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Future Circular Collider

e A versatile particle collider housed in a 91km 200m-underground ring around CERN.

e |[mplemented in several stages:
® an e*e- “Higgs/EW/Flavour/top/QCD” factory running at 90-365 GeV } m

o followed by a high-energy pp collider reaching 100 TeV }M




The LHC Legacy (so far)

(LHC = Higgs + Nothing™) = More energy & More precision

* actually a lot progress in our understanding of the SM:
1) Improved measurements of SM processes; 2) Precise measurements in flavour physics; 3) New frontiers in heavy-ion studies.

Thanks to a firm control of exp. & th. syst. uncertainties, the LHC became a precision machine.



The LHC Legacy (so far)

(LHC = Higgs + Nothing™) = More energy & More precision

We need a broad, versatile and ambitious programme that can
1. sharpen our knowledge of already discovered physics
2. push the frontiers of the unknown at high and low scales

The FCC integrated programme (ee+hh) fits the bill



Precision as a Discovery Tool

Many historical examples
» Uranus anomalous trajectory -» Neptune

Neptune discovery from precise measurements of anomalous trajectory of Uranus (Le Verrier, 1846)




Precision as a Discovery Tool

Many historical examples
» Uranus anomalous trajectory —* Neptune

» Mercury perihelion - General Relativity

Anomalous trajectory of Mercury
— Vulcain planet?

— General relativity — new understanding of space-time!
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Precision as a Discovery Tool

Many historical examples
» Uranus anomalous trajectory ~* Neptune

» Mercury perihelion - General Relativity

» Z/W interactions to quarks and leptons ~* Higgs boson

P ...

Sometimes, these discoveries were expected based on theoretical arguments

but precision gave valuable additional clues.
In any case, experimentalists shouldn’t lean too heavily on theorist priors/prejudices

At times when we don't have a precise theoretical guidance, we need powerful experimental tools to make progress.

Herwig Schopper in CERN Courier:
LEP was a transformative machine
“It changed high-energy physics from a 10% to a 1% science.”


https://cerncourier.com/a/lessons-from-lep/

The Higgs Requires More Precision

The knowledge of the values of the Higgs couplings is essential
to understand the deep structure of matter/Universe.

Size of atorns
Stability of nuclei/matter

=

Ed
-
e

-

Birth of vacuum

(HL)-LHC will make remarkable pfdgress
( O(100M) Higgs=already a Higgs Factory ).
But it won’t be enough.

A new collider is needed!

26 May 2025



The Higgs Requires More Precision

The knowledge of the values of the Higgs couplings is essential
to understand the deep structure of matter/Universe.

The Higgs boson certainly plays a unique role in the SM.
And it is important to study it well, and FCC-ee will do it with an incredible precision.
On the other hand, precision shouldn’t be limited to the Higgs sector.
And FCC-ee offers a unique and broad precision programme.
Well, at the end, the confirmation of GR didn’t follow from the study of the latest
discovered and still mysterious planet but from the careful measurement of an
already well-known one.

Broad FCC-ee programme is key to success.



— FCC —
Physics Overview



FCC-hh tunnel is great for FCC-ee

e 80-100 km Is needed to accelerate pp up to 100 TeV

e 80-100 km is also exactly what is needed

e to get enough luminosity (5 times more than in 27 km) to get sensitivity to the
Higgs self-coupling, the electron Yukawa coupling, or sterile neutrinos, and to
gain incredible sensitivity to heavy particles coupled to the SM up to scales of
10’s of TeV.

e to make TeraZ a useful flavour factory;

e for transverse polarisation to be available all the way to the WW threshold in
pilot bunches (allowing a precise W mass measurement);

e for the top-pair production threshold to be reached and exceeded.

Herwig Schopper in CERN Courier:
“It is almost forgotten that the LEP tunnel size was only chosen in view of the LHC.”
(While LEP didn’t benefit from LHC, FCC-ee will benefit from FCC-hh.)
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https://cerncourier.com/a/lessons-from-lep/

FCC-ee Run Plan

LEP1 data accumulated in every 2 mn.
(for the same power consumption, i.e. machine 100’000 more efficient).
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FCC-ee Run Plan

LEP1 data accumulated in every 2 mn.
(for the same power consumption, i.e. machine 100’000 more efficient).
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— Superb statistics achieved in onl

in each detector:
10°Z/sec, 104 W/hour,
1500 Higgs/day, 1500 top/day

| |
100 150 200 250 300 350 400

Exciting & diverse programme with
different priorities every few years.

Order of the different stages still subject to
discussion/optimisation. Development on
uniqgue RF cavities to be used from 90 to
240GeV enables great flexibility of operation.

Working point Z pole WW thresh. ZH tt

Vs (GeV) 88,91, 94 157,163 240 340-350 365
Lumi/IP (103* cm—2s1) 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—1) 205 19.2 10.8 0.42 2.70

2.2 x 105 ZH 2 x 10° tt

Number of events 6 x1027Z 2.4 x10®WW + + 370k ZH

65k WW — H +92k WW — H

26 May 2025



A Performant Higgs Programme

T = default run plan of each collider More time = more TWh

Operation Time [years]
2,

Electricity Consumption [TWh]
S

107" 2x10™" 3x107'  4x107". 107" 2x10™" 3x107"  4x107".
HZZ Coupling Precision (%) HZZ Coupling Precision (%)
Collider cost has to be normalised to its physics output, e.g. Higgs precision.
It would take about 30-50 years for other projects to achieve what can be done at FCC-ee in 8 years.
This has consequences in terms of electricity/money/carbon footprint.

arXiv:2412.13130


https://arxiv.org/abs/2412.13130

A Performant Higgs Programme

T = default run plan of each collider More time = more EUR
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Collider cost has to be normalised to its physics output, e.g. Higgs precision.
It would take about 30-50 years for other projects to achieve what can be done at FCC-ee in 8 years.
This has consequences in terms of electricity/money/carbon footprint.

arXiv:2412.13130


https://arxiv.org/abs/2412.13130

A Performant Higgs Programme

T = default run plan of each collider More time = more COZ2eq

Operation Time [years]
Carbon footprint [Mt CO2¢]
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Collider cost has to be normalised to its physics output, e.g. Higgs precision.
It would take about 30-50 years for other projects to achieve what can be done at FCC-ee in 8 years.
This has consequences in terms of electricity/money/carbon footprint.

arXiv:2412.13130


https://arxiv.org/abs/2412.13130

FCC-ee Physics Programme

‘mz, 'z, N, « ot s(mz) with per-mil accuracy :
‘R, ArB *Quark and gluon fragmentation H |ggS
‘mw, ['w *Clean non-perturbative QCD studies
MHiggs, rHiggs
EW & QCD Higgs couplings
self-coupling
" -
Intensity
- b}
frontier

Top

Mtop, rtop
EW top couplings



FCC-ee Physics Programme

‘mz, 'z, N, « ot s(mz) with per-mil accuracy
‘R, ArB *Quark and gluon fragmentation
‘mw, ['w *Clean non-perturbative QCD studies
EW & QCD
‘ S aoep(m3) | —51 . T —
Uncertainty my (keV) Tz (keV) sin® 6T (x1079) i;::i;b::% L (x1077) 4411;([)3]' (x107%)
LEP 2000 2300 40 49
FCC-ee statistical 4 4 2 3 0.15
Vs systematic 101 12 1.2 0.5 /

Improvements in precision of O(102) available,
provided systematic uncertainties can be controlled.
Much work already invested to this goal, e.g. calibration of collision energy (EPOL).



FCC-ee Physics Programme

emz, [z, N,

‘R, ArB

‘mw, ['w

direct searches
of light new physics

e Axion-like particles, dark photons,
Heavy Neutral Leptons
e long lifetimes - LLPs

* 0 s(mz) with per-mil accuracy
*Quark and gluon fragmentation
*Clean non-perturbative QCD studies

EW & QCD
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FCC-ee Physics Programme

‘mz, 'z, N, « ot s(mz) with per-mil accuracy
‘R, ArB *Quark and gluon fragmentation
‘mw, ['w *Clean non-perturbative QCD studies
EW & QCD
B K*T*T-
K T
4 4 71
. 4
. ", t t T
direct searches INtensity o
: . . T .
of light new physics frontier - o SV | TV
e Axion-like particles, dark photons, a »®
Heavy Neutral Leptons
* long lifetimes - LLPs 1 I.V
flavour factory \ v
10'2bb/cc; 1.7x10" zz b n
( ) Brsy~107 L T
| | LHC bound 10
T physics B physics FCC could have 50 observationt
*Flavour EWPOs (Rp, AFg?-©)
e7-based EWPOs eCKM matrix,
elept. univ. violation tests oCP violation in neutral B mesons

eFlavour anomalies in, e.g., b = szt

CG - 10 / 24



FCC-ee Physics Programme

‘mz, 'z, N, .« Ol ith per-mil .
. . s(mz) with per-mi accuracy nggs
Ri, Ars Quark and gluon fragmentation
‘mw, ['w *Clean non-perturbative QCD studies
MHiggs, rHiggs
EW & QCD Higgs couplings
self-coupling
detector hermeticity particle flow
tracking, calorimetry energy resol.
particle ID
[] "l [ ]
direct searches Intensity
of light new physics frontier”

e Axion-like particles, dark photons,
Heavy Neutral Leptons
e long lifetimes - LLPs

flavour factory
(10'2bb/cc; 1.7x10" 77)

Top

7 physics B physics meoe [
(o]0} op
*Flavour EWPOs (Rp, AFgP-©) EW top couplings
er-based EWPOs eCKM matrix,
elept. univ. violation tests *CP violation in neutral B mesons vertexing, tagging
momentum resol. eFlavour anomalies in, e.g., b — stz energy resolution

tracker detector req.

hadron identification



FCC-ee Physics Programme

Higgs Factory Programme

e At Vs=240 and Vs=365 GeV collect 2.6M HZ and Momentum resolution o(p;)/p;= 103 @ p; ~ 50 GeV
150k WW — H events - o(p)/p limited by multiple scattering — minimise material
* Higgs couplings to fermions and bosons e Jet o(E)/E = 3-4% in multijet events for Z/W/H separation
* Higgs self-coupling (2-4 o) via loop diagrams e Superior impact parameter resolution for b, c tagging
* Unique possibility: s-channel ete-— H at 125 GeV  Hadron PID for s tagging

Precision EW and QCD Programme

e 6x10%Zand 2 x 108 WW events

 x 500 improvement of statistical precision on EWPO:
my I, Tinw SiN%0w, Ry, My, Ty, ..

* 2x103tt events: my,,, ,p, EW couplings

* Indirect sensitivity to new physics up to tens of TeV

* Absolute normalisation of luminosity to 104

* Relative normalisation to < 10 (e.g. [,,4/T,)
- Acceptance definition to O(10 um)

* Track angular resolution < 0.1 mrad

e Stability of B field to 10

e Superior impact parameter resolution

Heavy Flavour Programme |: * Precise identification and measurement of secondary vertices

* 10%bb, cc, 2 x 10*? 1T (clean and boosted): 10 x Belle |l e ECAL resolution at few %/VE

* CKM matrix, CP measurements _ _ « Excellent n®/y separation for t decay-mode identification
* rare decays, CLFV searches, lepton universality * PID: K/m separation over wide p range — dN/dx, RICH, timing

M. Dam @ FCC week 2025

Feebly coupled particles Beyond SM

 Opportunity to directly observe new feebly interacting
particles with masses below m;, - calorimetry: granularity, tracking capabilities

* Axion-like particles, dark photons, Heavy Neutral Leptons * Precise timing

* Long-lifetime LLPs e Hermeticity

» Sensitivity to (significantly) detached vertices (mm — m)
- tracking: more layers, “continous” tracking



https://indico.cern.ch/event/1408515/contributions/6506652/attachments/3070200/5432307/FCCWeek_250519.pdf

FCC-ee Physics Programme

Summary of detector requirements

Aggressive Conservative Comments
Beam-pipe & < 0.5% = <1% B - K*r7
o(dy) =3®15/ (psin®? ) um B - K*77
x -
Vertex X, <1% Re
0L = 5ppm - 07 < 10 ppm
OMpy = 4 MeV
°F < 0.1% for O(50) GeV tracks °2 < 0.2% for O(50) GeV tracks 0Tz = 15 keV
Tracking Z— T
t.b.d. o9 < 0.1 mrad 0I'z(BES) < 10keV
% = 3—\/% % = % Z — v,U, coupling, B physics, ALPs
ECAL , , T polangatlon
Ax X Ay =2 X 2 mm Az X Ay =5 X 5 mm boosted 7 decays
bremsstrahlung recovery
0z = 100 pm, § Rmin = 10 um (6 = 20°) - alignment tolerance for §£ = 10~ with v~y events
og _ 30% og _ 50% H — s8, cc, gg, invisible
Az x Ay = 2 x 2 mm? Az x Ay = 20 x 20 mm? H — s8, cc, gg
Muons low momentum (p < 1GeV) ID - By — vr
. 30 K/t 30 Kim H —ss
Particle ID p < 40 GeV p < 30 GeV b— suD, ...
. tolerance 6z = 100 um, 0 Rpin = 1 um R
LumiCal acceptance 50-100 mrad - 0L = 10~" target (Bhabha)
_+_ -—
Acceptance 100 mrad - ee 7

ete” —» eTe 777 (co)

26 May 2025


https://indico.cern.ch/event/1408515/contributions/6506652/attachments/3070200/5432307/FCCWeek_250519.pdf

FCC-ee Physics Programme

CLD « Well established design IDEA | 3
1 _ILC -> CLIC detector -> CLD ) * Design developed specifically
[D ° CALlCE_“ke Calorlmetry —very h|gh u:;zr:n;o:;: ° Si VTX detector; UItra'“ght dr|ft
Q2 granularity chamber with powerful PID
% e/ * Coil outside calorimetry, muon system """ * Crystal ECA_"— W. d‘fal readout
Y ©l '+ Possible detector optimizations con ] * Compact, I|ght.c0|l; _
O - Improved o,/p, o¢/E Silicon Wrapper- : E/Iual readout fibre calorimeter
GEJ - PID: precise timing and RICH | uon system
8 ArXiv:1911.12230 Vertex Detector || | | ;o ——— https://doi.org/10.48550/arXiv.2502.21223
=\ Allegro ILD . .
® « Stillin early design phase .., * Designed originally for
E * Design centred around High Muon operation at the ILC
Ay it granularity Noble Liquid ECAL * Together with SiD, ancestor
A * Pb+LAr (or denser W+LKr) of CLD.
. ; e SiVTX detector « % eon ¢ Main difference and
2 * Tracker: Drift chamber, straws, or Si - DI signature element:
m g . . i —————— .
: * Steel-scintillator HCAL vt - Large-volume time
.  Coil outside ECAL in same cryostat g p——— projection chamber (TPC)

6620

* Muon system The International Linear Collider Technical

. HOAL Design Report - Volume 4: Detectors
o uo:CAL ECAL P arXiv:1306.6329

6

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

26 May 2025



https://indico.cern.ch/event/1408515/contributions/6506652/attachments/3070200/5432307/FCCWeek_250519.pdf
https://indico.cern.ch/event/1408515/contributions/6506652/attachments/3070200/5432307/FCCWeek_250519.pdf

FCC-ee Physics Programme

Quizz: what is the mapping with the 4 LEP detectors?

e ALEPH: reasonably new technologies, homogeneous
detector, granularity more than energy resolution.

e DELPHI: very new technologies, larger variety of techniques
o |3: measure leptons (and photons) with high resolution

e OPAL: only proven and reliable technologies, to be sure at least
one of these huge detectors would be ready in time

(C. Paus @ FCC week 2025)


https://indico.cern.ch/event/1408515/contributions/6506652/attachments/3070200/5432307/FCCWeek_250519.pdf
https://indico.cern.ch/event/1408515/contributions/6506652/attachments/3070200/5432307/FCCWeek_250519.pdf
https://indico.cern.ch/event/1408515/contributions/6521237/attachments/3071391/5433705/fcc-week.pdf

— FCC-ee —

Concrete Examples of Diverse/Complete Physics Programme




Flavour Potential of TeraZ

At present (Z/h/NewPhysics) FCNCs mostly constrained by low energy observables.

The large statistics of FCC will open on-shell opportunities.

Qa2
o
S
Py . . — =
S Particle species B B~ BY A, Bf ¢ 777 FC(_: =
= : 9 —
% Yield (10°) 740 740 180 160 3.6 720 200 TR
E:O\
g Decay mode/Experiment Belle II (50/ab)  LHCb RunI LHCDb Upgr. (50/fb) FCC-ee
@) -
S EW/H penguins
0 BY — K* ete” ~ 2000 ~ 150 ~ 5000 ~ 200000
B(B- — K*(892)7" 1) ’ ,
g S = — — — boosted b’s/t’s
BY — ptpm ~5 - ~ 50 ~ 100 _
B(Bs — 7t77) at FCC ee
Leptonic decays _ :
<EXb> = 75% X Ebearna <57> ~ 6
out of reach BY = i 5% - - 3%

BT — 7t Viau 7% - - 2%

Makes possible
a topological rec.

B = J/UKg (0snzay)  ~2.%100 (0.008) 41500 (0.04)  ~0.8-10° (0.01)  ~ 35-10° (0.006) of the decays
B, - DEKF n/a 6000 ~ 200000 ~ 30 - 106 w/ miss. energy
B,(B%) = J/U¢ (o4, rad) n/a 06000 (0.049)  ~ 2.10 (0.008) 16 - 106 (0.003)

Flavour defines shared (vertexing, tracking, calorimetry) and specific (hadronic PID) detector requirements.


https://indico.cern.ch/event/1186057/contributions/5014277/attachments/2506354/4306588/FCC_FlavoursTheory_monteil_20220912.pdf

Flavour Potential of TeraZ

Particle species B B~ BY A, Bf ¢ 777
Yield (10?) 740 740 180 160 3.6 720 200

See S. Monteil, Flavour@FCC ‘22

Decay mod Flavour @ FCC vs Belle/pp
gXVLHKEGE Attribute Y(4S) pp Z°
All hadron species v / E) boosted b’s/t's
B | High boost v o/ at ECC-ee
féftsog;; Enormous production cross-section v .
out of reach B+ .+  Negligible trigger losses v v (Ex,) = 757 % Eeami (87) ~ 6
at LHCb/Belle™~w(rr=rr| Low backerounds / /oh Mekespossik
Initial energy constraint v (V) a L?F;ﬁ'eog'(::;;gc-

gs S zj)éiqujF n/a 6000 ~ 200000 ~ 30 - 105006) w/ miss. energy
Bs(B%) — J/W¥¢ (04, rad) n/a 96000 (0.049) ~ 2.10° (0.008) 16 - 10° (0.003)


https://indico.cern.ch/event/1186057/contributions/5014277/attachments/2506354/4306588/FCC_FlavoursTheory_monteil_20220912.pdf

FCC-ee Flavour Opportunities

e CKM elements:
« CPV angles (v, 5, ¢s) at sub-degree precision

e Vep (critical for normalising the Unitarity Triangle) from WW decays:
> 3.4% @ now — 0.52-0.14% @ FCC-ee (depending on tracking) see Marzocca et al (2024)

e Tau physics (>101 pairs of tau’s produced in Z decays)
o test of lepton flavour universality: Gr from tau decays @ 10 ppm @ FCC-ee (0.5 ppm from muon decays)
o |epton flavour violation:

» 7—puy : 4x10-8 @Belle2021—-10° @ FCC-ee
» 7—3u : 2x10-8 @Belle — 3x10-10 @Bellell — 10-"" @ FCC-ee

» tau lifetime uncertainty:
> 2000 ppm — 10 ppm
e tau mass uncertainty:
> 70 ppm — 14 ppm

e Semi-leptonic mixing asymmetries ass and ads


https://arxiv.org/abs/2405.08880

New Physics Reach @ Z-pole

There are 48 different types of particles that can have tree-level linear interactions to SM.

de Blas, Criado, Perez-Victoria, Santiago, arXiv: 1711.10391

Name S Sl 82 2] = El @1 @3

frrep  (L1)y (LD, (L), (L,2)y  (L3)y  (1,3), (L) (1,4 Neme N E Al A 5 = Name B B W ™ g Gr H L
Name Wy Wy wa I, 11, ¢ Irrep  (1,1), (1,1)_, (1a2)—% (1,2)_% (1,3)g  (1,3)_4 [rrep (L1 L1, (1L3), (L3 1), 1) (83) (1;2)%
Irrep (3, 1)*% 3, 1)§ (3, D*% (3’2)% (3’2)% (3’3)*% Name U D Q1 Qs Q7 T T Name L3 Uy Us Q1 Qs X Vi Vs
Name 0 Qs Q4 T P Irrep  (3,1)z B,1_x 2 B2 32z B3 33): Irep  (1,2)_s (3,1): (31)s (3,2 (32)_s (3.3): (62)1 (6,2)_:
Irrep (6a1)% (651)7% (671>% (63)% (872)%

They are not all affecting EW observables at tree-level.


https://arxiv.org/abs/1711.10391

New Physics Reach @ Z-pole

There are 48 different types of particles that can have tree-level linear interactions to SM.

They are not all affecting EW observables at tree-level.
However, all, but a few, have leading log. running into EW observables.

W Universal couplings B Third-gen. only B Flavourless couplings M Antisymm. couplings

[ tree-level

Allwicher, McCullough, Renner, arXiv: 2408.03992

B Universal couplings M Third-gen. only M Other

B Universal couplings M Third-gen. only

60 one-loop (LL RGE) 10“0t‘1f1)9p [ tree-leve e-loop trcc—lcveliono—loop (LL RGE)
L I matching I ? (LL RGE) !
i 50 -
50 r
I I . o
4(): 40f
[ Z
D ol > 300
) L L
= 30F & L ; Z
4 Z
0L =z 20_— s
10- 10L L
ok Z o: .
EE&SES S (M T ¢ & w O w Qw6 6 D E N Q Q Q Tt T, U A Ay S 5 QP QW u® B Bi W W BYBIWY G G H Ly Q Q5 U Us X Vi Vs

Tree-level matching and running from 1 TeV to Z mass.

W- and Z-pole observables only (no Higgs, no LEP-2 like observables)
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https://arxiv.org/abs/2408.03992

New Physics Reach @ Z-pole

There are 48 different types of particles that can have tree-level linear interactions to SM.

Tree-level matched scalars
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B FCC-ee 91
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Theory Settings
B RGE effects, no Th. Err.
N No RGE effects, no Th. Err.
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Importance of controlling/reducing the TH syst. errors to exploit Z-pole data.
Role of ZH and tt runs.
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New Physics Reach @ Z-pole

There are 48 different types of particles that can have tree-level linear interactions to SM.

1-loop matched models

Tree-level matched scalars
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Importance of full 1-loop matching

(finite pieces matter)




New Physics Reach @ Z-pole

There are 48 different types of particles that can have tree-level linear interactions to SM.

Tera-Z programme gives comprehensive coverage of new physics coupled to SM.

If a signature shows up elsewhere, it will also show up at Tera-Z.

Tera-Z is not just a high-power LEP exploring the EW sector.
It takes full advantage of the quantum nature of HEP
to maximise sensitivity to New Physics.




Z-pole vs High Energy
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https://arxiv.org/abs/2412.14241

IFEWE ©» Vil EmPT F FYiJdJlViIE VU L)

currently 10-4 a limiting factor to many BSM searches

e Off-pole (Janot 2015): so far determined from the slope of ArgH# vs Vs — %3 105
* On-pole (rRiembau 2025): both s and t- channel ete- — e*e- and y*y- at the Z pole — *0.6x10-°

L3 ee —ee(y)

do,./dcos(@) nbl

06 [

0.2

o4 fL
L

IIIIIIIIIIIIIIIIIIIII

Erler, Ferro-H. [5]

i Jegerlehner [6]

I - Davier et.al. 8]
] Keshavarzi et.al. [9]
[ - Ce et.al. [10]
I ——— PDG average [1 1]
[—— < 1%exp.& < 0.1%th.
(== Ay off-peak [14]
= - ¢+ off-peak
“ this work: Re-jex ofi-pea
a0 R.- ¢+ on-peak
128.92 128.94 128.96 128.98 129.

Unique to circular machines, since it requires »10'2 Z and line shape scan
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https://arxiv.org/abs/1512.05544
https://arxiv.org/abs/2501.05508

FCC-ee as a QCD factory

S. Kluth @ FCC week 2025

N 4.5 < 4.5
< - <
4 ——+——— 20 4———F— 1 20
35" — Z data, FCC-ee (91 GeV) 3.5
st —— Zdata, LEP (this work) 3 R, FCC-ee (160 GeV)
- | World average [PDG 2019] m
25 25 \:| World average [PDG 2019]
2r 2-

fffff 1o 1F e ©

| E |7 \U\ - L [ [ J L L1
0" o118 042 0122 0.124 0d

) 16 0.117 0.118 0.119 0.12 01210(81)22 SemI_InCIUSIVe EECS
FCC-ee: improved Oqep, |Ves|, [Ved|, mw; assume N4ALO QCD ds/dy = 1,(AxN) o o2 EE/S 5(X e) dx EEC is energy weighted

events u
Z. ds(mz) =0.12020 £0.00013exp £0.00005,4 £0.00022he0 e ] e R glsttrlbutlon otf almgles
] 1 oeaL A1 Toraz [ |1 ToPaz - [petween partcie pairs
W. Gs(mz) = 011790 iOOOOlZexp i000004par i0.000]_gtheo @|><m [ s Il_,' ; 1; )(
. i . :Iz'n.(;» 7 ;I ir 1} ¢
[D. d'Enterria, in arxiv: 2203.08271] W/ e - QCD NNLO+N3LL resum.
g}]ééﬁ“ﬁﬁ‘ww%};{}}y}pHIHIHIHi~\mTwHHHI}} 'np effects from TMD
i Q=3 Gev Q-msaw _e-mav factorisation in N3LL
TASSO TASSO I MARKII
o] -* 1w as(m,)= 0.1193 +0.0009,
" //ﬁ\ +0.0011,
e el Potential for Adis(my) < 1%
[Kong, Per;ttala, Zh;ng, arXi/v:2410.21455] ) | K ‘) l at FCC-ee
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https://indico.cern.ch/event/1408515/contributions/6521225/attachments/3070221/5432323/fcceeweek2025talk.pdf

FCC-ee as a QCD factory

S. Kluth @ FCC week 2025

FCC-ee low energy vs <m_

Hard vs soft
QCD,
Hadronisation

o (Q)

event shapes,

jets, FFs,
EECs,

AEEC(X) - sm(x) {rad")

as(Q?)
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0.02f

0.00 el

.................. RAARSASRSSSaRES Lasna R
a)»/“ 533Gev b}r=5956ev TOPAZ ]
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T decay (N3LO)

low Q2 cont. (N3LO)
Heavy Quarkonia (NNLO) ++
HERA jets (NNLO) ++~

ete ]ets/shapes (NNLO+NLLA) v
) e
) e
) e
)

e*e” Z0 pole fit (N3LO) +e—
pp/pp jets (NLO

pp top (NNLO
pp TEEC (NNLO

e g ]
i——
— o)~ g

0.1180 + 0.0009
1 1

0.05
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[Back-up Document to
FCC: QCD physics,
arXiv:2503.23855]

1/0 do/d§

N w H [6)] (o)) ~
TTTT[ TTTT[TTTT T

[ e‘e” — jets
(DG, Q°=/\QCD)

[ Low-x Frag. Functions fits

——— (s=10.54 GeV [BaBar]
—F— V5= 14 GeV [TASSO]
—F— Vs=22 GeV [TASSO]
—+— (5= 35GeV [TASSO]
—J— (5= 43 GeV [TASSO]
—I— V5= 29 GeV [MARK-II]
—I— (s=29 GeV [TPC]
—— Vs=29 GeV [HRS]
—¥— (5= 58 GeV [TOPAZ]
—#— (5= 91.2 GeV [ALEPH]

Vs (Gev]

ul

L]
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2
10

Fragmentation,
QCD, MCs,
Hadronisation

R = o(hadrons)/
o(u'y)
a_(20-40 GeV)
at 0.1%?

Bonus EWPOs: A__e‘e - ff = sin’(6_ )(Q)
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https://indico.cern.ch/event/1408515/contributions/6521225/attachments/3070221/5432323/fcceeweek2025talk.pdf

Collider Programme (and beyond)

——CDR baseline runs (4IPs)
— Additional opportunities

r Total
Z WW ZH tt integrated
o(1) 40 125 40 30 19.2 5 10.8 0.4 2.7 luminosity
(ab-1)
>
T 17 1 | 1T T 1 7T Energy
40 --- 60 88 91.2 94 125 1575 - 162.5 217 240 340 ... 350 365
(GeV)
Z lineshape W mass and width
QCD QCD : : top EW couplings
- | p pling |
precision flavour electron N, Higgs mass iR Mop  Higgs VBF production Physics
studies rare decays Yukawa as ozH (Mn and Higgs couplings improved) highlights
dark sector flavour (e.g. Veb)
# events
13 8 6 6
0(10%3) O(108) O(2x109) O(2x10°9) (4 IPs)

e Opportunities beyond the baseline plan (Vs below Z, 125GeV, 217GeV; larger integrated lumi...)
e Opportunities to exploit FCC facility differently (to be studied more carefully):

@ using the electrons from the injectors for beam-dump experiments,

e extracting electron beams from the booster,

@ reusing the synchrotron radiation photons.

CG - 19 / 24



OTHER SCIENCE
OPPORTUNITIES
Al THE FCC-ee

28-28 NOV 2024 | CERN | GENEVA, SWITZERLAND

et applications
(surface science,

Ps Bose-Einstein Condensate,
511 keV X-ray laser )

photon science
(light source,

Compton Backscattering sources)

multipurpose applications

of the e-/e* beams

(radionuclide production,
neutron source)

HEP applications
(strong QED, dark sector)

) . Q.
O‘.'i(.f.%hl:!&,rfﬁ:ﬂ- W 1N, F U T U R E
I Fogred (AN /LB, M Cavdnni (CFFS o CIRCULAR
B Pt DAV T S COLLIDER
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https://indico.cern.ch/event/1454873/

Exploration potential at high-energy with FCC-hh




Resonance production.

Protons are made of 5 quarks, gluons, photons, W/Z

FCC-hh effectively collides 196 different initial states = perfect exploratory machine

30 ab™!, 100 TeV

10°}
NXX
r

1000+

10}

020 30 40 730
MR [TGV]
Plot from mid-term report

Q* =i

L', —tt

L'y — tt

+ -
GRS - WW

L'y —1T

' t
L'y — TT

5 GéDiscoveryé
25ab"
3fo ab™
100 ab”

10 20 30 40

| 50
Mass scale [TeV]
Plot from FCC CDR
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https://inspirehep.net/literature/1713706

Pushing limits of SUSY.

B bbHOY/A? —=bbTT

IV U bbHY/A? —bbtt BN obH* otbTv B LHC 3 ab-!
HH = WwW 95% CL Limits B t()HOYA? S t(t)tt T tbH* —tbtb B8 LHC 0.3 ab-!
HH — BB 14 TeV, 0.3 ab” ” o — -

WW — HH
WW — BB
T — LLCP

40. ¢
30.¢

B 14 Tev, 3ab"
5 o Discovery
W 100 TeV, 3 ab”

20. 20.}

T} —LLCP p
T s 15050 B 100 TeV, 30 ab o 10 10|
Xy o eg
o _0_-0 <
aq” — qx.,dx e -
00 B —30 ab-!
ag — ttx1ttx1
g9 — o, o, 3 ab
P 0 2: — -
34 — T X, | | | | a
0 5 10 15 20 25 )
Mass scale [TeV] & K % = A Bl ) ) 3 T

my [TeV ]

Plot from arXiv:1606.00947
Plot from arXiv:1605.08744 and arXiv:1504.07617

15-20TeV squarks/gluinos

require kinematic threshold 30-40TeV: Factor 10 increase on the HL-LHC limits.
FCC-hh is more than a V8~10TeV factor



https://arxiv.org/abs/1606.00947
https://arxiv.org/abs/1605.08744
https://arxiv.org/abs/1504.07617

Conclusions & Outiook

Much progress in the course of the Feasibility Study:
4 |Ps as baseline
new RF system totally flexible between 90 and 240 GeV
identification of other science opportunities
importance of FCC-ee to maximise the FCC-hh physics potential
refined FCC-hh plan (85TeV w. 14T NbsSn magnets with higher lumi vs. 100TeV w. | 6T vs. 120TeV w. 20T HTS )

v v v v Y

FCC-ee has a rich potential:

® Quantum leap in testing the Standard Model broadly (“guaranteed deliverables”)
— parts of the SM central to the model and/or to the world around us are yet to be established —
® Search directly *and* indirectly for New Physics (“exploration potential”)

And it is the perfect springboard to the energy frontier aka FCC-hh.

The FCC project perfectly fits the needs of HEP after LHC:

P guaranteed deliverables & broad exploration potential 4




Physics Manifesto

"Physics is born free and everywhere it is in chains."
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Reading Material

e Feasibility Study Report (backup documents) ESPPU#261
- Volume 1: Physics, Experiments, Detectors (291 pages) CDS arXiv:2505.00272
- Volume 2: Accelerators, technical infrastructure and safety (615 pages) CDS arXiv:2505.00274

- Volume 3: Civil Engineering, Implementation and Sustainability (360 pages) CDS arXiv:2505.00273

e Several 10-page general summaries

FCC Integrated Programme Stage 1: The FCC-ee (ESPPU#233); CDS

FCC Integrated Programme Stage 2: The FCC-hh (ESPPU#247); CDS

The FCC Integrated Programme: A physics manifesto (ESPPU#241); CDS; arXiv:2504.02634

Other Science Opportunities at the FCC-ee CDS

e Several 10-page more topical summaries

Prospects in Electroweak, Higgs and Top physics at FCC (ESPPU#217); FCC note

Prospects in BSM physics at FCC (ESPPU#242); FCC note

FCC: QCD physics (ESPPU#209); FCC note

Prospects for flavour physics at FCC (ESPPU#196); FCC note

Prospects for physics at FCC-hh (ESPPU#227); FCC note

e Expressions of Interest for the development of Detector Concepts and Sub-detector Systems for FCC
- Summary (ESPPU#95); FCC note

- Backup document ((ESPPU#96)



https://cds.cern.ch/record/2928193
https://arxiv.org/abs/2505.00272
http://cds.cern.ch/record/2928793
https://arxiv.org/abs/2505.00274
http://cds.cern.ch/record/2928194
https://arxiv.org/abs/2505.00273
https://cds.cern.ch/record/2928939?ln=fr
https://cds.cern.ch/record/2928941?ln=fr
https://arxiv.org/abs/2504.02634
https://cds.cern.ch/record/2928809
https://doi.org/10.17181/n78xk-qcv56
https://doi.org/10.17181/69m03-zzb95
https://doi.org/10.17181/nfcpy-vns54
https://doi.org/10.17181/jnzpp-1fw39
https://doi.org/10.17181/jnzpp-1fw39
https://repository.cern/records/azb81-6ee21

National Contacts

¥

Coordination Group Steering Group -
Speakers Board Editorial Board

PED Feasibility Study
DA

: . Hadron Collider Software and Machine Detector Polarisation and
Physics Programme Physics Performance : Detector Concepts , _ _
Studies Computing Interface Energy Calibration

% >4 >4 - ¥

2 ESPPU25 | Developers
Higgs Generators
— Physics

Performance

i Full simulations
Top Analysis
vour Detector
MDI

BSM I

Resource I

Documentation I
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mailto:FCC.IFNC@cern.ch
mailto:FCC-PED-CoordinationGroup@cern.ch
mailto:FCC-PED-SpeakersBuro@cern.ch
mailto:FCC-PED-EditorialBoard@cern.ch
mailto:FCC-PhysicsAndExperiments-SteeringGroup@cern.ch
mailto:FCC-PED-FeasibilityStudy@cern.ch
mailto:FCC-PED-PhysicsProgramme@cern.ch
mailto:FCC-PED-PhysicsPerformance@cern.ch
https://groups-portal.web.cern.ch/group/fcc-ped-physicsgroup-qcd/details
mailto:FCC-PED-PhysicsGroup-QCD@cern.ch
mailto:FCC-PED-PhysicsGroup-Higgs@cern.ch
https://groups-portal.web.cern.ch/group/fcc-ped-physicsgroup-higgs/details
https://groups-portal.web.cern.ch/group/fcc-ped-physicsgroup-ewprecision/details
mailto:FCC-PED-PhysicsGroup-EWPrecision@cern.ch
mailto:FCC-PED-PhysicsGroup-Top@cern.ch
https://groups-portal.web.cern.ch/group/fcc-ped-physicsgroup-top/details
https://groups-portal.web.cern.ch/group/fcc-ped-physicsgroup-flavours/details
mailto:FCC-PED-PhysicsGroup-Flavours@cern.ch
mailto:FCC-PED-PhysicsGroup-BSM@cern.ch
https://groups-portal.web.cern.ch/group/fcc-ped-physicsgroup-bsm/details
https://groups-portal.web.cern.ch/group/fcc-ped-hh-espp25/details
mailto:FCC-PED-HadronColliderStudies@cern.ch
mailto:FCC-PED-hh-ESPP25@cern.ch
https://groups-portal.web.cern.ch/group/fcc-ped-hh-physicsperformance-espp25/details
mailto:FCC-PED-hh-PhysicsPerformance-ESPP25@cern.ch
https://groups-portal.web.cern.ch/group/fcc-ped-detectorconcepts/details
mailto:FCC-PED-DetectorConcepts@cern.ch
mailto:FCC-PED-SoftwareAndComputing@cern.ch
https://groups-portal.web.cern.ch/group/fcc-ped-softwareandcomputing-developers/details
mailto:FCC-PED-SoftwareAndComputing-Developers@cern.ch
mailto:FCC-PED-SoftwareAndComputing-Generators@cern.ch
https://groups-portal.web.cern.ch/group/fcc-ped-softwareandcomputing-generators/details
https://groups-portal.web.cern.ch/group/fcc-ped-softwareandcomputing-full-simulation/details
mailto:FCC-PED-SoftwareAndComputing-Full-Simulation@cern.ch
mailto:FCC-PED-SoftwareAndComputing-Analysis@cern.ch
https://groups-portal.web.cern.ch/group/fcc-ped-softwareandcomputing-analysis/details
https://groups-portal.web.cern.ch/group/fcc-ped-softwareandcomputing-detector/details
mailto:FCC-PED-SoftwareAndComputing-Detector@cern.ch
mailto:FCC-PED-SoftwareAndComputing-MDI@cern.ch
https://groups-portal.web.cern.ch/group/fcc-ped-softwareandcomputing-mdi/details
https://groups-portal.web.cern.ch/group/fcc-ped-softwareandcomputing-resource/details
mailto:FCC-PED-SoftwareAndComputing-Resource@cern.ch
mailto:FCC-PED-SoftwareAndComputing-Documentation@cern.ch
https://groups-portal.web.cern.ch/group/fcc-ped-softwareandcomputing-documentation/details
https://groups-portal.web.cern.ch/group/fcc-ee-mdi/details
mailto:FCC-ee-MDI@cern.ch
https://groups-portal.web.cern.ch/group/fcc-ee-polarizationandenergycalibration/details
mailto:FCC-ee-PolarizationAndEnergyCalibration@cern.ch
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Electroweak Factory



Experimental Inputs.

A circular ee Higgs factory Higgs aTGC

starts as a Z/EW factory
(TeraZ)

Yes (U, oz+)
(Complete with HL-LHg)  Yes (@TGC dom.)

Warning

Yes (Y, oz+) o
(Complete with HL-LHC) Yes (HE limit)

A linear ee Higgs factory Warning
operating above Z-pole (Compiers wits iy | Yes (€TGC dom
can also preform S
es (ru

Yes (U, ozH)

EW measurements

parameterization)

EWPO

Yes

LEP/SLD (Z-pole) +
HL-LHC + W (ILC)

Yes

LEP/SLD (Z-pole) +
HL-LHC + W (CLIC)

Top EW

Yes (365 GeV, Ztt)

Yes (500 GeV, Zit)

No

Yes

via Z-radiative return

Extrapolated from N/A — LEP2

LEP/SLD

HL-LHC + HL-LHC (Mw, sin26y)
Yes (U, BR/BR))
A I|near ee nggS faCtory Uss:iltlhnchgnebel?:rt]lon From FCC-ee From FCC-ee
could also operate on the: ves A s LEP LEP/SLD
Z-pole though at lower lumi # ALLHE (Mw, sin®w)
Yes (p) From FCC-ee

(GigaZ)

Used in combination From FCC-ee
with FCCee/hh

+ Zuu, Zdd
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Observable present FCC-ee FCC-ee Comment and
value 4+ uncertainty Stat. Syst. leading uncertainty

my (keV) 91187600 £+ 2000 4 100 From Z line shape scan
Beam energy calibration

I'z (keV) 2495500 £+ 2300 4 12 From Z line shape scan
Beam energy calibration

sin® 61T (x10°) 231,480 £+ 160 1.2 1.2 From Ajy at Z peak
Beam energy calibration

1/agep(m3) (x10%) 128952 + 14 39 small From Apg off peak
0.8 the From Afy on peak

QED&EW uncert. dominate

R? (x103) 20767 + 25 0.05 0.05  Ratio of hadrons to leptons
Acceptance for leptons

as(m3) (x10%) 1196 + 30 0.1 I Combined R, T, o0, fit
op.4 (x10%) (nb) 414802 + 325 0.03 0.8  Peak hadronic cross section
Luminosity measurement

N, (x103) 29963 + 74 0.09 0.12 7, peak cross sections
Luminosity measurement

Ry, (x106) 216290 + 660 0.25 0.3 Ratio of bb to hadrons
A'IZI;O (x10%) 992 £+ 16 0.04 0.04 b-quark asymmetry at Z pole
From jet charge

AE%I’T (x10%) 1498 + 49 0.07 0.2 T polarisation asymmetry
7 decay physics

7 lifetime (fs) 2903 + 0.5 0.001  0.005 ISR, 7 mass
7 mass (MeV) 177693 £ 0.09 0.002 0.02 estimator bias, ISR, FSR
T leptonic (uvuvr) BR (%) 17.38 £+ 0.04 0.00007 0.003 PID, 7 efficiency
mw (MeV) 803602 + 9.9 0.16 From WW threshold scan
Beam energy calibration

'y (MeV) 2085 £+ 42 0.27 0.2 From WW threshold scan
Beam energy calibration

as(m?,) (x10%) 1010 + 270 2 2 Combined R}, Ty fit
N, (x103) 2920 += 50 0.5 small Ratio of invis. to leptonic
in radiative Z returns

Miop (MeV) 172570  + 290 4.9 From tt threshold scan
QCD uncert. dominate

[op (MeV) 1420 £ 190 10 6 From tt threshold scan
QCD uncert. dominate

Atop/ )\tsolgl 12 £ 03 0.015 0.015 From tt threshold scan
QCD uncert. dominate

ttZ couplings + 30% 0.5-1.5 % small From /s = 365 GeV run

improvement
factor / now

20
| |
200
< EW Precision
Measurements
at FCC-ee
2000
Experimental (statistical and systematic) precision of a
selection of measurements accessible at FCC-ee,
50 compared with the present world-average precision.
FCC-ee syst. scaled down from LEP estimates.
Room for improvement with dedicated studies.
Note that syst. go down also with stat.
-0 (e.g. beam energy determination from ee—Z/y thus

the associated uncertainty decreases with luminosity).
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Example of EW measurements @ Tera Z

measure o(ete™— p*u-) and AFBMlUL at (a) judicious /s 2 DELPHI 93 — 95
: : @ +
Excellent experimental control of off-peak di-muon % ) e'e = uw ()
asymmetry motivates campaign to collect 50-80 ab™' I | -
off peak to gain highest sensitivity to Z-y interference ~ Secs| /
<« ) 0.6 -
The y exchange term is proportional oocQED(\/s) 8 \/§ A) S — ms
TheYZexchangz;etterm is||33rop|:)or:tionaltto G2, hence independent of o <« AMM (S) = ACAM X I + " x aQED(,) ) ) ) £
The yZ interference is proportional to oggp(Vs) x G; ITIZGF (1 — 4 s1n~ 95&1 )_ =S .
< 0.4 _Ig.“:;& P+2 ’gp'#
strongly depends on s T : B 53 g
d'recgt ?l“eazureme”t of agep(s) at Vs I=m Allows for clean determination of aqgp(m,?), which o 'Ttﬁiiﬁﬁ_.__.__;__;-:""“‘
measure sin?0,,, to high precision (later) IS a critical input for m,, closure tests (see later). ; Pr2 T
Iati taint ith 80 ab-! o5 o Tos
~ relative aggp uncertainty wi a cos(0,.)
% SR RARARRARRERARY IRNRAR! ARRERRARE (N0 W RARAERARAERARA
;fg w= L This dependence, & location of
= {5 [N O N 0 WO | N Y O SO S half-integer spin tunes, guides the choice
NCTCE) T ey A Wi B M Y :
§ <3 % i, Ny | — | — e of off-peak energies: 87.8 & 93.9 GeV.
® S 8o T 1t Factor 4
- o wiy - ' |mprovement X P » .
?:',) Sls _ ....... Current a__ acouracy | : | — Measure a,.,(m,“) to 3x10™ rel. precision (currently 1.1x10™)
g R Iy TA tFI e - | | - Stat. dominated; syst. uncertainties < 10-* (dominated by Vs calib)
E oo remememe s 4;132(3\,) i Theoretical uncertainties ~ 10, higher order calcs needed
b



W Mass

Two independent W mass and width measurements @FCCee :

1. The my, and Iy, determinations from the WW threshold cross section

lineshape, with 12/ab at Eq, = 157.5-162.5 GeV  4m,=0.4 MeV AI',=1 MeV

2. Other measurements of my, and ', from the decay products
kinematics at E¢y, = 162.5-240-365 GeV Amy, ATy=2-5 MeV ?

Scans of possible E; E, data taking energies and luminosity fractions f (at the E, point)

28

158.6 GeV 15/ab 162.4 GeV
s 4
(]
235
T3
15
’5‘2.5 ArW

2

1.5

1

0 Am,,
Amy -0
(A my, AI',) correlat

il | | | | lisay

A -minimum of Al,=0.91 MeV with Am,=0.55 MeV
taking data at E,:=156.6 GeV E,=162.4 GeV f=0.25
yields Amy=0.47 MeV (as single par)

B- minimum of Amy=0.28 MeV Al=3.3 MeV with
E,=155.5 GeV E,=162.4 GeV f=0.95
yields Am,=0.28 MeV (as single par)

C- minimum of Alhy=0.96 MeV +Amy=0.41 MeV with
E,=157.5 GeV E,=162.4 GeV f=0.45
yields and Am,=0.37 MeV (as single par)

7'1-r'11 1111 111 1 11 1111 L1l L1 Ll L1l L1l L1
0O 01 02 03|04 05 06 07 08 09 1
luminosity fraction

4

Amy, =0.45 MeV , ATy=1 MeV (r=-0.6)
Am,,=0.35 MeV

Amy, ATy: error on W mass and width from fitting both
Amy, : error on W mass from fitting only m,,

Comparable
In sensitivity
with value

from
EWPO fit.
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Tera-Z EW precision measurements.

> The target is to reduce syst. uncertainties to the level of stat. uncertainties.
(exploit the large samples and innovative control analyses)
> Exquisite Vs precision (100keV@Z, 300keV@WW) reduces beam uncertainties

* ~50 times better precision than LEP/LSD on EW precision observables
(

stat. improvement alone is a factor 300-2°000 and innovative analyses/improved detectors can bring syst. down too)

178} 68% prob. regions from EW fit
Current

HL-LHC

HL+FCC-ee

HL+FCC-ee (no Thy,g)

176}

Direct determination

CMS, 2024 __ PDG, 2024
My —-my

> HL-LHC

174} < FCC-ee /

172 L

m; [GeV]

170}

=it

80.33 8034 80.35 80.36 80.37 8038 80.39

My, [GeV
w [GeV]




Tera-Z EW precision measurements.

> The target is to reduce syst. uncertainties to the level of stat. uncertainties.
(exploit the large samples and innovative control analyses)
> Exquisite Vs precision (100keV@Z, 300keV@WW) reduces beam uncertainties

* ~50 times better precision than LEP/LSD on EW precision observables
(

stat. improvement alone is a factor 300-2°000 and innovative analyses/improved detectors can bring syst. down too)

Quantity Current FCC-ee stat. Required Theory status Needed theory
precision  (syst.) precision theory input as of today improvement’
myz (MeV) 2.0 0.004 (0.1 nJorn—_resonzint NLO, . NNLO for
eTe” — ff, ISR logarithms oto— — F
I'z (MeV) 2.3 0.004 (0.012) initial-state up to 6™ order
sinZ 0 1.6x10~4 1.2(1.2) x 10-6¢  radiation (ISR)
mw (MeV) 9.9 0.18 (0.16) lineshape of NLO NNLO for
ete” > WW (ete™ — 4f ete™ — WW,
near threshold or EFT W — ff’
framework) in EFT setup
HZZ —* 0.1% cross section for NLO EW plus full NNLO EW
coupling ete” — ZH partial NNLO
QCD/EW
mop MeV) 290 4.2 (4.9) threshold scan N3LO QCD, Matching fixed
ete™ = tt NNLO EW, orders with
resummations resummations,
up to NNLL, merging with
O@BOMeV) MC, ag (input)

scale uncert.

T The necessary theory calculations mentioned are a minimum baseline; additional partial higher-order contributions may also

be required.

* No absolute value for the HZZ coupling can be extracted from the LHC data without additional assumptions.
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Systematics vs. Statistics.

o We often hear that more Z pole statistics is useless, because they are systematics-limited

PED @ CERN-SPC ‘2022

o Thisis a passive attitude, which leads to pessimistic expectations and wrong conclusions/planning
e Experience shows that a careful experimental systematic analysis boils down to a statistical problem
e If well prepared, theory will go as far as deemed useful : this preparation starts today (and needs SUPPORT)
e We are working in the spirit of matching systematic errors to expected statistics for all precision measurements

¢ Take the Z lineshape

sinz0,,*"and I'; (also my, vs m;) : Stat. 2x10 and 4 keV

FCC-ee Error dominated by point-to-point energy uncertainties.

special Based on in-situ comparisons between +/s (e.g. with muon pairs),
aQED(m Z) g Stat. 3x10° w with measurements made every few minutes (100’s times per day)
Obtained at FCC-ee from off-peak asymmetries (87.9 & 94.3 GeV): for the Boils down to
first time, it is a direct measurement of this quantity (game changer) « statistics (the more data the better, scales down as 1/4/L)

* Enters as a limiting parametric uncertainties in the new physics
interpretation many past and future measurements.

* |s statistics limited and will directly benefit from more luminosity

* No useful impact on aqep(mz) with five times less luminosity

* detector systematics (uncorrelated between experiments, scales
down a 1/ \/Nexperiments)

Z (and W) mass: Stat. 4 keV (250 keV)

Error dominated by +/s determination with resonant depolarization.
¢ Most of the work is (will be) on systematics As more understanding is gained, progress are made at a constant
pace, and this error approaches regularly the statistical limit

e But huge statistics will turn into better precision

> Areal chance for discovery

CG - 36 / 24


https://indico.cern.ch/event/1223855/#day-2022-12-13

Impact of TH uncertainties.

dJ. de Blas, FCC CDR overview ‘19

o 95% Prob. Limits |
P o et .
3 10| J - Qoo -
< 5-- - e e e . n
2f |
e 0]
Current FCCee
Exp. SM | Exp. SM (par.) SM (th.)
My [MeV] | £15 +8 | +1  40.6/+1 +1
6Tz [MeV] | +£2.3 40.73 | £0.1 +0.1 +0.2
0A,[x107°%] | £210 493 | +£2.1 +8/+14 +11.8
SR2[x107%] | £66  +£3 | £6 +0.3 + 5
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https://indico.cern.ch/event/789349/contributions/3298726/attachments/1806157/2947778/Global_EFT_fits_FCC.pdf

Higgs Factory



Higgs @ FCC-ee.

Central goal of FCC-ee: model-independent measurement of Higgs width and
couplings with (<)% precision. Achieved through operation at two energy points.

—— 7.2 ab' @ 240GeV S NN BN AL I S I
1.5x106 HZ evts :
45k WW—H evts

— e*te’ » HZ
— WW — H

250

200

Cross section (fb)

]]II|]]I]|II]I|II]\III|I

new optics design [iso

lllllllllllllllll

(May 2024)
gives ’ ot
50% more lumi ['% 2.7 ab-1 @ 365 GeV -
@ 240 GeV 330k HZ evts -

= 2.5x106 HZ evts| 50

80k WW—>I—! evts

1 l 1 1 1 l 1 1 1 l 1 1 1 l 1 1 1 l i 1 1 l 1 1 |

O 1 1 1 1 1
200 220 240 260 280 300 320 340 360 380 400
Vs (GeV)

Sensitivity to both processes very helpfulin improving precision on couplings.

Complementarity with 365GeV on top of 240GeV
improvement factor: ©/3/2/1.5/1.2 on Kx/EwW Kb/ Kg, Kc/ K~ (plot in bonus) —
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Higgs @ FCC-ee.

e Absolute normalisation of couplings (y recoil
method). The LHC fit doesn’t converge w/o making any assumption.

¢ Measurement of width (from zH>ZZ7Z* and Ww>H) Coupling HL-LHC FCC-ee
® 'y ~1%,0mpg ~ 3MeV (resp.25%, 0(20) MeV @ HL-LHC) K7 ((‘Z;)) i? 8.;8
] ] ] ] rKw (70 . .

e Model-independent coupling determination and K (%) 2.5* 0.38/0.49
: kg (%) 2% 0.49/0.54
iImprovement factor up to 10 compared to LHC - (%) L6t 0.46

e (Indirect) sensitivity to new physics ke (%) - 0.70/0.87
up to 70-100 TeV (for maximally strongly coupled models) :Y ((0/0;) ) 11(?* i;

Z 0 .
(Okx =v*/f* & mnp = gnpf) K;ty(%) 3.0* 3.1
¢ Unique access to electron Yukawa i (%) 4.4 3.3
""‘38| (%) - i_?ig
'y (%) - 0.78

Biw (<,95% CL) 1.9x1072* 5x10~*

current EW measurements Z-pole run _ _
Bunt (<,95% CL) 4 x1072* 6.8x107?
. IW 695/

HZg g S 4 ogly og5 /69& o9l / oq3y
al'GC ¥ a @ ] \/Ggﬂg Y-a @ 69"\ P P JhX X

695, oot 605, \ 7] \ ogif X —
E W ; 695, \6953\595""/ a9t ; 7/59?}’2- L & 094 695 g glj\(/IX

004, - > N I &z s\

692% ~ 16
s9%, 60t 48

ww
] == 09z°r
\l ,7, 6917
95%
\ / 69%, 59& &
694, 5Ly, ==y :
Z,L\ I gZ,L\“ X \ >

CG -40 /) 24 gy . @ @ 5  J.DeBlasetal 1907.04311


https://arxiv.org/abs/1907.04311

Complementarity 240-~365 GeV.

ECFA Higgs study group ‘19

Kw (%) Kz (%) K (%) Kz (%) Kp (%0)
> = Cmm D> Cm > e >
LE) |
s 5 I I ] ] H
)J -U E free kv free Ky
= 8 ; I Ky | < 1 I < ] DN I
v 2 1 I
= O s
= bl
9 > g 0004 08121620 000408121620 0 1 2 3 4 0 1 2 3 4 0 1 2 3 4
a < O c
U O O
5 g S 9 _ Ko (%) Ky (%) K (%) Ky (%) Kzy (%) %
=
| 3 O VYV - 0 O
S ‘3_ Y] O
= o = i N I I ] ] .%
L
g % o 3 . I -
< | 2 2 4
< = un ] [ I m I o
c
‘C’ < 0o 1 2 3 4 0015 30456075 001530456075 0 4 8 12 16 0 4 8 12 16 %’,
<
213 979 o
(av]
Q. () .
§ o :é — Br;,, (< %,95% C.L.) Bry,; (< %,95% C.L.) nggS@FC WG Kappa-2, May 2019
ZH bo2 e B FCC-ce+FCC-eh+FCC-hh CLIC3g0
i I B FCC-eezq5+FCC-eenqg ILC509+ILC350+ILCo5
- [— I FCC-eezqo ILC2s0
free Ky CEPC e LHeC (‘ KV| < 1)
———— 1 = i B CLIC3000+CLIC500+CLICsg0 HE-LHC (|xy| < 1)
1 CLIC500+CLIC3g0 HL-LHC (|xy| < 1)
000612182430 0 1 2 3 4 Standatone colliders


https://arxiv.org/abs/1905.03764

Complementarity FCC-ee~HL-LHC.

ECFA Higgs study group ‘19

Kw (%) Kz (%) K (%) K (%) Kp (%)
H
O
T —
bJ' 5 J free Ky
— O L
= | o A= o
0| 5| 39 —
g <
= O v
= 5 v 0.0 0.4 0.8 1.2 1.6 2.0
=i (72
c O c
QG o
3 c ‘n
§ ;‘5) o 8 N, s %) g
S| 8 O cV m o
z S o< mm 2
c B
O O % . C
3 . £ o '
2| 5 v > =
<zl 2 g —
Qq g = © 9
O 5 0 1 2 3 4 00 1.5 3.0 4% 6.0 7.5 0.0 1.5 3.0 45 6.0 7.5 4 8 12 16 0 4 8 12 16 5
O |l S © S
£/ 0% e
§ % E - Bri,, (< %, 95% C.L.) Br,, (< %, 959%\C.L.) Higgs@FC WG Kappa-2, May 2019
A | 4 b2 B FCC-of+FCC-eh+FCC-hh CLIC3g0
| o o c C-een4 ILC500+ILC350+ILC250
FCC-ee is limited LCyq assumption
by statistics on rare decays LHeC (Jiey| < 1) needed for the fit
—— — 3000 C1500+CLIC3g0 HE-LHC (|xv| < 1) to close at hadron
CLIC500+CLIC3gp HL-LHC (IKv‘ <1)

Standalone colliders

machines
00 06 1.2 1.8 24 3.0 0 1 2 3 4
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https://arxiv.org/abs/1905.03764

Complementarity FCC-ee~HL-LHC.

include HL-LHC

BRyn

measured measured

BRinv

Scenario

yes

kappa-3

ECFA Higgs study group ‘19

Kw (%) Kz (%) Ke (%) Kt (%) Kp (%)
O O O
] I ]
FCC-ee can reconstruct charm
— and gain access to charm Yukawa
0.0 04 0.8 1. 0 1 2 3 4 0 1 2 3 4
Ky (% Ky (%) Kzy (%)

back to main discussion

Higgs@FC WG

Important synergy HL-LHC — low energy lepton
colliders
Top/Charm Yukawa
(2) statistically limited channels: yy, up
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Kappa-3, May 2019
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https://arxiv.org/abs/1905.03764

[ | ~1
2 FCC-ee simulation \fg =240 GeV, 10.8 ab
i S asSSsS 3 2 L L1
% 1.8 —— ww 8(mh) =4.74 MeV
o [ e'e” 3(m) = 5.68 MeV
1.6 | = pu +e‘e d(m ) = 3.97 MeV
¢ Recoil mass in Z(ll)H events (I=e,u) y 3
e Thorough study of detector design impact 12}
e |arger variations from track resolution b
: : : _ 0.8
e High field & lighter tracker beneficial .
0.6
0.4
0.2
: 1 I 1 | l 1 1 1 | | 1 1 J I | 1 1
124.99 124.995 125 125.005 125.01
m, (GeV)
Final state Muon Electron Combination
. , 240 GeV 240 GeV 240 GeV
Nominal configuration —
— | Nominal 3.92(4.74) 4.95(5.68) 3.07(3.97)
Crystal ECAL to Dual Readout\ Inclusive 3.92(4.74) 4.95(5.68) 3.10(3.97)
Degradation electron resolution 3.92(4.74) 5.79(6.33) 3.24(4.12)
Nominal2 T — field 3T —
— | Magnetic field 3T 3.22(4.14) 4.11(4.83) 2.54(3.52)
Silicon tracker 5.11(5.73) 5.89(6.42) 3.86(4.55)
BES 6% uncertainty 3.92(4.79) 4.95(5.92) 3.07(3.98)
Impact of Beam Energy Spread —— |, -\ hrs 211331) | 2.93(3.88)  1.71(2.92)
Perfect (=gen-level) momentum ——> Ildeal resolution 3.12(3.95) 3.58(4.52) 2.42(3.40) I
resolution Freeze backgrounds 3.91(4.74) 4.95(5.67) 3.07(3.96)
Remove backgrounds 3.08(4.13) 3.51(4.58) 2.31(3.45)
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e 80% of the Higgs decays are fully

hadronic

e challenging for LHC

e good prospects for FCC-ee thanks to clean
environment and optimised tagging algorithms

B=57.7% B=11% B=8.6% B=2.9%
b 1 g c
W.Z
H H 7 H H
——m—=l - - - - -

) W,z
b 7'
N(H)~1.e6 @FCC-ee N(H)~2.e5 @FCC-ee N(H)~1.5e5 @FCC-ee N(H)~5.e4 @FCC-ee

B=0.024% B=6-10"7 B=1.4-107
S d U
H H H
-—— - B -
N(H)~400 @FCC-ee ° N(H)~1 @FCC-ee @ N(H)~0.3 @FCC-ee &

Hadronic Decays

H - bb
H-cc

H-ss

H-gg

5(0*BR) [%]

ZADH  Z(wW)H

0.7 0.4
4.1 2.2
230 150
2.2 1.1

H-dd
H- uu
H- bs
H- bd
H - sd

H - cu

Z(qq)H
0.3

3.3
440
3.1

0'BR
95% CL

1.4e-03
1.5e-03
3.7e-04
2.7e-04
7.7e-04
2.5e-04

Comb.
0.22
1.7
120
0.9

BR(SM)

6e-07
1.4e-07
e-07
e-09
e-11
e-20
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Electron Yukawa

The high luminosity, the precise control of the beam Vs, the clean reconstruction of final states
make it possible to observe:

Jadach+, arXiv: 15609.02406

+ _ 1.63— Born
e X=W.,Z,b,g i 1.64 fb
Iy
0 -
H = B o061 0.3 fb with 4.2 MeV
————- %0'8;_ with ISR c.m.e. spread
0.6:— 1)
0.4;—
0.2F
e X=W.b,g 02560 125608 1257 105705 12571

\'s [GeV]

o(e*e—H) = 1.64 b
(e*e—H)=0.17xo(e*e—H)=290 ab

Ospread+ISR

CG - 46 / 24


https://arxiv.org/abs/1509.02406

Electron Yukawa

The high luminosity, the precise control of the beam Vs, the clean reconstruction of final states
make it possible to observe:

¢ 20ab/yearat/s=125GeV (notinbaseline FCC-ee)
¢ Monochromatization 6 s~ 1-2 xI'; ~ 6 to 10 MeV

e Resonant ee — H production
Upper Limits / Precision on «,

o(s) [fb]

10
1 Standard Model
n— n AN <
=5 <S5 £ <
o g - 8
107" < T L
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Electron Yukawa

The high luminosity, the precise control of the beam Vs, the clean reconstruction of final states
make it possible to observe:

¢ 20ab/yearat/s=125GeV (notinbaseline FCC-ee)
¢ Monochromatization 6 s~ 1-2 xI'; ~ 6 to 10 MeV

Monochromatization: UNDER STUDY
taking advantage of the separate e+ and e- rings, one can distribute
in opposite way high and low energies in the beam (in x, z time)

e Resonant ee — H production
Upper Limits / Precision on «,

o(s) [fb]

T T [T T T [T [T Ty oT

(6] [
g —
- combine?
102 =
10 &
’ ; Standard Model §2E-I.-AE ZE-:AEg
- O A& 3 Q
10—1 - < :I_:' (L-B . . . . .
= opposite sign horizontal dispersion

opposite difference in arrival time
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Electron Yukawa

The high luminosity, the precise control of the beam +s, the clean reconstruction of final states
make it possible to observe:

¢ 20ab?/yearat+/s=125GeV (notinbaseline FCC-ee) - Significance e+e-—H, Vs=125GeV
¢ Monochromatization 6,5 ~ 1-2 x I'; ~ 6 to 10 MeV >
=20 e
< ]
d' Enterma,+ arXiv: 2107.02686 @
Higgs decay channel o x B | Irreducible background o S/B %
cfe S H W 58. 2% 164ab | ete —bb 19pb | O(10 ) 10 50
efe” 5 H— gg 8.2% 23ab | ete” = g7 61 pb | ©O(107%) 3
efe” 5 Ho 77 6.3% 18ab | ete” =77 10 pb | O(107%) =
efe” 5 H—ce 2.9% 82ab | efe” = ce 22pb | O(1077) o
efe” s Ho WW" - v 2j  21.4%x67.6%x32.4%%x2 265ab | ete” - WW" = v2j 23fb | O(107) 6
ete” S Ho WW* - 2020 21.4%x32.4%%x32.4%  64ab | efe” > WW" 2020 5616 | 0107 %) 5
efe” 5 H - WW* — 45 21.4%x67.6%x67.6%  27.6ab | ete” — WW* — 45 24 fb | O(107%)
ete” > H— 22" — 25 2v 2.6% x 70% x 20% x 2 2ab [ eTe” =»ZZ" »2j2v 273 ab | O(1077) 4
efe” 5> H — ZZ" — 2025 2.6% x 70% % 10% x 2 lab | efe” — 272" — 2025 136 ab | O(107?)
efe” 5 H— 272" — 2020 2.6%x20%x 10% x 2 0.3ab | ee” = 272" - 2020 39 ab | O(107?) 3
ete” > H— vy 0.23% 0.65ab | ete” = v~y 79pb | O107%)
w. 10/ab 2
H—og9g H—oWW* =2 2020: 45 H—-ZZ" —2j20:2025; 2020 H—bb H — TaqThad; ¢¢ 7y | Combined 2%
110 (0.53®0.34 ® 0.13)0 (0.32® 0.18 ® 0.05)0 0.130 < 0.020 1.30
w/ 10/ab: S~55, B~2400 — |.lo
1 L ) ' 1o
1 2 3 4567 10 20 30 100 200

(ab™)

mr


https://arxiv.org/abs/2107.02686

Electron Yukawa

A recent pheno study (Boughezal et al 2407.12975) shows that
transverse spin asymmetries can increase the sensitivity to the

electron Yukawa

Electron polarized,
positron unpolarized (SPo):

Electron transversely
polarized, positron
longitudinally polarized (DP):

Electron transversely
polarized, positron

longitudinally polarized (SP+):

Electron transversely
polarized, positron

longitudinally polarized (SP-):

8

|
1\’—5(
1
D:§
g
4
1
4
1
N=_
D)
1
T2
= B
N=3;
1
D:§

)

Sforbb
0.6 —
0.5 =
0.4 —
0.3

Al
| I
0.0

Minv.cut = 120 GeV

Minvent = 124.9 GeV  mMinyeut = 124.99 GeV

mmm DP s SP° mmmmm SPY mmmm SP~ mmmmm Reference

S for WW

3.5

3.0

2.5

2.0

1.5

1.0

0.5
0.0. —

|| I |

Miny cut = 120 GeV Miny.cut = 124.9 GeV  mipy cur = 124.99 GeV

e DP s SP° mmm SP* mmmmm SP~ mmmmm Reference
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https://arxiv.org/abs/2107.02686
https://arxiv.org/abs/2407.12975

Higgs Self-Coupling

How much can it deviate from SM given the tight constraints on other Higgs couplings?
Do we need to reach HH production threshold to constrain h3 coupling?

di-Higgs single-Higgs

Hadron _ N | t
Colliders ZZZ{D‘ 7 .\ R} ® -
! S B

Lepton
Colliders

exclusive

ECFA Higgs study group ‘19

global
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Higgs Self-Coupling

Higgs@FC WG November 2019

HLLHC T Don’t need to reach HH threshold

| e D, to have access to hs.
HE-LHC TR gg/:c-ee/eh/hh N gsc/caz/ir;/hh . . .
SOOI oo [Merco. Runs at different energies are essential
15% n.a.
FCC-eethhh e | B oo N\ [aad e (e.g. 240 and 365 GeV)
________________________________________________________________________________________________ S FCC-ee;‘-g“"”
under HH threshold iéé(;:s;)
FCC-ee \\\\\\\\\\\\\\\\\\\\ iagé(e? I . .
I e . The determination of h3 at FCC-hh
ILC 10% 1 36% (25%) .
________________________________________________________________________________________________ L0, o, relies on HH channel,
cepc |noerftvesheld L sl for which FCC-ee is of little direct help.
CEPC .
------------------------------------------------------------------------------------------------------ i ST But the extraction of h3
o o N oy | .
I Y CLIC 1 CLIC ., requires precise knowledge of y:.
36% 49% (41%)
0 10 20 30 40 50 e 1% yt < 5% h3

68% CL bounds on x5 [%]  aituture colliders combined with HL-LHC

Precision measurement of y: needs FCC-ee.

50% sensitivity: establish that h3#0 at 95%CL
20% sensitivity: 50 discovery of the SM h3 coupling
5% sensitivity: getting sensitive to quantum corrections to Higgs potential
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Higgs Self-Coupling

FCC-ee, from SMEFT global fit 10
0.015 Z-pole + WW threshold 7 05~ 0.5 0.14
i + 10.8/ab at 240GeV - | HL-LHC S2 + LEP/SLD HEP[Tj I
0.010 " + 3/ab at 365 GeV - ; | 8 7
i . without 365GeV run 047 10.4
i ] " Il FCC-ee+hh 1 — | |
0.005 | ] | | - 0:15)
: : 0.3 03 o 6f :
I ] ! ] A ]
0.000" % ] | : - f
i i 0.2/ 0.2 o o
, 0.1/ 0.1
~0.010 A= i |
- 28—parameter fit : - ] 2- -
- with Higgs & EW data
—001 5 L1 ! ! ! I \ I I I I \ I I I I | ! ! ! ! L]
-2 -1 0 1 2 .
6KA 0 5 10 15 20 25 30

Losocev (@b7")

50% sensitivity: establish that h3#0 at 95%CL
20% sensitivity: 50 discovery of the SM h3 coupling
5% sensitivity: getting sensitive to quantum corrections to Higgs potential
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Higgs Self-Coupling

Previous fits were done for Higgs flavour diagonal couplings.
New fits explored impact of different flavour scenarios.

Maura, Stefanek, You arXiv:2503.13719

Flavour symmetry

CP-even parameters

U(3)° 41
U(2)y x U(2)y x U(3)? 72
U(2)° 124
U(2)° (third-gen. dominance) 53
Scenario o [TeV—?]|68% CL dk
Cr Only 0.47 22%
Bosonic Only 0.58 27%
U(3)° 0.64 30%
U2)y x U(2)u x U(3)? 1.19 56%
U(2)° 1.41 66%
U(2)® (3rd-gen. dominance) 0.71 33%

CG 47 / 24

FCC-ee Projected Sensitivity

4_ L L I B L S S BB R I T

3_ |‘ :

2_ |“ :n
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O- ............. D L T
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Single Operator
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35

-

2

-

¢ X U(2)y x U(3)?

-

(3)
(2)
(2)
(2)

U(2)" (3rd-gen dom.)
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https://arxiv.org/abs/2503.13719

Higgs @ FCC-hh.

geH (N3LO) | VBF (N2LO) | WH (N2LO) | ZH (N2LO) | ttH (N2LO) | HH (NLO)
N100 24 x 10° 2.1 x 10° 16 x 10° 3.3 x 105 | 9.6 x 105 | 3.6 x 107
N100/N14 180 170 100 110 530 390

(N100 = 0190 7oy X 30ab™t & N14 =oumev X 3ab™?)

T Nl x a1 E oo = 2 oo * Large rate (> 10'°H, > 107 HH)
AL 1() 0 |- T (L ® unique sensitivity to rare decays (yy,
08 | 1 S vZ, uu, exotic/BSM)
” — e few % sensitivity to self-coupling
e L R =3 o Explore extreme phase space:
pashes: 1 o |,g2 [-peshes: m o+ ] e eg. 108 Hw/ pT>1TeV
e |\1 a Dotdashs WH N\ .\bb, | 5 e clean samples with high S/B
Tt T o an (GEV) * e small systematics
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Higgs @ FCC-hh.

Coupling HL-LHC FCC-ee FCC-ee + FCC-hh
k7 (%) 1.3* 0.10 0.10
kw (%) 1.5* 0.29 0.25
ki, (%) 2.5* 0.38 /0.49 0.33/0.45
kg (%) p 0.49 / 0.54 0.41/0.44
ke (%) 1.6* 0.46 0.40
ke (%) — 0.70/ 0.87 0.68/0.85
Ky (%) 1.6* 1.1 0.30
kzy (%) 10* 4.3 0.67
ki (%) 3.2% 3.1 0.75
ko (%) 4.4 3.3 0.42
’/{s‘ (%) — i_?ig 4—%2
'y (%) - 0.78 0.69
Biw (<,95% CL) 19x1072* 5x1074 2.3 x 104
By (<,95% CL) 4x1072* 6.8 x 1073 6.7 x 10~3
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Higgs and EW measurements




Sensitivity on EW couplings.

d. De Blas, G. Durieux, C. Grgojean, J. Gu, A. Paul 1907.04311
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Sensitivity on EW couplings.

d. De Blas, G. Durieux, C. Grgojean, J. Gu, A. Paul 1907.04311

B HL-LHC S2 + LEP/SLD M ILC 250GeV B CLIC 380GeV MEASENcaAll | ight shade: CEPC/FCC-ee without Z-pole |

Bl CEPC Z/WW/240GeV M ILC 250GeV/350GeV B CLIC 380GeV/1.5TeV é Lot ee without Y thresnold ]

B FCC-ee Z/WW/240GeV M 1L.C 250GeV/350GeV/500GeV | Il CLIC 380GeV/1.5TEV/3TEV | i coivers are combimed wih HLLHG & LEPISLD 40~
Bl FCC-ee Z/WW/240GeV/365GeV P(e”,e")=(70.8,£0.3) P(e”,e")=(¥0.8, 0) imposed U(2) in 1&2 gen quarks .

1074

10™°

6971 697 R

107°

® At circular colliders:
Z-pole run improves Zee couplings by almost factor 10

e At linear colliders:
EW measurements via Z radiative return give a factor 3

® At linear colliders, at high energy:
Higgs measurements improves EVW measurements
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Sensitivity on EW couplings.

d. De Blas, G. Durieux, C. Grgojean, J. Gu, A. Paul 1907.04311

T W HL-LHC s2 + LEP/SLD M ILC 250GeV M CLIC 380GeV ifciiesaalll | oht shade: CEPC/FCC-ee without Z-pole L
- |l CEPC Z/WW/240GeV Ml ILC 250GeV/350GeV Bl CLIC 380GeV/1.5TeV é Ci-PCIFOCee wihou! WY (hreshold :
10-1— M FCC-ee Z/WW/240GeV M 1L.C 250GeV/350GeV/500GeV | [l CLIC 380GeV/1.5TeVI3TeV |\l colisers ore combined wih HLLLHC & LEPISLD 110~
- | [l FCC-ee Z/WW/240GeV/365GeV P(e”,e")=(70.8,£0.3) P(e”,e")=(¥0.8, 0) imposed U(2) in 1&2 gen quarks s
e
—=10

e At linear colliders, at high energy: ]
EW measurements via Z-radiative return has alarge | | i | 107
iImpact on Zqq couplings

¢ |[mprovements depend a lot on hypothesis on systematic 510‘4
uncertainties -
Yellow: LEP/SLD systematics / 2 11075
Blue: small EXP and TH systematics
107°

697,  09zr 6%,  69%r 69y,  O69%k
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Why Z-pole for Higgs?

\ J. De Blas et al. 1907.04311

With Z-pole measurements,

Higgs coupling determination improves
by up to 50%

Z-pole run at circular colliders
decorrelates EW and Higgs sectors
from each other

w/o Z-pole run & Higgs w/ Z-pole run
al'GC

O EW


https://arxiv.org/abs/1907.04311

ImpaCt Of Z-pOIe o“ Higgs- J. De Blas et al. 1907.04311

Comparing 3 EW scenarios: LEP/SLD, actual EW measurements, perfect EWW measurements
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FCC-ee Z/IWW/240GeV


https://arxiv.org/abs/1907.04311

ImpaCt Of Z-pOIe on Higgs- J. De Blas et al. 1907.04311

Comparing 3 EW scenarios: LEP/SLD, actual EW measurements, perfect EWW measurements
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| |l FCC-ee Z/WW/240GeV/365GeV P(e™,e")=(70.8,£0.3) P(e™,e")=(%0.8, 0) imposed U(2) in 1&2 gen quarks _
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https://arxiv.org/abs/1907.04311

ImpaCt Of Z-pOIe on Higgs- J. De Blas et al. 1907.04311

Comparing 3 EW scenarios: LEP/SLD, actual EW measurements, perfect EWW measurements

| M HL-LHC S2 + LEP/SLD B 1L.C 250GeV SACYENEI® Ml CLIC 380Ge"/ ACKEUEEVI ght shade: CEPC/FCC—ee without Z-pole
= ll CEPC Z/WW/240GeV B ILC 250GeV/350GeV Bl CLIC 380GeV/1.51ev CEPC/FCC~ee without W\V threshold

Y perfect EW

E . FCC-ee Z/WW/240GeV . ILC 250GeV/350GeV/500GeV . CLIC 380GeV/1.5TeV/3TeV lepton colliders are combined with HL-LHC & LEP/SLD ;
| |l FCC-ee Z/WW/240GeV/365GeV P(e™,e")=(¥0.8,£0.3) P(e™,e")=(+0.8, 0) imposed U(2) in 1&2 gen quarks i
w 1
8’ ZV . =4V
< 10| Ratios, real EW / perfect EW 10 o
- u ] —
o) i 1 @
S [
o o5 2 9
S | LEP EW
I |
15 Z pole run | 15
., rod. returny
Real EW |

/7 WW A
09, 00, o 0% ; OKy
® FCC-ee and CEPC benefit a lot (>*50% on HVV) from Z-pole run

¢ FCC-ee and CEPC EW measurements are almost perfect for what concerns Higgs physics (<10%).

e | EP EW measurements are a limiting factor (~30%) to Higgs precision at ILC, especially for the first runs
But EW measurements at high energy (via Z-radiative return) help mitigating this issue
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ImpaCt Of Z-pOIe o“ Higgs- J. De Blas et al. 1907.04311

Comparing 3 EW scenarios: LEP/SLD, actual EW measurements, perfect EWW measurements

B HL-LHC S2 + LEP/SLD M 1L.C 250GeV HACYENCI® Ml CLIC 380Ge/ ACKENEE ght shade: CEPC/FCC-ee without Z-pole
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. FCC-ee ZIWW/240GeV . ILC 250GeV/350GeV/500GeV . CLIC 380GeV/1.5TeV/3TeV lepton colliders are combined with HL-LHC & LEP/SLD
B FCC-ee Z/WW/240GeV/365GeV P(e™,e")=(¥0.8,£0.3) P(e™,e")=(+0.8, 0) imposed U(2) in 1&2 gen quarks
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® Higher energy runs reduce the EW contamination in Higgs coupling extraction
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https://arxiv.org/abs/1907.04311

Impact of Diboson Systematics.

dJ. De Blas, G. Durieux, C. Grojean, J. Gu, A. Paul 1907.04311
precision reach of aTGCs at CEPC 240GeV
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precision reach with different assumptions on e*e”™>WW measurements

[l HL-LHC S2 + LEP/SLD

l CEPC Z/WW/240GeV

l FCC-ee Z/WW/240GeV

l FCC-ee Z/WW/240GeV/365GeV

[l ILC 250GeV
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M ILC 250GeV/350GeV/500GeV

P(e”,e")=(¥0.8,+£0.3)

Bl CLIC 380GeV

Bl CLIC 380GeV/1.5TeV

Bl CLIC 380GeV/1.5TeV/3TeV T re=t
P(e”,e")=(¥0.8, 0)

light shade: €=0.01 (= EX2m)
solid shade: €=0.5 (default)

lepton colliders are combined with HL-LHC & LEP/SLD
imposed U(2) in 1&2 gen quarks
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Higgs self-coupling.

Higgs self-couplings is very interesting for a multitude of reasons
(vacuum stability, hierarchy, baryogenesis, GW, EFT probe...).

How much can it deviate from SM given the tight constraints on other Higgs couplings?
Do you need to reach HH production threshold to constrain h3 coupling?

Directly: Higgs-pair prod Indirectly: via single Higgs
g - h | t
Haqron , - @ tH @___ u
Colliders h 7 >< |
g h g 000000 1 t
o .
— :
a, Lepton .
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20
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=
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Large self-coupling scenarios.

5y

5single h

Generically: ~ O(1) (composite Higgs/susy)

Particular exceptions: Higgs DM-portal models or custodial EW quadruplet

DiVita et al,: 1704.01953 Falkowski, Rattazzi: 1902.05936 Durieux, McCullough, Salvioni: 2209.00666

custodial FCC
14 : 7 : : 14 : : :
$
S
h3 ically i | to di BSM o ~
generically Is not a tool to discover S &
ol x}‘\ S SO
. . C-/ o L‘X’ . ‘\\/\\"‘
but exceptions exist. : §Y et
O \ing
T pooy #T
FCC-hh! i
! 2 3 4 5 6
2HDM type I, « :' B—m/2, ma ': my«, M = 7'71,H = 600 GCV'7 tan 8 =2 M [T(.V]
— s
S
20+ Excluded by the experimental i
bound an ;- (65| = 10%
N?.Z) > K:‘( = (J‘,d (current) ‘(\;/,.") ‘ _ 48(%
— ky > k3P =6.3 (current)
= HL-LHC projection
151 r.',(f) > HTL’LHC = 2.3 (projection)
Excluded by NLO pert. unitarity
Other exceptions: non-decoupled/fine-tuned spectra
10

5 — 03 o Bahl, Braathen, Weiglein: 2202.03453
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http://arxiv.org/abs/arXiv:2209.00666
http://arxiv.org/abs/arXiv:1902.05936
https://arxiv.org/abs/1704.01953
http://arxiv.org/abs/arXiv:2202.03453

Large self-coupling scenarios.

It is true that we haven't “measured” the Higgs potential but
there are only peculiar physics scenarios that produce large deviations in the shape of the potential
without leaving imprints elsewhere.

— —

CurrentLHC —> HL-LHC

R. Petrossian-Byrne/N. Craig @ LCWS’Q3

Important to understand which dynamics is really probed when embarking into challenging measurements.
Actually, double Higgs production is also interesting to probe new physics in its tail rather than near threshold
(where the sensitivity to Higgs self-coupling comes from).
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http://arxiv.org/abs/arXiv:2209.00666
http://arxiv.org/abs/arXiv:1902.05936
https://arxiv.org/abs/1704.01953
http://arxiv.org/abs/arXiv:2202.03453
https://indico.slac.stanford.edu/event/7467/contributions/5704/attachments/2793/7869/Craig_LCWS23.pdf

Higgs self-coupling.

ECFA Higgs study group ‘19

Higgs@FC WG November 2019

di-Higgs  single-Higgs DOn,t need tO reaCh HH thf@ShO'd

L Ly | . T ST to have access to hs.
______ o2t L) 50w o). 7 | : : rtant

HE-LHC NN . E%C-ee/eh/hh - ggog-aes/gg/hh _po e ru n IS Ve ry Impo an

................................................................................................ : N ; .

B e L if the HH threshold cannot be reached

FeC-eehh rThITFEEESYYY @ 0 |= e Lna o

________________________________________________________________________________________________ =] FCC-ee*”

ECC under HH threshold - i‘éégﬁs :/:)
-ee sy : :
llnnmm oG cey, The determination of h3 at FCC-hh

N RN | e relies on HH channel,

i for which FCC-ee is of little direct help.
But the extraction of h3
M_ || meEe O requires precise knowledge of y:.
° P % 689 L bounds on Kio[%] i 1% yt <> 5% h3

| Precision measurement of y: needs ee

CEPC | 'T“TCUTTTLO 49% (29%)

CEPC

CLIC

50% sensitivity: establish that h3#0 at 95%CL
20% sensitivity: 5o discovery of the SM h3 coupling
5% sensitivity: getting sensitive to quantum corrections to Higgs potential
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Discovery potential beyond LHC



Discovery Potential Beyond LHC.

Precisely measured EW and Higgs observables are sensitive to heavy New Physics
Examples of improved sensitivity wrt direct reach @ HL-LHC: SUSY

stops
2000 T T T Heavy neutral Higgses
=14 ¢ -
n1§1+n1f~ ,,, | \a’ T
/’ . . — %
R Higgs couplings A —
e 20 CL. e
1500 " HL-LHC (dotted) *
/’ ILC 500 (solid) ,* |
= " ILC 1000 (dashed)#” i |
8 CEPC (solid) ,¢” i hbtlﬁ_lthEL coupling:
< 1000 Lhec
~ e
é . {,\&Q --.CEPC
& - FCC-ee >
-..FCC-ee/eh/hh
/ ILC,,,,
4 N ---CL|C3000
& ——
500 S Direct:
............... - = HL-LHC, A — t'v
— FCC-hh |
| | L1 1 | | [ I 104
1000 1500 2000 95% C.L. limit on m, [GeV]
1
Fan, Reece, Wang ‘14 ESU Physics BB ‘19
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https://inspirehep.net/literature/1333670
https://inspirehep.net/literature/1761133

Discovery Potential Beyond LHC.

Precisely measured EW and Higgs observables are sensitive to heavy New Physics
Examples of improved sensitivity wrt direct reach @ HL-LHC: Composite Higgs

Composite Higgs, 20
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ol Fig. 8.5: Exclusion reach of different colliders on the inverse Higgs length 1/¢; = m, (orange
. T - T ]/ bars, left axis) and the tuning parameter 1/€ (blue bars, right axis), obtained by choosing the
010 20 30 40 weakest bound valid for any value of the coupling constant g, .
m, [ TeV]

ESU Physics BB ‘19
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https://inspirehep.net/literature/1333670
https://inspirehep.net/literature/1761133

e LLP searches with displaced vertices
e.g. in twin Higgs models glueballs that mix with the Higgs and decay back to b-quarks

Craig et al, arXiv:1501.05310

e Rare decays

Gori et al arXiv:2005.05170

e.g. ALP mixing w/ SM mesons:

K; — na — 1’y (KOTO)
Kt = 7nta— nmtyy (NA62)

o ALPs@ colliders
€.J. efe” —a :

_|_

e e — ha

Knapen, Thamm arXiv:é108.08949

']
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Direct Searches for Elusive New Physics
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https://arxiv.org/abs/1501.05310
https://inspirehep.net/literature/1908207
https://arxiv.org/abs/2005.05170

Direct Searches for ALPs
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Direct observation

in Z decays
from LH-RH mixing

Important to understand

1. how neutrinos acquired mass

2. if lepton number is conserved
3. if leptogenesis is realised

Search for vrn
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Exotics/Long Lived Particles.

" Quantum Gravity?
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Decay Topologies
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Decay Topologies
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Z. Liu @ CEPC 2020

"he Higgs could be a good portal to Dark Sector
— rich exotic signatures —

LHC’s strength
Hard at LHC due to
missing energy
Hard at LHC due to
hadronic
background

Lepton colliders’ strength
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https://indico.ihep.ac.cn/event/11444/session/2/contribution/202/material/slides/0.pptx

Exotics/Long Lived Particles.

The Higgs could be a good portal to Dark Sector
— rich exotic signatures —

Z. Liu @ CEPC 2020

95% C.L. upper limit on selected Higgs Exotic Decay BR

(m HL-LHC
10-1 L m CEPC J
N m ILC(H20)
.%3 10-2L o FCC-ee).
n
ftl 103
&5
10_4 1 =H
107°

ME?‘ (bb)+ME7. 0/)+MET (TT).,.MET bb+M57 j/+ME7' TT#-MET (bb)(bb) (CC)(CC) (//)(jj) (bb)(ff) (rf)(]-z-) (jj)(}/}/) (V}/)(Vy)

How to improve?

> Dedicated detectors, see e.q. talk b
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https://indico.ihep.ac.cn/event/11444/session/2/contribution/202/material/slides/0.pptx
https://indico.cern.ch/event/995850/contributions/4406347/attachments/2273713/3862016/FCC-week-LLP.pdf

FCC-ee/FCC-hh Interplay



Synergy ee~hh.

FCC-hh without ee could bound BRin but it could say nothing about BRuyntagged (FCC-ee
needed for absolute normalisation of Higgs couplings)

< (%) FCC-hh is determining top Yukawa through ratio tth/ttZ
So the extraction of top Yukawa heavily relies on the knowledge of ttZ from FCC-ee
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https://arxiv.org/abs/1507.08169

