_ 0 F O) Expected CL,
z :812 —— Hss . WW LOT g, B 10 expected CL,
1= y — Hbb A +20 expected CL,
2 10 Hce B :
L 10 — a=0.05
10 —— Hgg B HWW 0.8 -
10° Het B HzZ — = -4
1085 p,, <20 GeV ; [cos(6,,)/<0.85 Bl qqH . BR (H SS) 2 x10
— _ R
107 , o 0.6
10°
10°
104 04 .
10°
102 X
0.2 -
10
10_1 it \'\ ...... ML
0 20 40 60 80 100 120 140 160 180 200 220 240 0.0 ! ! P ' '
~ ) 9 4 6 8 10 12 14
I My (GeV) June 3, 20z Tested PO, &,
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Sensors technology requirements for Vertex Detector

Services cables + cooling + support make up most of the detector mass

Physics driven requirements Running constraints Sensor specifications
<3um .
et Akl leleloleieieteieie et llleleleleleleleleleietefeteieie el elllelelele > Small Pixel :
Dig 10um or Analog 15-20um
Material budget QL%Xolaver. coooo....o TUTmmmmmmmmmmmmmmsesesommesessd > Thinning to 50§4mﬂ s s
""""""""""""""""""" > COOhIlg ======s=s=s=s=s=s=sms=sms--------=====2> ].ow Power

12-14 mm 20-50 mW/cm?
r of the Inner most layer “==""""""""=====""> Beam-background ----------------o- > Fast Readout

----------------------------------- > Radiation damage =-=-=-=-=====----- ~1-10 ps

> Radiation Tolerance 10 MRad. 1014 n... | /cm?2
: eq

1l AL
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Sensors technology requirements for Vertex Detector

Services cables + cooling + support make up most of the detector mass

CERN-LHCC-2019-018

0.8
Alice/ITS2 Other
0.7 . Water
Bl Carbon
—~ 0.6 Aluminum
V[ B Kapton
IS Bl Glue
Serial Powering and Optical powering < °° Silicon
. 4 _ o
could further reduce the impact of the g dle] mean = 0.35 %
services 5
< 0.3
X
< 0.2

O
—

0-0 1 | | | 1 | 1
0 10 20 30 40 50 60
Azimuthal angle [ °]
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Sensors technology requirements for Vertex Detector

Services cables + cooling + support make up most of the detector mass

CERN-LHCC-2019-018

0.8
Alice/ITS2 Other
. G . Water
Need new generation of ultra low mass vertex detectaks with:
: ‘ - Aluminum
dedaqg;te ensor designs ot
< El Glue
Serial Powering and Optical powering < °° Silicon
could further reduce the impact of the % _, e o X
services 5
< 0.3
X
x< 0.2

O
—

0-0 1 | | | 1 | 1
0 10 20 30 40 50 60
Azimuthal angle [ °]
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Drift chambers

outer cathode sub-layer

Inner cathode sub-layer anode sub-layer

ee0 0l .;/U-view (stereo angle +)
. x o X
Unlque V0|ume ”.. V-view(stereo angle -)
oo 00 'S LR L

-+ 4 -5 meters (active) long
- Challenging mechanics
- 35<R[cm]<200

Low mass (He 90%: - C4H10 10%)
» ~1.6% XO in the barrel
~5% X0 Iin the endcap

High & stereo spatial resolution
o, X 150um; o, ~ Imm

Decouple wire supports from the gas vessel
Feedthrough-less design
Experienced in MEG-II (but over 2 m and fewer layers)

tracking efficiency e = 1
for 9 > 14° (260 mrad)
97% solid angle

0.016 X, to barrel calorimeter
0.050 X, to end-cap calorimeter

service area

0.20m B (F.£.F.included)
0.045 Xo 0.016 X, — active area
r=2.00m
0.050 X,
 layers 9-14°
Front Plate . cell width -
“V r=0.35m

inner wall 0.0008 X, -
Z-axis

56,000 cells
340,000 wires

(0.0013+0.0007 X,/m)

outer wall|0.012 X,

Full length 10 layers prototype to be build in 2025 in INFN-Lecce

S1L A% Caterina Vernieri + LCWS 2025 - October 23, 2025



Timing Iayer(s) arXiv:2110.09965

Timing is being explored as additional information from the calorimeter and a dedicated layer

- Atiming layer with O(ns) resolution into the HCAL could allow

beneficial identification of slow shower components from prompt Particle Separation with TOF at10ps
components Mﬂﬂﬂﬁw
- Atiming layer as part of the tracking system or between tracker and e I — i proon |

ECAL could serve as a powerful Time-of-Flight (TOF) system
physics reach needs to be further studied
- Very attractive option for timing in Si wrapper region of IDEA/Allegro
+ O(10) ps needed for PID with TOF

Delta M (MeV/c"2)
(*2]
3

2 4 6 8 w;o
. . . . GeV/
More physics/detector simulation studies needed S

: .. Mass resolution for a TOF system with a
to refine the case for timing layers

performance of 10 ps in SiD

SLAZL Caterina Vernieri + HFCC 2026 Higgs meeting * June 3, 2026
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T P C ~100 ionisations/cm in Ar gas
E,B

as amplifier
- Large volume . [re—
5-6 meters long, 30 < R[cm] < 200 cathode Sl >
- Low material budget
5% XO in the barrel and 25% XO0 in endcap high pr
chg particle
- Use MPGD readout gas (T2«)
Pad readout / 2om >
Double/Triple GEM . ~0.3 ms (for electron)
-, . Interaction ~0.44 s (for ion)
Resistive Micromegas Point ' ———____TPC contains ions from

Pixel readout
GridPix, InGrid (MM-+pixel) A
Superior 2-hit resolution and low gain x IBF /

+ Good spatial resolution
- 0,_, = 00(near) — 100(far)um
- 0,_, = 0.4(near) — 1.4(far)mm

Different B-fields might impact resolution
3TforlLC ;2T for FCC-ee

>
)

(.
5..
(
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IDEA: tagging performance vs detector configurations

Evaluating impact of different silicon and particle-identification detector configurations

10°
- Current IDEA pixel/tracking system: —— IDEA baseiine
—— VXD r+0.5cm

- beam pipe at 1cm and 3 innermost silicon barrel layers:
1.2cm, 2cm, 3.15¢cm

* PID: cluster-counting (dN/dx) + 30ps ToF system

- Number of pixel layers and various configurations have been
tested

- Hit resolution & position first layer 07 o 08 08 08 ‘@m;;m;

( strangee)ejection (1/eff)
2 2
| III| I IIIIHI |

-
()
N

10

- PID capabilities: timing, energy loss (gas/silicon) P
= 180
- Findings: 2 R nomTer
2, ——m ps
- Very limited impact of TOF mass measurement on @ 1of- T MTOF(GRS) s e
. 120—
strange tagging 100F- o
- Ideal PID shows visible enhancement, especially at low 0 B
efficiency o0
40—
20
N T PR IR s moi e S e - S IO

0.1 0.2 0.3 04 05 06 07 Q 0.9 1
strangeefficiency
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https://indico.in2p3.fr/event/32629/contributions/142638/attachments/87407/131939/Sciandra_ECFA2024_10_09_24.pdf

Detector Designs, a quick overview

A tail of synergies and complementarity

IDEA CLD ALLEGRO
Vertex Inner Radius (cm) 1.2 1.2 1.2 RICH?
Tracker technology Si+Drift Chamber Si Si+Drift Chamber ©Xira space at the expense of other
Outer Tracker Radius (m) 2 3.3 2 sub-detectors
ECal thickness Dual RO 22 Xo 22 Xo
HCal thickness 7 Ao 6.5 Ao 9.5 Ao
HCal Outer Radius (m) 4.5 3.5 4.5
Solenoid field (T) 2 2 2
Solenoid length (m) 6 7.4 6
Solenoid Radius (m) 2.1 4 2.7

Timing? Different performance domains have different use cases:
O(nsec). Bunch identification.
< psec. pi/K separation for O(10 GeV) momentum

L Yo
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Fast vs Full Sim

arXiv:2503.19983
FCC Feasibility Report

N

Caterina Vernieri -

-2ANLL
N

1.4

1.2

1

0.8

0.6

0.4

0.2

15)4.919

FCC-ee simulation Vs =240 GeV, 10.8 ab™

\ [

___.|==IDEA CLD silicon tracker (Delphes) 8(mh) =5.11 MeV
- |— CLD FullSim (m ) = 6.41 MeV

............................................................................................................................................

B | | I | ] | | | | l | | ]

124.99 125 125.00 125.01
m, (GeV)
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D.Ntounis @] CWS 2025

FCC Feasibility Report
Importance of beam-beam background arxiv:2408.07093

The effects of beam-beam interactions have to be careful simulated for physics and detector performance

-
o
i
J

> — -
& E Vs=91.2GeV . - (s =365 GeV
S 3 i

o
P, [GeV]

Beamstrahlung photons are radiated at the IP and can produce:
» Incoherent pair production

» Muon and Hadron photo-production

particles / BX

111
-y

Y

L

- A o

107"

1072

1074 ‘
107 1072 107" 1
0 [rad]

1073

Beamstrahlung widens the luminosity spectrum
- Enables collisions at lower /s

— Important for physics observables (ZH)

» High flux (occupancy) in vertex barrel and forward sub detectors
— Impacts (vertex) detector design

C?* 250 PS2 (1 bunch) SiD 02 v04 (B=5.0T)
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https://arxiv.org/abs/2403.07093
https://arxiv.org/pdf/2505.00272
https://agenda.linearcollider.org/event/10594/contributions/57504/

_ G. Marchiori (2023)
Beam-background studies TDAQ@Annecy2024

Same tools and methodology between ILC & FCC within Key4HEP

» |LC physics studies are based on full simulation data and some have been recently repeated for C3
- Time distribution of hits per unit time and area on 1st layer ~ 4.4-10-38 hits/(ns-mmz2) = 0.03 hits/mm?2 /BX

» CLD detailed studies @FCC show an overall occupancy of 2-3% in the vertex detector at the Z pole
» assuming 10us integration time

— vXDB

~ims ~200ms . )  ~ayr

—_ = ——_— - ILC Trains at 5Hz, 1 train 1312 bunches CLD

\ ________________ Bunches are 369 ns apart |Background hits from incoherent pair

;t* § g g E VXDE

_________________________ FCC@ZH Bunches 1 ys apart (s
-------------------------------------------------- FCC@Z Bunches 20 ns apart

................................................................................... Z WW  ZH  Top dhe

% Layer 1

Bunch spacing .[ns]'. - 30 345 1225 7598
Max VXD occ. us| 2.33e-3 0.81e-3 0.047e-3 0.18e-3
Max VXD occ.10us| 23.3e-3 8.12e-3 3.34e-3 1.51e-3

occupancy = hits/mm?*/BX - size , - size ., - Safety

LI lllIlllllllI"lllllll"llll]l"

Max TRK occ. 1us| 3.66e-3 0.43e-3 0.12e-3 0.13e-3 | 25um x 25um (pizel) 5 (piel) E M - ITE
S1Z€5ensor - , SIZ€ uster = , safety =3 3 : Disk 1
Max TRK occ.10us| 36.6e-3 4.35e-3 1.88e-3 0.38e-6 Lmm X 0.05mm (strip) 2.5 (strip) g, J
Occupancy in readout window (10us) 3 1 ’ . WH .
0 5 10 15 20 t [ns]
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https://indico.cern.ch/event/1264807/contributions/5344221/attachments/2655841/4599495/2023_05_03%20-%20Constraints%20from%20accelerators%20to%20future%20ee%20factory%20experiments.pdf
https://indico.cern.ch/event/1307378/timetable/?view=standard#b-541444-parallel-3-detectors

_ G. Marchiori (2023)
Beam-background studies TDAQ@Annecy2024

Same tools and methodology between ILC & FCC within Key4HEP

» |LC physics studies are based on full simulation data and some have been recently repeated for C3
- Time distribution of hits per unit time and area on 1st layer ~ 4.4-10-38 hits/(ns-mmz2) = 0.03 hits/mm?2 /BX

» CLD detailed studies @FCC show an overall occupancy of 2-3% in the vertex detector at the Z pole
» assuming 10us integration time

< Impact of beam-induced background to be mitigated LD
through MDI and detector design =

/XDE

O(1-10) ns for beam background rejection and/or trigger decision before
reading out the detector

Bunch spacing [ns] 30 345 1225 7598
Max VXD occ. 1us| 2.33¢-3 0.81e-3 0.047¢-3 0.18e-3
Max VXD occ.10us| 23.3e-3 8.12e-3 3.34e-3 1.51e-3
Max TRK occ. 1us| 3.66e-3 0.43e-3 0.12e-3 0.13e-3  25umx 25um (pixel) 5 (pixel)

S1Z€cluster = 5 & (strip)
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occupancy = hits/mm?*/BX - size , - size ., - Safety
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safety = 3

SSSSSS

Max TRK occ.10us| 36.6e-3 4.35e-3 1.88e-3 0.38e-6 ~ Lmm X 0.05mm (strip)
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1111111

Occupancy in readout window (10us)
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https://indico.cern.ch/event/1264807/contributions/5344221/attachments/2655841/4599495/2023_05_03%20-%20Constraints%20from%20accelerators%20to%20future%20ee%20factory%20experiments.pdf
https://indico.cern.ch/event/1307378/timetable/?view=standard#b-541444-parallel-3-detectors
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https://linearcollider.org/files/images/pdf/Detectors.pdf
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Magnet and Calorimeters are generally driving the cost (>30% each) of the detector

Optimizations and cost reduction

are possible with targeted R&D

Physics benchmarks will have to guide overall detector optimization
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