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The Big questions 2 COLLIDER

What is the origin of Dark Matter / Energy ?

What is the origin of matter/anti-matter asymmetry ?

What is the origin on neutrino masses — the flavour puzzle ?
What is the origin of the Electro-weak symmetry breaking ?
What is the solution to hierarchy problem ?

The Standard Model does not provide answers to these questions

There is new physics out there (beyond the Standard Model)



New facilities goals

What we cannot deliver:
* explore all new physics directions/mass couplings scale
 guarantee discovery

What we can deliver:
* precision
* sensitivity to new as many as possible scenarios of new physics
* clear yes/no answers to concrete scenarios



What do we know

e The Higgs boson has been discovered in 2012
o we have entered the realm of precision!
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The Higgs Sector
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What do we know

e The Higgs boson has been discovered in 2012
o we have entered the realm of precision!

e |Itis light enough to be abundantly produced in a circular e+e-
machine

e No new electro-weak NP states found in the 100 GeV-1 TeV range
e No strong theoretical guidance on new physics
e The Higgs and EWSB is new physics, it plays a central role in the

SM, ought to be measured at permil level precision (as W, Z
boson at LEP)



The HL-LHC legacy: EWK and Top
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e Precision measurements
W mass ~ 5 MeV ? (possibly Z mass, sin 8,,)

O
O

Top mass ~ 200 MeV ?

Careful! only 5-10% of full LHC dataset analysed so far ...
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2020 Update of the European Strategy for Particle Physics (link)

“An electron-positron Higgs factory is the highest priority next collider. For the

Exactly what the FCC project is addressing
e FCC-ee is an electron positron Higgs factory (and much more)
e FCC-hhis a proton-proton collider at the highest achievable energy, using the
same tunnel


https://cds.cern.ch/record/2721370/
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The FCC Project > COLLIDER

FCC is the proposed post-LHC CERN'’s flagship 2-stage project (e+e-, pp) to experimentally
push the frontiers of the unknown

e Baseline accelerator design: 90.7 km, 8 surface
points, 4 interaction points

Possible FCC project timeline. From the perspective of the technical
schedule alone, FCC-ee operation could start in 2040 or earlier.

2014 2045
2018 @ 2048 Cost
Domain [MCHF]
o [ ) o o ° ® ®

Civil engineering 6160
Technical infrastructures 2840
HL-LHC i i
Conceptual Design Feasibility Study Projectapproval by Constructionof ends Operationof FCC-ee  Operationof FCC-hh IDJCCIOIS and trar'lsfer lines 590
Study CERNCounGil  y oo iene oo Booster and collider 4140
starts CERN contribution to four experiments 290
FCC-ee total 14020
+ Four experiments (non-CERN part) 1300

We are here

FCC-ee total, including four experiments 15320 10




The FCC-ee programme \/ CIRCULAR
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£ 10° g | | T I
(2} - Z (88-94 GeV) - .. . . . . .
Pt - . recepir = Exquisite luminosity allows for ultimate precision:
O - i e 10° larger dataset than LEP at the Z-pole, enables:
‘o X . _ o  300x improvement in statistical precision in
~— = W*W' (157-163 GeV) =
> s 3 EWPO
’é - N o  10x larger statistics vs. planned flavor factories
E i ] o ultra-feebly interactive particle searches up to
3 10 g_ ﬁ(SSOGeV) """" _§ mZ
- i e ~ millions of extremely clean H and Top, allow:
- e . :',\ - o [0.1-1%] H, top couplings precision
e A NN it o mass and width 10x better precision than LHC
100 150 200 250 300 350 200
Vs [GeV]

Working point Z pole WW thresh. ZH tt

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

Lumi/IP (1034 cm—2s71) 140 20 7.5 1.8 14

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%4t
Number of events 6x1012Z 2.4 x108 WW + + 370k ZH

65k WW - H +92kWW — H




Flexible running sequence Y
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Previous situation: different RF configurations for Z and WW/ZH Before
@ Hard choices about which run come first - N
A 1 year shut down between runs...

Recent developments enabled flexible running sequences of
ZIWW/ZH, without shut down

:
ww i ZH
x10 " 10

Integrated luminosity [ab™]

]

A Very short run (weeks) at the Z for commissioning/calibration Wz 3 4 5 6 1 & © 10 i1 iz 13 14 15 16

(most challenging mode), go straight for the full ZH run, come
back to the Z after

Now
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FCC-ee accelerator complex

parameter Z WW  H(ZH) tt
beam energy [GeV] 45.6 80 120 182.5
synchrotron radiation/beam [MW] 50 50 50 50
beam current [mA] 1294 135 26.8 5.1
number bunches / beam 11200 1852 300 64
total RF voltage 400/800 MHz [GV] | 0.08/0 | 1.0/0 | 2.09/0 | 2.1/9.2
luminosity / IP [1034 cm2s-1] 145 20 7.5 1.4
;c;taa: E:E?Ir;:;d luminosity / IP / 17 2.4 0.9 0.17
beam lifetime [min] 21 13 9 10

y FUTURE
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Injectior j PA (Experiment site)
b hadela
Injection into collider

PB
(Technical site)
Beam absorber

PL
(Technical site)
Booster RF

P + ———————————————— | PD
(Experiment (Experiment
site) |

(Technical site)
Betatron &
momentum
collimation

(Technical site)

Collider RF PG (Experiment site)

(d  Double ring (Top-up injection scheme), many bunches (x200 vs LEP), larger radius = higher current
[  Strong focusing optics with Crab-waist collision scheme (DAFNE, SuperKEKB)
A Flexible RF (2 cell 400 MHz) that allows to run with same collider between Z and ZH threshold

13
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Detector requirements - general considerations \/ CIRCULAR

e  Requirements for Higgs and above have been studied to some extent by LC: ) )
o we want a detector that is able to withstand a large dynamic range: S~ ¢ Y/ q
a  inenergy (Vs = 90 - 365 GeV) : I
m inluminosity (L = 103 - 10% cm?/s) N v/y

e  most of the machine induced limitations are imposed by the Z pole run:
o large collision rates ~ 33 MHz and continuous beams

e*e Pairs

m  no power pulsing possible OO

o large event rates ~ 100 kHz WO

Beamstrahlung

m fast detector response / triggerless design challenging (but rewarding)
m  high occupancy in the inner layers/forward region (Bhabha scattering/incoherent pair
production/ yy hadrons)

o beamstrahlung -

e complex MDI: last focusing quadrupole is ~ 2.2m from the IP
o magnetic field limited to B = 2T at the Z peak (to avoid disrupting vertical el

SR) LumiCal
m limits the achievable track momentum resolution Compensating
O “anti’-solenoid Inner Vertex solenoid
m limits the acceptance to ~ 100 mrad > &= Outer Vertex \

— mostly affect Z pole, measurements, in principle 3T field is possible at Vs = 240 GeV

14



FCC-ee Detectors Embryos ENC Y SlRctiar
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Several detectors are being designed, more to come (software plug-and-play)
e Alot of detector R&D targeting FCC-ee detectors, organised by DRD’s (more in this talk)

IDEA ALLEGRO ILD for FCC-ee

r(m)

CLD

Instrumented return yoke

il 4

TPC: adapted from ILD “standard” ILD

X [cm]

Muon Tagger

2T coil

Scintillator-iron HCAL
Si Tracker

Double Readout Calorimeter

2T coil

Ultra-light Tracker

MAPS -

\ LumiCal

Pre-shower counters

= Full silicon vertex + strip tracker = Silicon vertex + ultra-light tracker = Silicon vertex + ultra-light tracker ILC baseline of ILD: TPC, inner Si-
= CALICE-like 3D-imaging high- = Monolithic dual readout calorimeter = High granularity noble liquid ECAL Tracking, SET, SiW Ecal,
granular calorimetry with Si-W with Cu-fibers (possibly augmented by (LAr or LKr with Pb or W absorbers) SciFeHCal
for ECAL and Sci-iron for HCAL dual-readout crystal ECAL) = CALICE-like or TileCal-like HCAL )
= Muon system with RPCs = Muon system with p-RWELL = Muon system ILD for FCCe_e -v01: TPC, inner
= Coil outside of calorimeters = Coil inside calorimeters = Coil outside of ECAL and fwd tracking from CLD
(squeezed), standard FCC-MDI
region

15


https://indico.cern.ch/event/1473237/#11-drd-activities

FCC-ee Physics Potential
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PED group also submitted 7 documents (10 pages) as input to the strategy discussions:

Future Circular Collider
Feasibility Study Report

Manifesto: https://doi.org/10.17181/3kaxg-ejn91

EW, Higgs, Top: https://doi.org/10.17181/n78xk-qcv56

BSM: https://doi.org/10.17181/69m03-zzb95

Volume 1

Physics, Experiments, Detectors

QCD: https://doi.org/10.17181/nfcpy-vns54

Flavour: https://doi.org/10.17181/inzpp-1fw39

arXiv:2505.00272v1 [hep-ex] 25 Apr 2025

FCC-hh: https://doi.org/10.17181/bzhc2-mem17

Detector Eols: http://dx.doi.org/10.17181/wr1sy-dbk95

nnnnn

| will cover mostly (and partially) Physics and Detectors in this talk ... [CDS, arXiv:2505.00272]



https://doi.org/10.17181/3kaxg-ejn91
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/bzhc2-mem17
http://dx.doi.org/10.17181/wr1sy-dbk95
https://cds.cern.ch/record/2928193
https://arxiv.org/abs/2505.00272

Physics landscape at the FCC-ee

Higgs

factory

-

m,, O, FH
self-coupling
H— bb, cc, ss, gg
H—inv
ee—H
H—bs, ..

Top

Mtop, rtop, ttZ, FCNCs

(¥

hY#

Flavor
“boosted” B/D/t factory:

CKM matrix
CPV measurements
Charged LFV
Lepton Universality
T properties (lifetime, BRs..)

BC—>TV
BS—>DSK/1T
BS—>K*TT
B— K*vv

\ / QCD - EWK

~

most precise SM test

rnZ ! rZ > inv
sin%6,, , R?,, R, R_

AFB""C , T pol.

B,—ovyv..

(& )

y FUTURE
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BSM \
feebly interacting particles

a

Heavy Neutral Leptons
(HNL)

Dark Photons ZD

Axion Like Particles (ALPs)

Exotic Higgs decays

A 4

18



Detector requirements at the FCC-ee

/ Higgs
factory

track momentum

resolution (low X))

IP/vertex resolution for
flavor tagging

PID capabilities for flavor
tagging

jet energy/angular
resolution

hY#

Flavor \

“boosted” B/D/t factory:

track momentum
resolution (low X))

IP/vertex resolution
PID capabilities

Photon resolution, pi0
reconstruction

(stochastic and noise)
K and PF /

/ QCD - EWK

most precise SM test

acceptance/alignment
knowledge to 10 um

luminosity

Momentum resolution

(& )

(&

Y

y FUTURE
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BSM
feebly interacting particles

Large decay volume

High radial segmentation
- tracker
- calorimetry
- muon

impact parameter
resolution for large
displacement

timing

/

triggerless

<

4

19



collisions e*e” vs. pp

+  Physics background
* s-channel ~ |/s
* t-channel ~ log s

MADGRAPH5

cross section [pb]
15

Wrw-—> H

50 100 150 200 250 300 350

Vs [GeV]

S/B 102 at ete-

FCC-ee offers ideal environment for Higgs physics
large rates (> 10°)

o allows to access “abundant” decay modes
clean exp. environment

o (no UE, Pile-up, low event rate - trigger less)
Large S/B (no QCD background)
Energy, momentum constraints
small PDFs, QCD theory uncertainties
Luminosity uncertainties can be neglected (< 107%)

y FUTURE

CIRCULAR
7 COLLIDER
are“small” inete- 100 Tev
: LHC HEIE.NC VLHEC :109
_ ;
£ A
S i
10 10?

\'s [TeV]

10-19 at hadron colliders

FCC-hh very large rate , > 10'° Higgs bosons produced
o allows to access rare decays, rare production modes (eg
ttH, HH)
Large backgrounds
In some cases Higgs physics can be studied in the boosted regime
to limit impact of systematics, backgrounds
Exploit ratios to cancel correlated systematics

20



CIRCULAR

Precision Physics at the Tera Z \j (F;L;T:EEER

Observable " preiem . FgC-ee F(SZC-ee Comment and

. . . value uncertainty tat. yst. leading uncertainty

FCC-ee Z-pole run: a gigantic leap towards the unknown o G STTE7600 & 2000 4 100 From Zline shape sean

. Beam energy calibration

e The whole LEP dataset is produced every ~ 30 seconds! BE 2483002300 C P e encrty catrason

5 . sin? 5 (x10°) 231,480 + 160 12 12 From Al at Z peak

® 1 0 X LEP dataset In total v Beam energ;li:alibralion
. . . 1 2) (x103 128952 + 14 39 11 From Alg

a > 100 x reduction in stat. uncertainty (iR ) Pyl o A Zfi:ﬁ

. . . QED&EW uncert. dominate

D 10 X increase in phySICS reaCh Rf (x10%) 20767 + 25 0.05 0.05 Ratio of hadrons to leptons

O A~380 Yo o @ -1/4 for dim-6 Acceptance for leptons

ag(m) (x10%) 1196 + 30 0.1 1 Combined RZ, T%,, o0, fit

oD, (x10%) (nb) 414802 + 325 0.03 0.8 Peﬁk hadronic cross section

. . . uminosity measurement

Precise measurements are discovery tools: Noao) 29963 1 74 095 012 Z peak oros sootions

Luminosity measurement

Ry (x10°) 216290 + 660 025 03 Ratio of bb to hadrons

e Loop corrections from heavy particles A b mE B W e

. . . AR (x10* 1498 + 49 0.07 0.2 larisati

LEP/SLC hinted at the existence of the top and Higgs, and m T my iy

. . 7 lifetime (fs) 2903 + 05 0.001  0.005 ISR, 7 mass

e Stl m ated th eir mass 7 mass (MeV) 177693 + 0.09 0.002  0.02 estimator bias, ISR, FSR

7 leptonic (v, v;) BR (%) 1738 + 0.04 0.00007 0.003 PID, 7° efficiency

a M,~ 170 £ 10 GeV, (114 <) M, < 200 GeV mw (MeV) 803602 + 99 018 016  From WW threshold scan

Beam energy calibration

T'w MeV) 2085 =+ 42 0.27 0.2 From WW threshold scan

. . Beam energy calibration

Maln Cha”enge- ag(m,) (x10%) 1010 + 270 2 2 Combined R)", T}y fit

N, (x10%) 2920 + 50 0.5 small Ratio of invis. to leptonic

. . in radiative Z returns

e Dbring systematics down to stat. level Ties Mo -

d . . I t .th . e . Tiop MeV) 1420 + 190 10 6 From tt threshold scan

PY QCD uncert. dominate

esigning accelerator wi reqwred speC|flcat|ons W 2 1 o 05 005 From Tt ool soan

QCD uncert. dominate

ttZ couplings +  30% 0.5-1.5 % small From /s = 365 GeV run
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Why EWK precision at intensity frontier?

e Potential to test the consistency of the SM via loop

corrections
o sin®9,*", m, and other EWPOs parametrically depend on:
u QED(m ), Mo My @ (mz),

great preC|S|on Is needed on these parameters to
interpret potential deviations in terms of new physics
e impacts Higgs precision physics
e best to have many EWPOs to explore nature of BSM
‘signals’
e Programmes
o Zlineshape:
= m, [, A(sind
B agep(My) as(ngv
e LCF: from lattice

e FCC-ee, LEP3: direct measurement + Lattice
o  WW threshold (and above)

eff _ _
), Rz_rhad/rz’ Rq r /rhad’ had

(Baseline)
69h22/69hzz
- - -
N w a

-
o

[2505.00272]

-
o

Erit

w— FCC-ee ZIWW/240+365GeV

N

m m,, I, BR(W — &), a(m,), triple/quartic gauge couplings

10°  510° 10° 510° 10" 510" 10" 540" 10'2 Baseline

"Z's

22


https://cds.cern.ch/record/2928193/files/2505.00272.pdf
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All absolute cross-section measurements rely on precise
determination of the luminosity uncertainty
o the ultimate statistical precision
m 10%(Z pole) -- 103 (ZH, top threshold)

Contrary to pp, can measured in situ via well (very) known processes
o di-photon: e*e’ > yy (80 /0 <> 107°)
[ di-photon: pure QED corrections up to 3-loops

Theory Challenges:
o bhabha :e*'e"—e'e (50,/0 «» 107
[ large systematics from higher order corrections: low energy vacuum
polarisation, EW, QED

Experimental Challenges:

o require exquisite control of acceptance:
m  detector components positioning to 1-10 um
m  alignment and monitoring to ensure stability
e  physics py, ete-, yy events using kinematic from well known
initial state and beam constraints (crossing angle) will be
extremely valuable
e full potential to be established!

[ADLO+S, Phys. Rept. 427 (2006) 257]
T T T T

40
ALEPH

DELPHI
L3

30 OPAL

Oppaq [Mb]

20 <
/
/
e measurements (error bars /
increased by factor 10) /

10 [ — o from fit /’

..... ED ted "
Q! correce/

= 1 1 \i/Mll

86 88 90 92 9|4
E,, [GeV]

1000

Z->ee
Bhabha t-channel
ee->gamma+gamma

3
8

10

s-channel: Z> ee=Z>pp=7> 11

|

0.1

d sigma / d cos(theta) [nb]

t-channel: ee > ee

0 0.1 0.2 0.3 0.6 0.7 0.8 0.9

4 0.5
cos(theta)

0.
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Challenges for precision masses and widths

The statistical precision for precise mass and width determination of Z, W
and top is 20-50x better than LHC (and LEP)
o eg &m, ~200 keV (reminder: latest CMS dm,, ~ 9.9 MeV)

Matching such precision requires extraordinary knowledge of beam
related parameters

Mass precision determination (m,, m,,, m, m,)

o  dominant uncertainty is absolute knowledge of \'s
m Vs<= 2m,, — resonant depolarisation (unique to e+e- colliders)
m Vs> 2m,,, — monitor using in situ physics events
e from physics Z(up)y events, WW?

o dominant systematics for m,,,m,

Width precision determination (I',), dominant systematics can be
constrained in situ with pu pairs

o beam energy spread/ relative “point-to-point” \'s uncertainty
m  Impose tight requirements on
e  Tracking momentum resolution (single point, B field,
material budget)
e Momentum scale stability (to monitor with B probes or low
mass resonances)
e  Optimal analysis techniques still to be developed

-
N

S(WW) (pb)
3

ALEPH
DELPHI
L3
OPAL

T

' H \
| 7o R B, \
/ : \

e errorbarsx 10

| — o from fit _."
..... QED corrected .~

| 1 il A\

Z) Il
86 88 90 92 94
E.m [GeV]

L ——m,=80.385GeV I,,=2.085GeV

— [ m,=80.385GeV, I,,=1.085-3.085 GeV <\

FCCee W-pair threshold

m,,=79.385-81.835 GeV, I,=2.085 GeV ./

oo oy Ly
?55 160 165 170

Vs (GeV)
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WW threshold mass (and width)

arXiv:2107.04444

E FCCee W-pair threshold A
£ — m,=80.385 GeV I',,=2.085 GeV o
[77) m,,=79.385-81.835 GoV, T',=2.085 GeV /71 1is0
gm- (20 m, =80.385 GeV, I',=1.085-3.085 GeV.( ¢ ,“
e Mass (I) Measure WW production as a function of sqrt(s) ° KR
8_
do A
Amy (T) = (ﬁ) Aoww(T). i
THEORY CHALLENGES
darcri X\~ fdoiw (full NNLO EWK calculation) 4
Amy (E) = - | AEcm;,
dm“r dEChI
2_
Am,, ~ 200 keV (x30 ) ==
955 160 165 170
e Mass (Il) /s (GeV)
o Kinematic fit above threshold (using qqlv events)
m requires also excellent knowledge of sqrt(s) observbie s T TOCSTCE S e
res.depol my (MeV) 80360.2 =+ 99 018  0.16 WW threshold scan
. . Beam energy calibration
m lepton momentum scale (calibrated also via 1w TR T WAV threshold scan
radiative return Z events) : . et e
B(W —ev) x10* 1071 + 16 013 0.0 From WW and ZH threshold
luminosity
e Many more opportunities: B(W —py) x 100 1063 + 15 013 010 From WW andZ}:uﬁ:i:s:;::
o V 5 V . etc B(W —7v)x10' 1138 £ 21 013  0.15 From WW scan ZH threshold
cb’ " cs’ luminosity
) Leptonlc BRs > 100x better than today g 106 + 0.8 0.007 small From WW threshold
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Top quark physics THEORY CHALLENGES
(full N4LO needed)

e Similar to WW threshold (and Z pole), top mass, width, and top yukawa can simultaneously
determined by measuring the WbWb production cross section as a function of sqrt(s)

e Additional (TH) difficulty: top bound state (~ toponium)

arXiv:2503.18713

Lr—v T T T T T T
8 1.0f ]
‘E‘ i Ke] T T T | P T T T
2 7 © I QQbar_Threshold N*LO+ISR ]
S | c 1.04r Jre—— g [JHEP 02 (2018) 125] ]
» 0.8+ - Observable present FCC-ee FCC-ee Comment and O F A N + FCC-ee BES 1
§ L. BE R e value =+ uncertainty Stat. Syst. leading uncertainty § 1
s | My (MeV) 172570 £+ 290 4.2 4.9 From tt threshold scan 24 02_
8 g6l < parametric, beam calibration © |
2o, = 5
) + 7 Figp (MeV) 1420 £ 190 10.0 6.0" From tt threshold scan 5
§ parametric, beam calibration © N\ /A __________]
i) - - o 1.00
204 . | Yop + 10% 15% 1.5% From"/.? = 365GeV un 3 I N S :
QQbar_[.Ltgsgg?zlal:) 1"2(5)] ] paramteric, beam calibration 2 | of e
FCC-ee BES T BttZ (L-R) + 10-30% 0.5-1.5 % small From \/.; = 365 GeV run r
I 1 0.98
0.2 .. N3LO N — yn+10%
. -=- NPLO+ISR I ag(m3) +0.0002 ]
— NOLO+ISR+BES 1 096 =it Mey
(2L T T S TN S B L — m{S£30 MeV
W PR S8 SR SR 2P Y7 S 7 7V R VTS VTR 7Y
gt /5 [GeV]

e Much more can be done at 365 GeV, notably gL, gR ttZ coupling to 1% level precision
o Required for ttH interpretation at the FCC-hh (see later)
e Vis to few percent 26



QCD

Z-pole run: Perfect lab to study QCD (fragmentation, jet substructure)

Rw,z(Q) =

Jet shapes ...

ag standard model prediction:

Ie(Q) EW ( : (
——— =R 1+ E i
Fl\izz(Q) e =i Ei8)

as(Q)

T

) F O(Qg) + Omix + fSnp)

Known at N3LO QCD, 2-loop EW corrections
Experimentally, expected precision on ag at permil level

o, (m.) = 0.12030 + 0.00028 (£0.2%)

10x improvement

High order NNLL tuning of shower (g vs gluon discrimination)
Fragmentation functions

Ojyaa [Mb]

jry

09

40

30

20

10 -

[ADLO+S, Phys. Rept. 427 (2006) 257]
T T T T

ALEPH i
DELPHI f i\
L3 i/ H %
OPAL

® measurements (error bars /
increased by factor 10) /

— ofrom fit yd

QED correclei//

M

- 1- = 1 1 \I/ 2 1 ]
86 88 90 92 94
E,, [GeV]

TTTT]

TTT T[T T LT T TT [ TTTT[TTTT[TTTT

[T T

DdE, Jacobsen: arXiv:2005.04545 [hep-ph]

= 7 data, FCC-ee (91 GeV)
== 7 data, LEP (this work)
7] World average [PDG 2019]

6

0.118

0.12 0.122 0.124

(xS(mZ)

20
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Flavor

Z-pole run: Perfect lab to study Flavor

Large abundance of B, D, tau production

Particle species B° B~ BY Ay, Bf c¢ 71771t
Yield (10°) 740 740 180 160 3.6 720 200

Also LHC(b) produces large amounts of heavy flavors, but at FCC-ee:

* Large (central) boost
» Large geometrical acceptance (favours final states with neutrinos)
« Clean environment (favors final states with 10 )

Attribute T (4S)
All hadron species

High boost

Enormous production cross-section
Negligible trigger losses

High geometrical acceptance

Low backgrounds

Flavour-tagging power
Initial-energy constraint

about 15x anticipated Belle |l statistics

S A[E
LRSS ES K

LR RN

—~




Flavor

Observation of B — K* Tt possible at FCC-ee (

LHCb)

Requires 2-3 um impact parameter resolution (e.g ALICE - ITS3) and
excellent PID capabilities

+ allows for clean secondary and tertiary vertex reconstruction

Much more to study:

+ other b — s transitions (LFU test)
* B—Kee (up)
c B-oK'w

. Bs — TT, VV ..
«  CP violation in DO — 1° 1% , charm mixing

* 1 physics (10x or more )
* Mass, lifetime

* LFU,LFV

Candidates / (0.030 GeV/

120
impossible at Belle Il and |

(0]
(=)
1

[=2]
(=]
1

0.6

48

5.0

PV (3.0um, 0.0238um, 3.0um) & SV & TV (20.0um, 5.04m)

5.2

Probability to identify a 7° = 0.80
By — K**D,D,(D, — Tv)
By — K**DDy(Ds — wrrn®)
By — K*Dyrv(Dy — 1v)
By — K*'D,D,(
By — K*D:Dy(D; - Dyy, Dy = Tv/)
By — K*D,D,(D, = 1v, D, = nnnn®)
By = K*D:tv(D} = Dyy, Dy — nrrn®n®)
By — K*D,D,(
By — K**D:Dy(D? - Dyy, Dy — nnnn’n®)
sig
sig + bkg's

D, = nrnrn'n0)

D, = 1v, D, = mrnn‘n0)

5.4 5.6 5.8

m(K*[3n];(37];) [GeV]

Precision of BF measurement as function of the resolution

SV and TV longitudinal smearing : 20 ym
IDEA baseline
50% reduced m:
30% better SH ution
50% reduced material budget in VXD layers and BP

al budget in VXD layers Ny=6x 102

" (OFce

6 8

4
SV and TV transverse smearing in um

6.0
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Feebly interacting particles

At the Tera Z can discover light states (possibly feebly coupled and long-lived)
e Highly segmented tracking/calorimetry (pointing needed)

o
\ LHC prompt ,//
\ o s
“\ FCC ee prompt N, = pjj
\\

S
e
~-
e
-
o
~~
s
~~
-

s
-~
.,
S~
-~
e
s
-

5 10 50 100
My, (GeV]

Heavy Neutral leptons (HNL)

FCC-pp % = 100TeV, L = 30 ab”

FCC-pPL (8= 83TeV.L_=200pb"'

FCC-POPR ﬁoa.“l‘-“tﬂﬂ"

10° 102 10-‘ 1 10 10 10° 10*_ 10°
m, (GeV)

Axion-like particles (ALPs)
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Higgs Physics at FCC-ee

e The Higgs is unique: connected to many of the
SM open questions, and possibly to cosmology

® |[tis also the least known...

a  (HL-)LHC will improve the situation, but a
lot of room for improvement will remain
[ And (HL-)LHC results are model-dependent

Need to go beyond the LHC
precision measurements

6KX <1% ?

vector boson couplings and 3rd gen Il yukawa to ~ 2%
gen Il yukawa ? (except for muons) ~ 100%
self-coupling ~ 50%

m, ~ 30 MeV, T, ~25%

-2 Alog(c)

10}

{s=14TeV,S2,3 ab' per experiment

[ Total ATLAS+CMS

= E;‘;ﬂ:’tii;‘:ntal Projections ESPPU 2026
—— Theory Uncertainty [%)]
‘ Tot Stat Exp Th
KB 1.8 07 09 13
Kw ‘ 1.6 07 06 13
LY % ; 1.6 07 05 13
Kg E:] 24 08 07 22
KE T ] 34 08 09 32
L) —— I 36 12 12 32
K= 1.9 08 07 15
KE—] 3.0 27 09 10
Kzy 6.8 59 16 30

0 002 004 008 008 01 012
Expected uncertainty

ATLAS + CMS Projections ESPPU 2026
Vs =14TeV, S3, 3 ab™! per experiment

All other couplings fixed to SM
68% CL k3 €[0.74,1.29]

15
—— Combination
— bbrtT-
— bbyy

—— bbbb
Multilepton

S5 0 05 L0 - LST 200 25 30 35
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Higgs Physics at FCC-ee @) CIRCULAR

FCC-ee offers broad potential for precision Higgs measurements

- Higgs factory: production of 2 million Higgs bosons . . .
99 y-P 9 Total Higgs production @ FCC-ee (baseline — 4 IP)

- Clean environment

- Relative small backgrounds, high S/B Threshold ZH production VBF production
. . . -1
Main production mechanisms 240 GeV/10.8 ab 22M 65 k
- ZH production “Higgs—strahlung” 365 GeV / 3.1 ab™ 0.37 M 0.92 M
- Vector boson fusion (VBF), WW dominant
: =,.F.arXiv:1308.6176 ==
= B —HZ,Z— vv
> L — WW — H
€ ook . —ZZ—+H
S y & A < —Total
- 150: / \\¥ B
; / T
Not in baseline run, but optional e*e” — H at 125 GeV P '
- Probe directly electron-Yukawa coupling e b g, 7 E /
- Requires beam monochromatisation >”< 50: { — % pe
5 __—_—_‘____——
_ — ==-.1— RAEN i/ 32
¢ b.9.7 800 220 240 260 280 300 320 340r & S?O
S (Ge




COLLIDER

. . FUTURE
FCC-ee recoil method: total cross-section ( \ CIRCULAR

o(ete” —» ZH,H — 72)*

35000

FCC-ee Simulation (Delphes) 'y x
E; LU I B B B B B B B L__:_ iH LA B B L B B o ((3‘+‘(3“ __§ 23‘12[‘)
g 45000 |5 =240 GeV -
S L=10.8ab" - WW Arip— = o= 2
S w0000E- o T e x S Bt r o(ete” - vvH,H — bb)o (eTe” — ZH)
H X
3

o(etem - ZH,H - bb)o (ete - ZH,H - WW)

30000

25000

Higgs recoil mass measurement

20000 — ZH total production cross-section

15000

Mrecoil
10000

e 10 Higgs produced at FCC-ee
o rate~g,?— 8g,/9,~0.2%

-

5000 7¢ gZ/ AN

TT IIIIIIIHIIIIHIIlllIllllllllllllllllllllll

a; llIIIlIIlIIlIIIIIlIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
o

20
)

60 80 100 120 140
Z leptonic recoil [GeV]

° Then measure ZH — Z2Z7
o rate~g,*/T,—>dr /M, ~1%
Precise knowledge of center-of-mass allows for: Vs ms -
° Then measure ZH — ZXX
e tag the Z by reconstructing pair of leptons o rate~g,2g,2 T, —dg.J/g, ~1%
e Reconstruct the recoil mass z 7 n X

Provides absolute and model independent
; I . measurement of the
Miee = (V8 — Ep+4-)* — Pprg- = 8 — 2Ep+4- Vs + migs - g, coupling at the FCC-ee
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Higgs mass

e Higgs needs to be precisely measured < 10 MeV
o As parametric uncertainty in several quantity (BRs,
cross-section
o In order to measure electron Yukawa (see later)

e Higgs mass and ZH production cross-section can be
extracted from the recoil mass distribution

e sensitivity dominated by the Z(pp) final state
o superior momentum resolution, driven by tracking
e track momentum resolution limits sensitivity if larger than beam energy
spread (BES = 0.176% at 240 GeV, i.e 211 MeV per beam)
o requirement: multiple-scattering limit < BES
m for CLD ~ 30% above
e transparent tracker is key

2000 ECCee simuition Vs =240 GeV, 10.8 ab"’
% :V‘\‘V‘V‘rl‘l"!_v_v'l'l'!|llllll|ll|l|ll||||||lll|||||x|l"'7'7:
5 1800 Muon final state Z(uu)H =
o] C —IDEA ]
o 1600~ - |DEA perfect resolution =]
§ /\ —IDEA 3T ]
 1400p IBEA ELD silicon tracker
1200}~ : -
1000 £ .
800 e
600 -]
400 -
200~ e
il A erar T et 0 a7 T ot o
922 123 124 125 126 127 128 129 130 131 132
Recoil (GeV)
cpt/pt
0.005 = Track angle 90 deg.
E — IDEA
0.0045E- | _ |DEA MS only
E ——CD
0004 | _ _ clpmsonly
0.0035 F
0.003f
0.0025F
0.002F
0.0015 - 7
0.001F
0.0005 F-
R S el e T R b O
0 20 40 60 80 100
pt (GeV)
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Electron-Yukawa e |

_H Z*,y*
Probe electron-Yukawa coupling > < H

e~ b, g, T e~

- Direct measurement with coupling too small to be measured

- Using s-channel and beam monochromotization at Vs = 125 GeV

ISR+FSR — 40 % reduction
Beam energy spread ~ I ;: 6E = 4.2 MeV — 45 % reduction

Potential uncertainty on the Higgs mass

Total convoluted cross section ~ 280 ab™: large lumi needed

- Cope with large backgrounds (Z—XX)

- H—gg most significant (absence of Z—gg)
- Efficient reduction using BDT/MVA (bkg reduction 17x, sig 2x)

- Many channels to explore

Expectations

- 4lP/4years — 40 (possible evidence)

Requires breakthrough in
arXiv:2107.02686 mono-chromatisation and gluon tagging

FUTURE
CIRCULAR
COLLIDER

S. Jadach, R.A. Kycia

(2): with ISR
(2): 8v/s = 4 MeV
(3): 8v/s = 8 MeV

-t

‘llIIIl]IIT‘llly}l)‘lll‘llllllllll

—

69 125695 1257 125.705 12

nN W
o O

8 spread (MeV)
>

w oo

N

2 34567 10 F
Ly (@b™)

5.71

Significance. e'e— H, {s = 125 GeV

100 200



https://arxiv.org/pdf/2107.02686.pdf

Higgs hadronic modes (bb/cc/ss/gg) \/ C CIRCULAR

COLLIDER

- bbl/cc/gg: workhorse channels for the FCC-ee

- “Abundant”, clean large S/B (dominant backgrounds are ZZ, WW)

FCCAnalyses: FCC-ee Simulation (Delphes)

- Excellent visible mass (jet resolution) needed

jo8L L=108ab" ) —Hbb —Hce
o' > Z(v)H(j)  _Hgg —Hes

events /1.0 GeV

- Light precise vertex detector allow high efficiency x purity jet flavor

taggers
- H-—ss could be measured for the first time (impossible at the LHC)
- Gives access to strange quark Yukawa coupling (kg ~ 50% )

- Requires excellent PID

- Complex analysis:

m; [GeV]

- Fit simultaneously all the 0 x BRs in VBF and ZH modes
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Track impact parameter resolution and vertexing

displaced

tracks charged

lepton

e Impact parameter resolution major driver of jet charm and bottom jet jet
identification
o B (D) mesons travel a finite decay length 500 (150) pm
e precise |IP determination driven by:
o single point resolution o\ 3
o radial distance of first tracking layer from the interaction point (at jet w
large momentum) \’l
m need small radius beam-pipe
o material budget X/X (at low p)

eavy-flavol
jet

very marginal impact on Hbb/Hcc
(high efficiency/low purity )

> 1 IFCC-e‘e s,'mf”atm',' ('[,)El,‘) 0.30 Precision of H — bb vs. Vertex Detector assumptions
- E .
= E - . .
% r e'e—>ZH,H-jj c tagging
o B j=u,d,s,c,b,g ]
o i
Q 10—1 j
» - Ly Q.
é - cvs g (3 inner layers) / B
- [ e c vsig (4 inner layers) A T
@ 0 c vs iud (3 inner layers) / g T better
) ) 1072 - ¢ vs ud (4 inner layers)
30-40% improvement in E cvs b (3 inner layers) 7 - \;
bkg rej us|ng : Foomeeen cvsb (4innerla er > ~\
o — i s ]
1st layer at 1 cm — | el .
103 ——— - G B
0 0.2 0.4 0.6 0.8 1

jet tagging efficiency ‘ 37



Charged hadron particle identification ( K/mt/p discrimination)

e PID crucial ingredient of
o strange quark jet identification (H—ss, H—bs, ...)
e Toolbox:

o  High momentum dE/dx (dN/dx) - Cherenkov detectors (RICH)
o Low momentum: Time of flight (what about t?)

FCC-ee Simulation (IDEA)
! timeof flight (o, = 100 ps) 2> 1F N L
14 \ dN/dx (He90% — Isobutane 10%) = F o : :
A = ol - e'e’ 2 .
o |} g8 [ _
2 i j=u,d ~
x s | f
—~10 \ Q— 10_1 N
& s 10 f
> &= £ .
= \ n o : ]
g 8 \ — - : _
3 \ e S 3 ! staggingvs.ud -
= —> /z” SN "6 - B
ToF + 5" % se ™ = :
deX/ChGI’EkOV l ~7 \\\ 10 E_ ............................................................... ........... o _E
=PIDforp<30 | | ___ . . TR - — dN/dx ]
GeV , N, B — dN/dx + to.f (0,230 ps)_
e -~ dN/dx + t.o.f (6,=3 ps)
. i s ‘A -2+ ideal PID
: - = 107 /- L L N, L
momentum [GeV /c] 0 0.2 04 0.6 0.8 1

jet tagging efficiency



Charged hadron particle identification ( K/m/p discrimination)

expected precision on BR(H—ss) ~100%
PID performance: dN/dx > timing resolution

/0 250

[y
(=]
o

Precision of H — s§ vs. Particle ID assumptions

PID improves substantially expected
precision on both Hss and Hecc

Precision of H — c¢ vs. Particle ID assumptions

39



Higgs to invisible, rare

FUTURE
y CIRCULAR
COLLIDER

% T T T Y T T
¢ 10000 =z

e V 8 -V
= Simulation (Delphes) -;;Z
Py V& = 240 GeV. L = 10.8 ab” B Zhi(bkg)
§ Z-cc, Halny . ZH{sig) x 100
w

e Higgs to invisible in SM — BR = 1073 Z - cc,H — inv
e Tag the Z with lepton or tagger bb/cc jets
o Reconstruct recoil mass peak

o Hadron resolution (PFlow) is crucial

m 2-3 % resolution required

+

YRTUNT TN  TT T O W s W WO T AT O W

e Can be measured directly at 25% precision at FCC-ee 140
o  50x better than LHC X Mriss (GeV)
@ 001-FCC-ee Simulation (Delphes)l o (52240 GeV, L=10.8 ab"
£ poosEee—2H o (5=365GeV,L=3ab" 3
3““ i T - SM BF H-s invis. =0.106% o Combined 1
e Higgs rare yy, uy, Zy %j: fr:il‘f?ﬁm?:" g :ﬁimz% 10.11% 0.031% 0.081% 0.J1% toozcxé
challenging at the FCC-ee ooozé_m m 4.) E
o High statistically limited at i t fit o 3
the FCC-ee 0002f+0.14% 40.13% $0.033% 0. 84 £0.J1%  +0.027%]
0004[£02%  $021% 0.11% 3020% 051%  0.082%]
Mh?hu (GeV] & W@ ® b Al
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Higgs couplings, kappa fit

N 240 GeV 365 GeV
channel ZH WW-—-H ZH WW - H
ZH — any +(.31 +0.52

AH —any =150

H — bb +(.21 +1.9 +0.38 +0.66
H—cc +1.6 +19 +2.9 +3.4

H — ss +120 +990 +350 +280
H - gg +0.80 +5.5 +2.1 +2.6
H-o7r +0.58 +1.2 +5.6 %)
H — pp +11 +25

H—= WW* =080 +1.8(%) +2.1 (%)
H— ZZ*  +25 +8.3) +4.6 )
H— yy +3.6 +13 +15
H— Z~ +11.8 +22 +23
H— vvvrvy £25 +77

H — inv. < 55x104 <16x10-3

H — dd <12x 1073

H— uu <12x 1073

H — bs <3.1x 1074

H — bu <22 x 1074

H— sd <20x 1074

H— cu <6.5x 1074

@ FUTURE
y CIRCULAR

Coupling HL-LHC FCC-ee

kz (%) 1.3* 0.10

kw (%) 1.5* 0.29

Kb (%) 2:5* 0.38/0.49

Ky (%) 2° 0.49/0.54

ke (%) 1.6* 0.46

Ke (%) - 0.70/0.87

Ky (%) 1.6 1.1

Kzy (%) 10* 43

Kt (%) 3% 3.1

Ky (%) 4.4* 3.3

|s| (%) - i

I'u (%) - 0.78
Biw (<,95%CL) 19x1072* 5x104
By (<,95%CL) 4x1072* 6.8x10°3

41

10-100x improvement vs HL-LHC for “abundant” or hadronic modes



A Holistic

Physics Program

104 Ratios real EW/perfect EW (no H exotic decay)

= FCC-ee Z/WW/240GeV+365GeV Thulo FOC-aiz-pde ]

[HEPIRgE

oL
4 5: Adapted from 2206.08326
B 1 i I I - T X
e 697 ogv ¥ ogtP e Oy 691 7 Oky

10 “Perfect EW” = resolution on the Higgs
coupling if Z couplings were perfectly

42 known
1.5 “Real EW" = resolution on the Higgs

coupling with actual knowledge of Z

:1 couplings, from FCC (thick) or LEP

(thin)

e Higgs measurements greatly benefit from the Z-pole measurements (Zee coupling)

1.4

it
e FCC.oo ZMWWI2404365GoV
13t
LD 12}
g

® .
10}

100 510° 10° 610° 107 610° 10" 610" 10 Basel

nZs

@ Universal couplings @ Third-gen. only

0 [ troe-level

B0F
10

0k

TeV

2 =

10+

0L

.

All runs ‘talk’ to each other and
are needed to have a fully
constrained global fit

W Flavourless conplings @ Antisymm. conplings

. o oee-loop
one-loup (LL RGE) | Seloee,

42


https://arxiv.org/pdf/2206.08326

FCC-hh Physics Potential



W mass / width (threshold scan) - Circular

W mass is a a crucial input to test SM consistency

o Current uncertainty Am  ~10 MeV (LHC)
At lepton colliders, the simplest way is to measure it, is via a threshold
scan, i.e cross-section vs. beam energy:
With 2 or more energy points, m and [ can be extracted
simultaneously

Oww

VL

. dO'WW -1
Amyy (stat) = ( p— >
e Am *“"(stat) ~ 400 keV (FCC-ee)
® Al *“"(stat) ~ 1MeV (FCC-ee)

Dominant systematics, beam energy calibration
o  Absolute energy calibration

m Am, (syst) ~ 150 keV (FCC-ee) (300 keV on +s)
e viaresonant depolarisation (only at FCC-ee)

B Am, (syst) ~ 700 keV (LEP3)
e viaradiative return Z (at LEP3)

Through polarized scan, Am, (LCF) ~ 2 MeV (not in official run plan)

Electroweak fit
PRD 110 (2024) 030001

LEP combination
Phys. Rep. 532 (2013) 119

DO

PRL 108 (2012) 151804
CDF

Science 376 (2022) 6589

LHCb

JHEP 01 (2022) 036
ATLAS
arXiv:2403.15085

CMS

This work

CMS [2412.13872]
mwinMeV I ‘ I ‘
I 80353 +6
80376 + 33 | e——
80375 + 23 p——|
80433.5+9.4 i
80354 £32 ]
80366.5 + 15.9 p——]
80360.2 + 9.9 ——
|

L L L | L |
80300 80350 80400 80450
my (MeV)

2107.04444

L — m,=80.385GeV TI,=2.085GeV

FCCee W-pair threshold

[777] m,,=79.385-81.835 GeV, I',=2.085 GeV <7 /(1
[]m,=80.385 GeV, I',=1.085-3.085 GeV, </

?55‘ —

P R S T T L
160 165 170
Is (GeV)
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http://arxiv.org/abs/2412.13872
https://arxiv.org/pdf/2107.04444

High energy hadron machines

Pros:

relatively democratic initial states, strong and electro-weak force
high center of mass, thanks to ~ small synchrotron power loss
(me/mp)4

o caveat: at 100 TeV it becomes significant!
high luminosity up to high energy

Cons:
large backgrounds compared to lepton machines (o > a_,, ), from

o high Q2 physics (di-jet, ttbar ...)
o ‘“simultaneous” p-p collision (pile-up)

Discovery machines for heavy new states

p[TeV/c]=03B[T]R[km]

N LLLLTToR
.
.
.
-
.
.
.
-
-
.
-
»
o
g

* Also suited for precision (thanks to high rates)
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FUTURE
Magnet challenge Y( \ CIRGULAR

> COLLIDER

e Baseline FCC-hh design: B =14 T (Ns = 84 TeV)
e New conductor NbsSn supports higher fields due to its larger critical current density
and critical field
o HTS ? far from required specs still ... — needed for higher energy (120 TeV)
e Wider coils (50-55 mm vs. 30 mm in LHC dipoles) are needed to maintain a
conservative 400 A/mm? overall current density.
e This design demands 2—-2.5 times more conductor material than in LHC dipoles.
o 4.7k magnets (cost will be addressed in the ESPPU ~ 10 BCHF)
e Still intense R&D required to reach 15-16 T (including safety margin)

H 15 m long proto : 2
E zio te d eSCco (5 of Eal::h ‘Y' Installation and comml-
5 m long prototy i
Production and te

.
rogram on . 4. .
selected desij Industnahz.atl
>5 of eac! (pre-series
Ongoing 12T an;b magnets)
short models (¢
Selection of final design

Tender for the series
to start long magnets

[2024 [ 2025 | 2026 [ 2027 [ 2028 [ 2029 [ 2030 | 2031 | 2032 | 2033 [ 2034 | 2035 | 2036 | 2037 | 2038 | 2039 | 2040 [ 2041 ﬂ@@ 2053) 2020 [Re0ito) [Regio) 2007 (Re0hch IR2ciol §20°0) R20°7) (§2002) (20555 [R2059 [R2055) [ Re056) [R2057)

LHC Runlll [ HL-LHC RunlV ] | HL-LHC RunV. | | HLLHC Runvi LHC RunVI




Scenarios
name F12LL
Dipole Field (T) 12
Vs (TeV) 72
current (A) 0.5
PU 600
SR power (MW) 1.3
2 beams
Lumi/yr (ab-1) 1

Limiting factor: 5MW synchrotron power ~ ' s

F12HL

12
72
1.12
3000

29

F12PU

12

72

1.12

1000

2.9

1.3

F14

14

84

0.5

600

24

0.9

D)

X/

F17

17
102
0.5
700

5.2

0.9

FUTURE
CIRCULAR
COLLIDER

F20

20
120
0.2
150

4.0

0.35
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Mass reach scaling

How does the reach for observing a a new state of mass M (e.g BSM Higgs, ... ) scale from

|4 TeV to 100 TeV ?

Assume we need the same number of events at 14 TeV and 100 TeV to claim discovery:

# events (v/s2 = 100 TeV) = # events (v/si = 14 TeV)

(M2/ M) ~ (s2/ s1)'2 [(si/s2)(ZL2/Z))] N2a+))

\ =1 | assumes:

* largea

MIOOTeV/ MI4TeV ~7 + large luminosity

As expected, mass reach scales linearly with +/s
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Cross section scaling

How does the rate of a given process (e.g. single Higgs production) scale from 14 TeV to 100 TeV

/ parton luminosities

cross-section (v/s = 100 TeV)
~L /L

cross-section (v/s = 14 TeV)

100 TeV vs 14 TeV PDF Luminosities, NNPDF2.3 NNLO o.( I 00)/0.( I 4)
10° ] ———

Ga 100 TeV vs 14 TeV PDF luminosities, /] H |5
ol | e NNPDF2.3 NNLO £
o™ HH 40
10 ttH 55
g10° H (pr> | TeV) 400
%103
Sto° Very large rate increase by increasing
o
[N

-t
o

center of mass energy

4

1
19 1¢° 10*
I MX[G"‘1] NB: this improvement only comes from
H (threshold) H (pr> | TeV) the cross-section (neglects integrated luminosity)
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High energy hadron machines

o [nb]

+ Total pp cross-section and Minimum
bias multiplicity show a modest
increase from 14 TeV to 100 TeV

— Levels of pile-up will scale basically
as the instantaneous luminosity.

+  Cross-section for relevant processes
shows a significant increase.

— interesting physics sticks out more !

reduction of x10-20 statistical uncertainties

10° "LI:%V e’ welne W o
108 -t +10°
107 4107
10 +410°
10°F —10°
100553 410
10°F +410°
10% v 410
10F 410

L 11
1075 { 10"
102 % { 102
10%——1 {10°
| : [revey TP
qo8E—isl : .  1CFM,s Higgs Europasn Stratedy 1 408

10 V8 [TeV] 10?

Rate of increase from 14 TeV to 100 TeV:

+ ggH xI5

+ HH x40

+ ttH x55
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Physics at threshold

SM Physics is more forward @ 100TeV

normalized event rate

If we want to maintain high efficiency in
states produced at threshold need large
rapidity (with tracking) and low pt coverage

— highly challenging levels of radiation at large

rapidities
FCC-hh Simulation
A B S R R AR
0.1 p¥'s 25 GeV —100TeV
o == 13TeV
0.08[ B
i i
0.06~ o, . 7]
B __.' ‘:. VBF Higgs
2 L
0.04— = al
1 '
' %
0.02f- P H ]
o 5
L Ligaly R L. VE TR
1 2 3 5 6

Relative Uncertainty (%)

-
N

-
5

VBS W, W, Same Sign Cross Uncertainty

— <25 |nl<45 Pr>30GeV
— |nl<4.0 || <6.0 P}>30GeV
Il <4.0 |n|<6.0 P;>50GeV

5 10 15 20 25 30
Integrated Luminosity ab™*

~. VBF signatures

Tracking and calorimetry needed up to |n| < 6 for

X1 * X ¥s = M2

Kinematics of a 100 TeV FCC

5
UL B =L B LR B

20TeV Z'

FCC 100 TeV .
2 TeV squarks &

LHC 14 TeV

Higgs, top

wz -
Y, low-pt jel/

B Sy, y= Ty
1 d d 1 1l | d d 1

T AU Mk PUWTI ST it

10°  10° 107 10° 13‘5 10*  10° 102 10"

FCC-hh Simulation

= 10° T T T T T T T
E i pE'> 50 GeV —mi<4
B —ml<5
w
. mi<6
Wof QCD events
T o

102

10°

10 E

I | | Mg
80 100 120 140

20 40 60
' ET*%(min)
gONYS:
\—\erme“c‘q on
e resoW
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Boosted topologies at multi-TeV energies

The boosted regime:
— measure leptons, jets, photons, muons originating ~ 40-50 TeV resonances

Tracking: (p) . Calorimeters: o (E) ~ i B
5 P BL2 E \/E@

- Tracking target: 0/ p = 20% @10 TeV
- Muons target: 6/ p = 10% @20 TeV
- Calorimeters target: containment of pr = 20 TeV jets

FCC-hh Simulation (Delphes) . FCC-hh Simulation (Delphes)
: 167 T T T T “E (Taanan T T T T T T T T o 10T T T T T
- r ] S [ Vs=100Tev = [ (s=100Tev
g 14f MC FCC mean 7 2 2 [ Pew W
_\Cc N MC FCC peak 7 E € o8
2 u 3 310
B T et e e ] E E
s C
5 L
= 10f 3 104 4
8 C ] L i 2.5ab
r —c 10°E —Fcc -
6 e el *: —CMs
L B C | ~— CMSx2
B Jet containment at 98% | E Gy bbb d [ 5 odiscovery
4 L ! ! ! 15 155 16 165 17 17.5 18 185 19 195 20 Lol
1 10 102 10° 10* hepits 26 28 30 32 34 36 38 40 42 44
(GeV) Mass [TeV]
P,
high pr jets high pr muons

=|1 A forEM + Had




Boosted topologies at multi-TeV energies

min. distance to resolve two

partons

[ 8R=2m/p, ]

ATLAS Preliminary - Simulation-

Pythia Z'— tt, t - Wb {8200

0

100 200 300 400 500 600 700 800 900

S

toppT [GeV]
ex for top:
p,=200GeV — R~2
p,= 1Te&Vv — R~04

Pr =

10TeV — R~0.05

At 10 TeV whole jet core within 1 calo cell
o neutrals possibly un-resolvable
m B field “helps” with charged
o PF reconstruction will be severely affected
m Total jet energy OK, calo does good job
m reed to be studied and rethought for

Naive approach:
o use calo for energy measurement
o tracking for substructure identification

in CMS:

Tracking — AR ~ 0.002
ECAL — AR~0.02
HCAL — AR~0.1 53



High p. flavor tagging

«  The boosted regime:

— measure b-jets, taus from multi-TeV resonances

- Long-lived particles live longer:

ex: 5TeV b-Hadron travels 50 cm before decaying
5TeV tau lepton travels 10 cm before decaying

— extend pixel detector further?
- useful also for exotic topologies
(disappearing tracks and generic BSM
Long-lived charged particles)
* number of channels over large area can get too high

— re-think reconstruction algorithms:
* hard to reconstruct displaced vertices
exploit hit multiplicity discontinuity

B-hadron

> A
2*pixel pitch

Only 71% 5 TeV b-hadrons
decay < 5th layer.

e displaced vertices

Perez Codina, Roloff [CERN-ACC-2018-0023]

Traditional tagger vs hit multiplicity tagger
aq:; Tveme T T T
S0 1
o ¢ ]
-
2
0 1072 E
©
m - 4
L. -3 .
-1107; —o— p (a)=5TeV |
I —<- p_(q)= 5 TeV Hit Mult. Tagger |
L —e— p,(q)= 500 GeV
10_"H‘l.u,?_‘.pf.(?)fﬁt‘;ﬁv”“i.H.’:
04 05 06 07 08 09 1
B-tagging eff.
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The energy frontier

High mass resonances stops
FCC-hh / HE-LHC Simulation (Delphes)
Q* -5 jj L L T T 17T L | 1 T 1 S‘ 9000 F T EF T F ] TR LI R L N B B ]
s= -100 Tev - (.3. 8000 ;_ FCi) Simulation . = Nominal _i
(5 =27Tev . r {s=100TeV, 30 ab == Conservative |
Ly, — 5 o Discove 7000} E
Vs =100 TeV - 01 alb-1 = é - ]
Vs =27TeV l 25ab’ 6000 - E
Z'goq —tt 15 abj r s B
Vs =100 TeV ] 30 abb" : 5000~ P il
(s =27Tev l 100 a 4000 E 3
Gy —> W'W z ]
fs =100 Tev I 30002_ ]
Vs =27Tev . E E
i = 2000F :
Vs =100 Tev _ [E
Vs =27Tev - 1000F
Ziggm = T : 9
“f: 100 I: | % 2000 4000 6000 8000 10000
s=27Te .
0 10 20 30 40 50 rnf [GeV]

Mass scale [TeV]

Challenges: multi-TeV collimated top, W, T highly collimated.
Tracking is the key highly segmented calorimetry
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WIMP dark matter - disappearing track analysis

Nearly degenerate

chargino-LSP

Radius [mm]

. %* decaying into %O+t

high-p; charged particle
interacting with TRT material

low-p; charged particle scattered
in materials resulting in badly
measured track py

reconstructed track
———— true particle track

Default layout (Concept Design Plan)

Discovery significance

Alternative layout

FCC-hh, Vs = 100 TeV, 30 ab™ 5 = 1
20: T ; ——T—] 3 20 fC‘C 'JLET 100 TeV, % ab’ I _
18F = € 18t Default layout, <u> = 200 3
E = o C Alternative layout, <u> = 200 7
16 - = 16 Default layout, <u> = 500 -
E 3 5 E Alternative layout, u>=500
— — 7 [ K
14f . 2 14 g
. _‘ [ — hoa -
122 ] 3 12: Higgsino B
10 - 8 10F =
F 7 (o] F J
8 = 8L B
F Wino 3 F 3
6F — 6 3
N} Default layout, qu>=200 . 3 4F 3
r Alternative layout, <u> = 200 = C 7
of Default layout, <u> = 500 = 2 =
E Alternative layout, <u> = 500 3] 0 C i ! ! | 7
= | = A N P RE—— )
0 800 1000 1200 1400

4-layer track A

FCC inner tracker

5-layer track

. FCCinner tracker v3.03 in FCCSW-0.8.3 T b
- 8 wf

B asof-
=E 5-layer track &
3001 i 0o
E —‘“ﬁ — b
200 4-layer track 200~
150 \~—F 150
o | N
I E—w s

v , Eoy
~1000 -500 [ 1000 ~1000
z [mm]

z [mm]

PR S SRR PSR ST S RN SR R T SR S
2500 3000 3500 4000
Chargino mass [GeV] Chargino mass [GeV]

observed relic density

« M =|TeV Higgsino can be discovered
« M = 3TeVWino can be discovered
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Higgs at 100 TeV vs HL-LHC and FCC-ee

+ 100 TeV provides unique and complementary measurements to ee colliders:

* Higgs self-coupling

Yuk Coupling HL-LHC FCC-ee
* top Yukawa
? Kz (%) 13* 0.10
* Higgs — invisible rw (%) 1.5 0.29
Kp (%) 2.5* 0.38/0.49
* rare decays (BR(uM), BR(ZY), Ky (%) 2 0.49/0.54
ratios, ..) measurements will be Kx (%) 1.6* 0.46
_ — c (% - 0.70/0.87
statistically limited at FCC-ee :_{E% ; 16 11
Kzy (%) 10° 43
Need to Kt (%) 3.2* 3.1
improve Ky (%) 4.4 3:3
|| (%) = 17
I'H (%) ~ 0.78

By (<,95%CL) 19x1072* 5x10~4
Bum (<,95%CL) 4x107%2* 6.8x1073

Large rates for rare modes and HH production at FCC-hh

— complementary to e*e-



Higgs complementarity with lepton machines

At pp colliders we can only measure:
Uprod BR(|) = Uprod ri / rH

— we do not know the total width.
In order to perform global fits, we have to make model-dependent assumptions

Instead, by performing measurements of ratios of BRs at hadron colliders:

BR(H—=XX) / BRH—ZZ) =~ gx2 / gz2

from e+e-

We can “convert” relative measurements into absolute via gz thanks to e*e-
measurement

— synergy between lepton and hadron colliders
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Higgs production in hadron

machines

W e o(13TeV) | o(100TeV) |o(100)/0(13)
Wiz ggH (N3LO) 49 pb 803 pb 16
a 7 VBF (N2LO) 3.8 pb 69 pb 16
VH (N2LO) 2.3 pb 27 pb I
ttH (N2LO) 0.5 pb 34 pb 55
HH (NNLO) 40 fb 1.2 pb 30

30M Higgs pairs

Expected improvement at FCC-hh:

+ 20 billion Higgses produced at FCC-hh

+ factor 10-50 in cross sections (and Lx10)

* reduction of a factor 10-20 in statistical

uncertainties

Large statistics will allow:

+ for % - level precision in statistically limited rare channels

(MM, ZY)

in systematics limited channel, to isolate cleaner samples in

regions (e.g. @large Higgs pt) with :
higher S/B

smaller (relative) impact of systematic uncertainties

w/z

w/z*

> 10M Higgs boson with
pT(H) > 500 GeV
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BR (up,yy,2Zy) / BR(H—ZZ)

Events

Signal uncertainty

FCCAnalyses: FCC-hh Simulation (Delphes)

10"
(5« 84 ToV
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8 .
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Events

ertainty

g

i
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FCCAnalyses: FCC-hh Simulation (Delphes)

V584 ToV & oot
10F .30
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- Benefit from large statistics at high p_(H),

where experimental efficiency systematics

are smaller, furthermore focus on ratios of

signal strengths to cancel (theory)

systematic uncertainties

BT
m,, [GeV]

120 TeV, 12 ab™?

100 TeV, 30 ab™1

84 TeV, 30 ab~*

72 TeV, 42 ab™!

FCC-hh Simulation (Delphes) —pre ::tatl

Various operating scenarios Syast.

Ratio H - up over H-ZZ" = pppy AN
Total Stat. Syst.

1.00000 = 0.01489 (0.00618, 0.01355)

1.00000 = 0.01221 (0.00442, 0.01138)

1.00000 = 0.01319 (0.00490, 0.01224)

1.00000 = 0.01274 (0.00463, 0.01187)

0.99 1.00 1.01 1.02 1.03

1.04

1.05

BR{H = up) | BR(H = pppp)

1.06 1.07

- Updated results from differential fit in

p.(H) bins, for the different operating

scenarios



ttH (top Yukawa)

FCC-hh Simulation (Delphes)  v5 = 84 TeV, 30 ab™!
10° | photon, b-jat sel. - H ey
= 1 lepton - ttyy
10° } 120 =prlyy) < 200 GeV - Vyy+jets
Post-fit 777 Uncertainty

¢ Pseudo-data

104
-]
-

107 ¢

10!

10°

125

10 sevsssssssses

0.75

05
110 115 120 125 130 135 140

Pseudo-data | MC

- New channel for precision measurement
of top Yukawa coupling Ko
- Extract from fits to invariant di-photon

mass in p,_(H) bins

=2InA

g. FCC-hh Simulation (Delphes) o S

— Syst. medium
= -1
- Vs =84TeV, 30 ab ——— Syst. pessimistic
[—— Syst. medium+)

= Stat. only

6
\1 2%
/ 95% CL

. /-__________.6*}2/0_&

0 . . v . .
0.925 0.950 0.975 1.000 1.025 1.050 1.075 1.100 1.125
Ktop

- Expected precision for 84 TeV and

different assumptions on systematics

- Differential results also provided

Next: study ttH(yy) / ttZ(ee) , to benefit from FCC-ee ttZ coupling measurement 61



Higgs self-coupling

- 0(100TeV)/a(14TeV)

~ 40 (and Lx10)

x400 in event yields and x20 in precision

FCC- hh 30ab! (84 TeV)
5 77
=« Stat. only
4
33 :
- 2
‘<‘.“ 2 H
K
g
1
d8s5 0.89

kx

Re-optimized strategy: Event selection with

Deep Neural Network

Fit invariant di-photon mass in bins of invariant

di-jet mass, with different assumptions

g 70000
t
g 0000

FCC - hh
-9~ B4 TeV (30ab—%) Stat + Syst. 2
6.0 «@ BaTeV(30ab™") Stat
~@~ 100 TeV (30ab~") Stat + Syst. 2
5.5 *@ 100 TeV (30ab™") Stat

»
w
Il

»
o
1

w
w
1

w
o
1

2.5

2.0

-@~ 120 TeV (12ab~') Stat + Syst. 2

«@ 120 TeV (12ab~") Stat

Nominal 10GeV

my resolution
- Consider different energies & resolutions of

invariant d-jet mass

mm) Impact of di-jet resolution is critical
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Higgs combined FCC-ee and hh

Coupling HL-LHC FCC-ee FCC-ee + FCC-hh
Kz (%) 1.3* 0.10 0.10
kw (%) 1.5" 0.29 0.25
Ky, (%) 2.5+ 0.38/0.49 0.33/0.45
kg (%) 2 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
K7y (%) 10* 4.3 0.67
Ky (%) 3.2* 3.1 0.75
Ky (%) 4.4 3.3 0.42
|ris| (%) - o o
Tu (%) - 0.78 0.69
By (<,95%CL) 19x1072* 5x 104 2.3 x 104
Bum (<,95%CL) 4x107%2* 6.8x1073 6.7 x 1073

FCC-ee and FCC-hh Integrated Programme is complementary and provides
~ order of magnitude improvement of all Higgs couplings w.r.t HL-LHC
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Outlook ()

e Road to understanding the fundamental laws of Nature has not come to an end

e Colliders are, and will remain, (the main) tools of choice to study fundamental
physics

e FEurope is the current world leader in this field, and has delivered many
discoveries (neutral currents, W, Z bosons, the Higgs)

e CERN'’s scientific vision is based on:

A Aflagship project
A Adiverse scientific program complementary to the flagship project
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Outlook (lI)

e The FCC project has matured a lot in recent years
A The Feasibility Study Report has been completed, no show stopper identified
A Physics reach will increase by 1 order of magnitude the new physics scale
A Through precision
A Direct searches
[ Still much more to come, still understanding the power of the FCC-ee datasets
A Alot of room for new studies, and detector concept proposals
A Including re-analysing LEP data with current state-of-the-art analysis and
reconstruction techniques

e The FCC integrated program is the option with the broadest scientific

outcome

A FCC-ee allows the characterisation of the Higgs with a tremendous sensitivity and
provides a uniquely diverse physics reach in EW/QCD/Flavor/Top/BSM

d It paves the way for next generation of hadron colliders, FCC-hh
A Bringing complementary physics output
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Backup material
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What if China goes ahead with CEPC?

e Do we want to give China the possibility to “veto” CERN projects?

e How Iikely Is it that they start in 20357 Possible FCC project timeline. From the perspective of the technical

® What |f the pl’OjeCt faI|S or |S Cance”ed? schedule alone, FCC-ee operation could start in 2040 or earlier.

e What about the future of CERN?

e What will be the impact on Early . . i v .
Career Researcher? ConapuiDasion Py Prociaproaly .ﬁf:é:ggé’é‘ie LG operationof FoG-ee  Operationof FCG-ih

e Will it be a real international collaboration?

(]

Possible CEPC timeline

2015
2020
2025
2030
2035

Pre-CDR & CDR 'R&D and TDR
(2013-2018) (2019-2023)




The Z-lineshape

Measuring cross-section at peak and off-peak

L

\[ - Nsignal o Nselected _ Nbackground
alsis) = - AL

What can be extracted

- Zmass (m,), Zwidth (I",)

- Hadronic peak cross section (o
- Ratio of leptons (R)

- number of light neutrinos, a, ..

Largest statistics in hadronic final state

- Mass, width and o,

Theory needed

- Deconvolute QED and the EW/QCD corrections

0, hadr)

- Precise predictions and Monte Carlo

Jan Eysermans

cross section, nb

3

40

35

30

25

20
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O, hadr |
i
i N
i F Y
: T
; | [ 5
. |
. |
i :
| a
L o IR
P 89. * 90 4 91 92 93'> . 9'4.”
Y
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* ® * ! c:iter of m::s energ:“Ggg

48



Higgs couplings

Vff couplings Higgs couplings

Vff couplings

FCC-ee and SMEFT

precision reach on effective couplings from SMEFT global fit

M HL-LHC S2 + LEP/SLD X
(combined in all lepton collider scenarios),

HFCC-ee Z/WW/240GeV (4IP)

Z & WW denote Z-pole & WW threshold

Free H Width B FCC-ee +365GeV (2IP) 3
1 no H exotic decay M FCC-ee +365GeV (4IP) 102
107 —=10°
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tree-level : one-loop
' (LL RGE)

~
Z

50
2408.03992

40

L e e B B S e e B e

30

TeV

20

L B e e S

10

L

D E N @ @ @ Th Tm U A Ay ¥ % Q(;) Q(;) U

Figure 5: Projected bounds on the masses of new fermion fields. The vertical dashed line separates
fields which contribute to EWPOs at tree level (left) and via one-loop RG evolution (right). The green
and blue bars correspond to different assumptions for the coupling to SM fermions, as described near the
start of Sec. 4, while the red bar for Qg*) corresponds to the exceptional case where @1 couples only to
right-handed top quarks, as noted in Table 4. Fields indicated with a (*) correspond to cases where the
tree-level contribution has been set to zero by forbidding a specific coupling (see Table 4). Hatched bars
correspond to pure tree-level limits, without RG running.
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https://arxiv.org/pdf/2408.03992

Z mass / Width

Z Mass is a parametric input to xsec, width, BR, ...
Current uncertainty Am, ~ 2 MeV (LEP)
Statistical uncertainty scales as ~ I,/ 2yN,, °fpeak

O
(@)

©)

m 4 (7)keV at FCC-ee (LEP3)
m 20keVatLCF
Dominant systematic:

m FCC-ee (LEP3): absolute beam energy calibration:
e resonant depolarisation Ays ~ Am_~100 keV
o achieved at LEP, ongoing effort to improve
m LCF: absolute momentum scale
e Ap~Am,~200keV using J/y mass (or K, > 1)

o  absolute limit 2 ppm (is 10 ppm more feasible?)

Z total width is sensitive to fermion couplings and to BSM

O
O

Current AT, ~ 2 MeV
Dominant systematic:

m relative absolute beam energy calibration

e point-to-point Avs ,

t.p

(uncorrelated component)

o canbe measured in-situ with pp events

m  Ar,~12(25)(125) keV at FCC-ee (LEP3) (LCF)

Ojyaq [MD]

0509008

T T T T T
0
)
s Qe b
40 - //'\,' T
ALEPH /i
DELPHI H .‘\
L3 ! \
30 - OPAL / \ ]
/
20 | i 1
@ measurements (error bars ;
increased by factor 10)
10 | — o from fit
----- QED corrected
.'.I-‘..I.“I..\I:/MZI...I-
86 88 90 92 94
E_, [GeV]

Iy = 1-\ee ¢y Fu,u T FTT T Phad + L

0 _ 127 I‘eeI‘had
Ohad = m_% F%

Rg = Fhad/l“”

lepton universality:

1

12 0\ 2

Rionv = OL-RI; - R? - (3 + 51’)
OhadMz

R = N, (ﬁ) 70
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https://arxiv.org/pdf/hep-ex/0509008

Hadronic Branching Ratios

Defined as Rq = Fql I g With g = b, ¢, s measure individual chiral coupling: R
to the Z — (~ 9L2 + gR2) emisphere
Current (relative) uncertainties ~ 103
Dramatic improvements compared to LEP are expected, driven by:

o Reduced beam-spot sizes, light beam-pipe

o Light and precise vertex detectors (few um single point resolution)

o Particle ID allowing strange tagging (K+ identification up to 30-40 GeV)
m and NEW measurement of R

o  Advanced Al flavor tagging algorithms [2202.03285]

m pure b, c and strange jets — background contamination negligible > Aoy ECCS8 Smultion 04
Dominant systematics: § OIS s tagging /
o Hemisphere correlations g .l _ L )

m  mainly driven by QCD (gluon emissions, g—bb/cc, etc .. ) R — ///
e can be positive (negative) for hard (soft) emissions B, O ok 1
m  can be reduced with (acoplanarity) cuts o / T 7
m  measured directly in data i / / ]
e 10°(108) gluon splitting samples in FCC-ee (LCF) R e
P roj e Ctl ons: jet tagging efficiency

o 2(b) - 10(s) (4-10) x 10°® for FCC-ee (LEP3) and 50-200x 10 for LCF
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https://arxiv.org/pdf/2202.03285

Asymmetries (LCF)

e A measures the asymmetry between Left (L) and Right (R) handed Zff couplings (sinzew):
A . g%f - gl%lf
£t — 3 2
9is 1 Gis

e Linear colliders can measure A_ directly via LR asymmetry, using longitudinal beam
polarisation combinations
o very clean experimentally (measure total hadronic cross-section)

. independent ondecgylrlnode o P, ~ +0.80, P, ~ +0.30
o requires excellent control of initial state polarisation
m determined by Blondel scheme P _PpP.
H HY ] — el I L ~
o provided best measurement of sin“@,, at SLC R 1_ P, P 0.89
1 Np— N
Fg Np+ Ng

o provides a measurement of AA /A~ 2 x 104
m  Asin®®, ~4x10° (100x vs. today world average)
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Fermion asymmetries (FCC-ee/LEP3)

e Once A, is known, A, can then be measured from Forward-Backward
asymmetries
o dominant systematics:
| AFBW: point-to-point energy calibration
® AA'=23[24]x10° - AAJA ~3(6)x10°
AR =2.7[24]x10° — AAJA ~4(7)x 10°

° Aq for heavy flavors (q=Db,c,s) requires the determination of the jet
(hemisphere) charge
o Measure simultaneously:
m average FB hemisphere charge difference AND sum
m Measure charge separation
m > AAY~5X 10° — AAq ~2x10*
o dominant systematics:
m  Asymmetry in detector material (nuclear interactions produce excess of
positive charge)
e can be monitored with conversions
m  Background contamination
e tagger purities much larger than LEP

3
AR = ZAeAf
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https://arxiv.org/pdf/hep-ex/0509008
https://link.springer.com/article/10.1007/s100520100812

Aqep(My)

Riembau

Dominant parametric uncertainty in EW precision (sin 19Weﬁ and m,,) fit:

o

v

g {

Current uncertainty da/a = 1.4 x 10

et

e, @——Ve

il

LCF has to assume required precision from Lattice
FCC-ee (LEP3) can directly measure it :

o

o

o

from off-peak FB asymmetry (interference with y*) in uu events (dala =

3x10°9)

m  small experimental uncertainty, stat dominated
m  Z-pole energy points chosen to optimize measurement !

from R

et/e-’

Re_m_ (dala = 0.6x107°)

m e'/e efficiency control (charge mis-id), material budget

m  e/u acceptance difference (to be determined from 10" lepton pairs)

Can then provide comparison with Lattice calculation

_oleTet e () + X
Re-rer(6) = ole—et — et () + X)

~—

o(sin?6;) /sin®0 x 10°
-8 -6 -4 -2 0 2 4 6 8

,
10 W A%

2501.05508]
: - Rl"/u’ 16
5 [ - Re- e+ y
::JO_‘ E Il Combination 5 %
I 1, T8
% L o
I3 [ =
-5 » =
: -6
-10f B
—20 —10 0 10 20

5(sin®65) x 10°
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https://arxiv.org/pdf/2501.05508

Higgs self coupling

Probe indirectly trilinear Higgs self coupling A, through

single Higgs boson cross section
SM # )
A3 .,

Total cross section can be measured O(1%) at FCC-ee

Yno = Zp2ro(l + kaCh) Kx =

H
~

- Higgs decay-mode independent — challenge for Z(qq)
- Probing NLO deviations from SM: &k, = Kk, — 1

- C, sensitive to Vs: exploit different sensitivities at both energies

0.025—

0.020¢

0.015¢

O
0.010¢

T O e'eovvh _ 1

0.005¢

0.000

250 300 350 400 450 500
Vs[GeV]

CIRCULAR

y FUTURE

ZH Higgsstrahlung

‘h

VBF processes
Both CC/NC diagrams

27% precision standalone on the self-coupling
18% if combined with HL-LHC
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Detector Requirements

Table 14: Summary of detector requirements

Aggressive Conservative Comments
Beam-pipe % <0.5% % <1% B — K*r7
o(do) = 3® 15/ (psin®? 6) ym B — K*r7
g =
Vertex Xq <1% Re
0L = 5ppm - o7, < 10 ppm
My = 4 MeV
sz < 0.1% for O(50) GeV tracks Zpﬂ < 0.2% for O(50) GeV tracks 0l'z =15 keV
Tracking Z—Tu
tb.d. 0p < 0.1 mrad 0I'z(BES) < 10 keV
E= % E= L\/Z-" Z — vV, coupling, B physics, ALPs
T polarization
ECAl Az x Ay = 2 x 2mm? Az x Ay =5 x 5 mm? boosted 7° decays
bremsstrahlung recovery
6z = 100 pm, § Rppin = 10 pm (6 = 20°) - alignment tolerance for §£ = 10~ with y+y events
o _ 30% o _ 50% H — ss, cc, gg, invisible
HCAL F VB EvE HNLs
Az x Ay = 2 x 2 mm? Az x Ay = 20 x 20 mm? H — 5, ct, gg
Muons low momentum (p < 1GeV) ID - By — vw
. 30 Kim 30 Kim H—ss
Larlide ) p < 40 GeV p < 30 GeV b sui, ...
. tolerance 6z = 100 um, 6 Rpin = 1 pm T
LumiCal acorplance 50-T00mral - 6L = 10~ target (Bhabha)
-
Acceptance 100 mrad - ere =y

ete™ 5 ete 7777 (cc)
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Longer Term Storage Needs (FCC-ee)

3

Estimated FCC-ee storage need during
the Z run, for data only, is comparable
to what will be needed by the end of
HL-LHC
To fit the MC budget, an increase of
the HL-LHC resources will likely be
needed
A +20% each year after HL-LHC
would likely be required to
simulate V10 times the int. lumi.
We need to understand the statistical
power that will be required for the
analyses and plan accordingly

Cumulative storage [EB]

100 : _
90 - L Z run data storage projection
= A Z run: data + MC ~ data
80— *  Zrun:data + MC ~ 4 x data)
= *  Zrundata+MC ~ 10 x data
70— 1] Projection of LHC storage needs |-i-- e
= =i Projection of WLCG resources
60— : .
SOE- : i Estimated total storagé need by
40 B mtii sy Ldheend afHL L HC b
D=t : ® : :
- i : : ¥
30— :
20—
10E
0
2044

FCC Storage Projections for Data Taking - Z run

Fig. 131: Projection of the current resources to Z run based on the assumptions of four experiments,
four equal runs in 2045, 2046, 2047, and 2048, and varying amounts of Monte Carlo data. The figure
also includes the projected resource needs of the LHC and a hypothetical evolution of WLCG resources
under different scenarios for sustained annual budget increases. See text for details.

More details in this talk
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https://indico.cern.ch/event/1439509/timetable/#76-computing-resources-status

Computing needs per event

Process Ecums Event Sizes /evt Processing time /evt
ete” — (GeV) | Delphes (kB) | Full (MB) | Delphes (ms) | Full (s)
Z — qq,0T0 91.18 8.3,1.2 1.1, 0.16 14, 0.5 11,1.6
WTW— = all, vidt4~ | 157-163 9.5,1.2 1.3,0.16 16, 0.5 13, 1.6
HZ — vibb, bbbb 240 8.9, 13 1.2,1.8 15,23 12, 18
27 — all 240 10 1.4 17 13
tt — all 365 18 2.3 30 23
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Computing needs for 100xLEP

Table 23: Baseline projected needs per detector concept for the scenario with nominal integrated lumi-
nosity samples for the W, HZ and top runs, and event samples 100 times larger than the LEP samples
for the Z run (see text for details). The total corresponds to 4 experiments requiring the same resources.
Amount of HS06 is shown for a reference period of 3 years, i.e., roughly the pre-TDR duration. In bold
are the figures beyond today’s availability.

Delphes | Full
Run Process | Nevts | Storage | CPU | Storage | CPU
(TB) | (HS06) | (TB) | (HS06)
Z aq 400 M 3.25 ~1 440 475
(100xLEP) | £7¢~ 425M | 0.05 6.5 T
W WHW- | 60M 0.6 75 72
HZ HZ 500k | 0.0065 1 ~1
VBFH 16k | ~0.001 0.25
Top tt 500 k 0.009 9 ~ 1
HZ 90k | ~0.001 0.2
VBFH 23k | ~0.001 0.25
Total 500 M 4 ~1 530 550
4 exp 2000 M 16 ~4 2100 2200

1w

10*

107 4

107 4

10" 4

10° 4

ete o+ ZH r_\

WtWw-—>H

50 100 150 200 250 300 350

V5 [GeV]
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Longer Term Resource Needs (FCC-ee)

Table 22: Baseline needs for the nominal integrated luminosity and per detector concept. Amount of

HSO06 is shown for a reference period of 3 years, i.e., roughly the pre-TDR duration.

Delphes | Full
Run | Process | Nevts | Storage | CPU | Storage | CPU
(PB) | (HS06) | (PB) | (HS06)
7 dq 1500G | 125 22k | 1650 2M
et | 225G | 0275 12 40 40k
W |[WrW- | 60M | ~1073 0.075 72
HZ HZ 500k | ~107° ~1073 | ~1
VBFH | 16k | ~10°° <1073
Top tt 500k | ~107° ~1072 | ~1
HZ 90k | ~107° <1073
VBFH | 23k |[~10°F <103
| Total | [1725G| 13 | 22| ] 1690 | 2M

Total CPU[kHS06-years]

Total Disk[PB]

T T T T T T T

T T T

200008 ems public f]
Total CPU /
2022 Estimates Vi
40000 - NoR&D improvements ,, 1
-@- Weighted probable scenario 7/
== = 10 to 20% annual resource increase 7/
30000
20000
10000
0 1 1 1 1 L 1 L 1 1 1 1 1 1 1 1 1 1 1
2021 2023 2025 2027 2029 2031 2033 2035 2037
Year
1750F T T T T T T T T T T T I/ T T T ]
CMS Public /
Total Disk /
1500 2022 Estimates / =
—&— No R&D improvements /,
[ -@- Weighted probable scenario o a
1250 == = 10 to 20% annual resource increase £ ,)
- o’
1000 -
¢”
-
750 = .
500 1
250 5
0 L 1 1 L 1 L L 1 1 1 L 1 1 1 L 1 1 Il
2021 2023 2025 2027 2029 2031 2033 2035 2037

Year



Imaging on FCC-ee?

FCC-ee booster a8 & Ught Source

10

at FCCo0 | hickolt 22082004

FCC-ee
booster PETRA IV ESRF, APS, PETRAIII

_l

Diffraction limited storage ring (DLSR)

lAPS -U EBS l

| PSI

From August 2024 ”Kick-off brainstorm” in Hamburg...
Compared to PETRA IV, at 50-100 keV the FCC-ee booster could produce:

I High transverse coherence : .
9 1 * afraction of coherent X-rays larger by one order of magnitude
Coherent Flux = f. + Flux sats .
e - * anaverage brilliance larger by up to two orders of magnitude
Fraotios of X-fays & ey 124 keV {32 £ * apeakbrilliance larger by up to four orders of magnitudes
01 A
round beam, DLSR 2 .
(A/ 41r) 5
fe = 5
(E n 4u1)( * )
0.01¢ FCC-00 booster a8 & Light Source Non collider OLFCC-00 | Kicko S noxa 1
flat beam, FCC-ee booster ’
fo=fon = ( /4") —_— fe ;'unpubhund
< € Rp— —_ om ene ulse
L AL [ m A fen Average and peak brilliance = courtesy of W, Docking (2021)
Ex "+m & T+aL 0.001 T T g ey 3 T
001 01 1 10 100 1000 & 10000 S 1 £ e - R & 1
— — Europesn XFEL L=4m Hor. emittance (pm rad) = il & 510000000 R ~ %, &
h§ 1000 . uxFEL 4 I’*xé [ e e !
T oocun Mo rag, i | E 'm 1 ooy 1
E 100 U4 S m ~E [ ]
PETRAIV
; i : s iy \_FCC_un . 1
FCC-ee might boost imaging to unprecedented levels: £ w0 m g of —T
?L cnh S oy o
g . _hrilli . . § 1 bunch  Ms  length charge 10M \'1 E 0f ___..—————“Lﬁwi
mmmmmmnﬂmhﬁt&mw 2 = 5 2 FCCoe Up» 9t  34x10" 2ps  0180C 1
high-energy time-resolved ptychographic imaging S ) S Uhe mem s 1 & ., { Y S 1
. o o P % ps @ . cPMU1S
(larger samples, heavier materials, in-situ/operando) g o B A L . F oo . om G
3 ’ 10 100 [ 10 100
Energy (keV) Energy (keV)

* Exceptional average brilliance will push dynamic imaging
beyond all currently achievable capabilities and eventually
make scanning Compton X-ray Microscopy a valuable tool

I high average brilliance m flux hungry experiments

I high peak brilliance s time resolved experiments
N W European XFEL




A detector concept that does the job ...

30 Xo

long. segm: 8 layers

Barrel ECAL: LAr/Pb
o /E ~10%/VE ® 0.7 %

lat. segm: AnAd = 0.01

Tracker: 0,;/pr ~ 20%
at 10TeV (1.5m radius)

Central Magnet +
Fwd solenoids

Fwd ECAL: LAr/Cu
O/E ~30%/VE® | %
lat. segm: AnAd= 0.01
long. segm: 6 layers

Fwd HCAL: LAr/Cu
O /E ~100%/VE® 10%
lat. segm: AnAd =~ 0.05

long. segm: 6 layers

Barrel HCAL: Sci/Pb/Fe

O /E ~50-60%/E ® 3 %
Il A (ECAL+HCAL)
lat. segm: AnAd = 0.025
long. segm: 10 layers

23 m

y FUTURE
CIRCULAR

> COLLIDER

Challenges

e Large dynamic range
High occupancy (1000 PU)
o Timing (3 ps resolution)
e High data rates
o 10x data vs HL-LHC
e High radiation
o 3e18 1MeV neq/cm2

R&D should continue after HL-LHC
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Implantation and Societal Impact
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Sustainability

e Studying techno-economic feasibility of waste heat distribution buraton of e o Higge stages
1 Adaptation of operation schedule when more heat is required F
[  Reduces cooling water needs and partially compensate carbon footprint
e Reducing land consumption: 12 — 8 surface sites
100 to 45 ha, with 4.5 halyear over 10 years of construction
[  Comparison: France artificializes 66 ha/day, Switzerland 13 ha/day
e Electricity needs: on average 1.3 TWhlyear (equivalent to one large
“Meta” company data center) L
O Working on an operational model leveraging renewable energy 2412.13130 e Sespina e (9
A  To be integrated over a short period thanks to high inst. Lumi. and 4 IPs
e Tunnel construction carbon footprint: 530 ktCO e
I I kgCO,e per capita in Member States per year of construction
O Paris Agreement goal for 2050: 2 000 kg per person per year
[ This tunnel will serve HEP for the whole 21st century, without the need for
extension
d  Other tunnels: Lyon-Turin ~ 10 MtCOze, Gotthard 24 MtCOze
e Valorisation of excavated material e.g. make molasse fertile

Operation Time [years]

Electricity for the two Higgs stages

_A; ................ 'FCC-S’GJ

Electricity Consumption [TWh]

More details also here


https://indico.cern.ch/event/1439509/timetable/#66-status-of-the-fcc-feasibili
https://arxiv.org/abs/2412.13130

Implantation Study

e Demonstrate geological, technical, environmental, and administrative
fea3|b|I|tv of subsurface and surface elements and optimise the placement of

« Avoid-Reduce-Compensate » Temtorial lmpwbn
approach to iteratively develop

a well-balanced scenario
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Societal acceptance is different than in the past
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Community Building



International Collaboration

As for the LHC, we have to engage the whole community

Increasing international collaboration as a prerequisite for success:
—links with science, research & development and high-tech industry will be essential to further advance

and prepare the implementation of the FCC

9
*R
Qe - Ve
& %

FCC Feasibility Study: ?

Aim is to increase further the collaboration, ~ 40 S——

on all aspects, in particular on ~160 Countries CIRCULAR
- - Institutes + COLLIDER

Accelerator and Particle/Experiments/Detectors CERN
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Statement of intent CERN & USA, April 2024, White House

Support from theUS

“Should the CERN Member States determine the
FCC-ee is likely to be CERN’s next world-leading
research facility following the high-luminosity
Large Hadron Collider, the United States intends
to collaborate on its construction and physics
exploitation, subject to appropriate domestic
approvals.”

FCC Week, June 2024, San Francisco, 449 participants

Second Annual US
FCC Workshop, MIT

COL L IDER hos/t#fy "l participants

second annual

US WORKSHOP
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https://indico.cern.ch/event/1298458/
https://indico.mit.edu/event/876/
https://indico.mit.edu/event/876/

Support Within Europe

CERN 70’s anniversary

“...No European country alone could have built the world’s largest particle collider. CERN has become a global
hub because it rallied Europe and this is even more crucial today.

I am proud that we have financed the feasibility study for CERN’s Future Circular Collider (FCC). This could
preserve Europe's scientific edge and could push the boundaries of human knowledge even further. And as the
global science race is on, | want Europe to switch gears. To do so, European unity is our greatest asset. ....”

Ursula von der Leyen, President of the European Commission
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Support Within Europe

“The future of European competitiveness”, Sep 2024, Mario Draghi (for the European Commission)

The CERN success story

The Large Hadron Collider has propelled CERN to global leadership in particle physics — a mantle that has shifted from the US to Europe —
and it stands as CERN'’s flagship facility. One of CERN’s most promising current projects, with significant scientific potential, is the
construction of the Future Circular Collider (FCC): a 90-km ring designed initially for an electron collider and later for a hadron collider.
Chinese authorities are also considering constructing a similar accelerator in China, recognising its scientific potential and its role in
advancing cutting-edge technologies. If China were to win this race and its circular collider were to start working before CERN’s, Europe
would risk losing its leadership in particle physics, potentially jeopardising CERN’s future.

Invest in world-leading research and technological infrastructure

We have already discussed the remarkable returns from the creation of the European Organization for Nuclear Research (CERN) and
emphasised that the future of CERN is at risk due to China’s progress in emulating one of CERN’s most promising current projects, the
Future Circular Collider (FCC). Refinancing CERN and ensuring its continued global leadership in frontier research should be regarded as a
top EU priority, given the objective of maintaining European prominence in this critical area of fundamental research, which is expected to
generate significant business spillovers in the coming years.
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https://commission.europa.eu/topics/eu-competitiveness/draghi-report_en

Support from the new CERN DG

“From the perspective of today’s European strategy, the Future Circular Collider (FCC) is an extremely
appealing project that would map out an exciting future for CERN for many decades. | think we’ll see
this come through strongly in an open and science-driven European strategy process.”

“Scientifically, the FCC provides everything you want from a Higgs factory, both in terms of luminosity

and the opportunity to support multiple experiments.
Second, investment in the FCC tunnel will provide a route to hadron—hadron collisions at the 100TeV

scale. | find it difficult to foresee a future where we will not want this capability.
These two aspects make the FCC a very attractive proposition.”

“The scale of the FCC will provide a huge number of opportunities for young scientists and engineers.”

Mark Thomson in “A word with CERN’s next Director-General”, CERN Courrier, 27" of January 2025
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