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O FCC Seminar Layout

 Why do we need a new accelerator after the LHC?
* Linear or Circular ?

 The FCC Feasibility Study

* The FCC-ee Physics potential (mainly Higgs / EW)

* Next steps
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O FCC  Why do we need a new accelerator after the LHC?

Particle physics appears as a mature branch of fundamental science

The ‘Standard Model’ appeared in 1976 after the discoveries of

- Neutrino Neutral currents (Z boson exchange) in 1973 and
- Charmed particles (BNL, SLAC) in 1974-76

since then we have been discovering all the particles that have
electric charge or QCD charge, or weak isospin (SM couplings),
and the Higgs boson, by increasing accelerator energies.

The Standard Model is “complete” and explains all HEP Physics, but..
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( \ FCC We cannot explain crucial observations with the SM, for instance:

What is Dark matter ?

> 100 —¢

Standard Model particles
constitute only 5% of the
energy in the Universe

30

Were is primordial antimatter gone?

What is the origin of neutrino masses?

Not a unique solution in the SM
Dirac masses (why so small?) or Majorana (why not Dirac?)

=>» heavy right-handed neutrinos?
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o FCC How to Go beyond the Standard Model ?

* By direct observation of new particles
* By observing New Phenomena (ex: Neutral currents, neutrino oscillations, CP violation..)
* By measuring deviations from precise predictions

The Physics Landscape
We are in an unusual situation for HEP: we don’t know where to look and what we will find

For the first time since Fermi theory, WE HAVE NO ENERGY SCALE TO SEARCH FOR

The next facility must be versatile with as broad and powerful reach as possible,
as there is no precise target

=» more Sensitivity, more Precision, more Energy

FCC, thanks to synergies and complementarities, offers
the most versatile and adapted response to today’s physics landscape
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O FCC Dark Matter could be made of very long lived neutral particles
Plausible candidates:

Fermi indirect detection
135 GeV direct detection
gamma, line Particle physics
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O FCC .. and at least 3 pieces could still be missing
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Since 1998 it is established that neutrinos have mass (oscillations)

and this probably implies new degrees of freedom

=>» «sterile», very small coupling to known particles

completely unknown masses (eV to ZeV), nearly impossible to find.
.... but could perhaps explain all: DM, BAU,v-masses
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O FCC ...and the Higgs boson/field still need to be better understood

- Itis a unique object, a scalar particle/field (spin 0), not a matter field, not a boson mediating a gauge interaction,
but a field carrying a new type of interaction of the Yukawa type.

- Many proposals for new accelerators to study it, and to study Beyond SM physics. Easier choice now that it has
been discovered.

Linear Circular e*e-
Precise nature of the Higgs boson ? - .

Colliders Colhqers E

Origin of electroweak symmetry ILC | TLEP
breaking (EWSB) ? cLIC 2 et RS Super-
SLC-type ps e B Tristan

Shape of the Higgs potential ? Adv e e o T ey, FNAL

) e iy S S = Site-

C :
e filler

IHEP, +

Landau-Ginzburg Higgs Nambu-Goldstone Higgs

SAPPHIRE,
Strength of the electroweak phase CLICHE, +
transition ? What is its role just after (... A A
the big bang ? Inflation ? \ a7 7'.;.;;{ TP

.
We need to determine precisely the '

Higgs couplings and the Higgs self-
couplings to answer these questions.

: Muon Colliders
Y-y Colliders £ Fermilab




O FCC Motivation for a circular collider FCC-ee vs. a linear collider

One of the great advantages of the circular (e+ e-) colliders is:

- The possibility of using the same beams for many hours and serving several interaction points
with net overall gain both in integrated luminosity and luminosity/MW.

FCC-ee is a machine with a very rich menu of physics possibilities, given its
luminosity, and the options to run at many differenter center-of-mass energies

this leads to many detector requirements, which are best satisfied with more than one

detector = we are aiming at 4 detectors in 4 interactions points with complementary strengths
An example of competing constraints for EM calorimeter are the following:
high E precision vs. high granularity vs. high stability vs. geometric accuracy vs PID)

- many measurements will serve as input to future programs in particular FCC-hh

- many are statistically limited

- redundancy provided by 4IPs is essential for high precision measurements

- different detector solutions will be invaluable in uncovering hidden systematic biases.

The limitation in maximum energy is not a crucial drawback, given the current HEP panorama
and the subsequent FCC-hh program which will reach the highest energies
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O FCO =» Recommendations from the European
Strategy forParticle Physics (2020):

“Europe, together with its international partners, should investigate the technical and financial feasibility of a future

hadron collider at CERN with a centre-of-mass energy of at least 100 TeV, and with an electron-positron Higgs and

electroweak factory as a possible first stage. Such a feasibility study of the colliders and related infrastructure should
Greqorio| € €stablished as a global endeavour and be completed on the timescale of the next Strategy update.”




o FCC FCC-ee physics plans

M. Dam ECFA R&D road map input
https://indico.cern.ch/event/994685/

"Higgs Factory” Programme Ultra Precise EW Programme & QCD
* At two energies, 240 and 365 GeV, collect in total Measurement of EW parameters with factor ~300
«  1.2MHZ events and 75k WW — H events improvement in statistical precision wrt current WA
e 5x10'?Zand 10° WW
* my Iy, T sin20,5% RZ,, Ry, o, My, Typees
+ 10°tt
Miop s Miop, EW couplings

* Higgs couplings to fermions and bosons
* Higgs self-coupling (2-4 &) via loop diagrams
* Unique possibility: measure electron coupling in

s-channel productione’e™ = H @ Vs = 125 GeV Aum _ 07 1t
) Hﬂ _ 7Indlrect sensitivity to new phys. up to A=70 TeV scale
.
ﬁ
¢ i \
JIRP N Z. ] b D RF)
\\I G, () i

\\\\ o imi /
Heavy Flavour Programme @ N~ 'ﬁ
* Enormous statistics: 102bb, cc; 1.7x10M1 1t e

* Extremely clean environment, favourable
kinematic conditions (boost) from Z decays

Feebly Coupled Particles - LLPs
Intensity frontier: Opportunity to directly observe
new feebly interacting particles with masses below
m;y:

* Axion-like particles, dark photons, Heavy Neutral
Leptons
* Signatures: long lifetimes - LLPs

*  CKM matrix, CP measurements, “flavour
anomaly” studies, e.g. b — stT, rare decays, cLFV
searches, lepton universality, PNMS matrix
unitarity
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O FCC The FCC integrated program (FCC-INT) at CERN is
inspired by the successful LEP — LHC (1976-2038) program

Comprehensive cost-effective program maximizing physics opportunities

- Stage 1: FCC-ee (Z, W, H, tt) as first generation Higgs, EW and top factory at highest luminosities.

- Stage 2: FCC-hh (~100 TeV) as natural continuation at energy frontier, with heavy ion and eh options.

Complementary physics

* Integrating an ambitious high-field magnet R&D program

* Common civil engineering and technical infrastructures

* Building on and reusing CERN'’s existing infrastructure.

* FCC-INT project plan is fully integrated with HL-LHC exploitation
and provides for seamless continuation of HEP
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O FCC FCC-ee design

based on lessons and techniques from past colliders

SUPERI{EI{B -»  *rccz

CEF'C Zy  FCCW B-factories: KEKB & PEP-II:
LAl® HE:EIP:F ita;:] B;F;cta/m_ +FCCH double-ring lepton colliders,
cercH o FOCot high befam cu_rrents,
. P top-up Injection
"1 053 BEPCII » CESR . : i
" ’ DAFNE: crab waist, double ring
0 DAFNE CESR -c LEP .
> + DORIS2 : SuperB-factories, S-KEKB: low f3 *
9 VEPP2000 ’ . ¥
210" * BEPC . PETRA LEP LEP: high energy, SR effects
g VEPP-2M %  VEPP-4M - _—
- SPEAR2 VEPP-4M, LEP: precision E calibration
16 _+ ADONE KEKB: e* source
DCI ) ]
ADONE HERA, LEP, RHIC: spin gymnastics
i Marica Biagini
7
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c.m. Energy (GeV)

combining successful ingredients of several recent colliders

Gregorio Bernardi APC - Paris 9 higheSt IuminOSities & energies 13



O FCC FCC-hh: highest collision energies

_ 1E#36 e order of magnitude performance increase in
- ? FCC-hh
& 1E+35 both energy & luminosity
g 1E+34 O / P
= / = 100 TeV cm collision energy(vs. 14 TeV for LHC)
‘m 1E+33
£ i e bkR o gl T * 20 ab™ per experiment collected over 25 years
z of operation (vs 3 ab™! for LHC)
2 1E+31 TS
g * similarincrease as from Tevatron to LHC
1E+30
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* key technology: high-field magnets
c.m. energy [TeV] y gy- hig &
from via :
LHC technology HL-LHC technology FNAL dllzc)SIe;_dNebrn(S)rr]\strator
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Future Circular Collider Feasibility Study

~ http://cern.ch/fcc

~. photo: J. Wenninger ut


http://cern.ch/fcc
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O FCC FCC implementation - footprint baseline
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Present baseline position was established considering:
* lowest risk for construction, fastest and cheapest construction
» feasible positions for large span caverns (most challenging structures)

* More than 75% tunnel in France, 8 (9) / 12 access points in France.
* next step review of surface site locations and machine layout
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O FCC Collider placement optimisation

« Overall layout and placement optimisation process across both Lo (o
host states that follows the "avoid-reduce-compensate" Y, : FL
directive according to European and French regulatory
frameworks.

5,

Voot \ Genéve
79

« Process integrates requirements and constraints, such as

 civil engineering technical feasibility and subsurface
constraints

-

v )
| rve
: { A
! | P i
/—-/ D8 \)
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« territorial constraints at surface and subsurface

* nature, accessibility, technical infrastructure and resource
needs and constraints {L

» economic factors including the development of benefits
for and synergies with the regional developments

« Work takes place as a collaborative effort by technical experts at
CERN, consultancy companies and government notified bodies

D910 T—
/
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O FCC Collider placement optimisation

Main recommendation of the placement review:

* “The lowest-risk 8 point option should be chosen as the
preferred variant for carrying out the next concrete steps
towards understanding the FCC feasibility.”

« Number of surface points reduced from 12 to 8

» Fourfold super-periodicity compatible with 2 or 4
Interaction Points (IP) for FCC-ee, decision to be made
later.

« Total length reduced from 97.75 t0 91.17 km
=>» PA close to LHC point8
=>» PG about 10 km from Annecy

« Seek concertation with local authorities

* Key representatives of French “Ministere de
I’Enseignement Supérieur, de la Recherche et de
I’Innovation (MESRI)” were met in August at CERN to
discuss FCC placement and feasibility study.

Gregorio Bernardi APC - Paris
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O FCC Collider placement optimisation

Main recommendation of the placement review:

* “The lowest-risk 8 point option should be chosen as the
preferred variant for carrying out the next concrete steps
towards understanding the FCC feasibility.” Technical st

« Number of surface points reduced from 12 to 8

» Fourfold super-periodicity compatible with 2 or 4
Interaction Points (IP) for FCC-ee, decision to be made

later.
« Total length reduced from 97.75 t0 91.17 km .
(S8 el
=>» PA close to LHC point8 expen ™y

=>» PG about 10 km from Annecy

Discussions now going on for the placement of the RF stations

20
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o FCC FCC-INT timeline, compared with LEP/LHC
1976 81 < construction ->89 2000 2010 2038

m I I I I I I U 12yearsLEPoperationl 8+2 years installation l 28 years LHC operation n

2020 2026, 2038 2090

o > BN ¢ BB ﬂ BB B s 16-18][ 15 years FCC-ee operation | [¥M 35 [kl 37 [N 30 00 +1 [l 43| ~25yearsoperat|on

Project preparation & Permis- gpda?e
administrative processes sions s?cr)r:f

Funding and Funding and
Funding in-kind in-kind
strategy contribution contribution

agreements agreements

Geological investigatidns, . o FCC-ee dismantling,
. . Tunnel, site and technical infrastructure .
infrastructure detailed deslgn and construction CE & infrastructure
tendering preparatioh adaptations FCC-hh
\ N N
FCC-ce accelerator R&D an ql technical desian FCC-ee accelerator construction, FCC-hh accelerator R&D FCC-hh accelerator construction,
| g installation, commissioning and technical design installation, commissioning
J \_ J \_ J
Set up of international Y4 Y4 FCC-hh detector )
experiment collaborations, FCC-ee detector FCC-ee detector FCC-hh detector R&D, construction. installation
detector R&D and concept technical design construction, installation, commissioning technical design commiésionin ’
development \_ JU 9 y
| SC wire and 16 T magnet 16 T diool i
Superconducting wire and magnet R&D R&D, model magnets, pole magne

prototypes, preseries EEEB RN
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O FCC FCC-ee and FCC-INT cost estimates

Domain Cost in

MCHF
Stage 1 - Civil Engineering 5,400
Stage 1 - Technical Infrastructure 2,200
Stage 1 - FCC-ee Machine and Injector Complex 4,000
Stage 2 - Civil Engineering complement 600
Stage 2 - Technical Infrastructure adaptation 2,800
Stage 2 - FCC-hh Machine and Injector complex 13,600
TOTAL construction cost for integral FCC project 28,600

Stage 2 FCC-hh Machine

Stage 1 Technical Infrastructure and Injector complex

8% A

Stage 1 FCC-ee Machine and
Injector Complex
14%

Stage 2 Technical
Infrastructure adaptation
10%

Stage 2 Civil Engineering
complement —
2%

Total construction cost FCC-ee (Z, W, H) amounts to 10.5 BCHF + 1.1 BCHF (tt)
Associated to a total project duration of ~20 years (2025 — 2045)

Total construction cost for subsequent FCC-hh amounts to 17 BCHF.

- Associated to a total project duration of ~25 years (2035 — 2060)

- (FCC-hh standalone would cost 25 BCHF, so not building FCC-ee in a first stage would be a marginal saving)

Gregorio Bernardi APC - Paris
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T
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P |
10° o
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Table 2.1: Run plan for FCC-ee 1n its baseline configuration with two experiments. The number of WW
events is given for the entirety of the FCC-ee running at and above the WW threshold.

Phase Run duration | Center-of-mass Integrated Event | ¢y iracted from
(years) Energies (GeV) | Luminosity (ab_l) Statistics | FCCCDR
FCC-ee-Z 4 88-95 +<100 KeV| 150 3 x 10" visible Z decays | LEP * 10°
FCC-ee-W 2 158-162 <200 kev 12 10° WW events | LEP * 2.103
FCC-ee-H 3 240 t2Mev 5 10° ZH events | Never done
FCC-ee-tt 5 345-365 5 MeV 1.5 10° tT events | Never done
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O FCC Detector requirements (present status) | - Dam ECFA R&D road map input
https://indico.cern.ch/event/994685/

Ultra Precise EW Programme
» Absolute normalisation (luminosity) to 107#
* Relative normalisation (e.g. [.4/T,) to 10
*  Momentum resolution “as good as we can get it”
* Multiple scattering limited
* Track angular resolution < 0.1 mrad (BES from pu)
» Stability of B-field to 10°: stability of Vs meast.

"Higgs Factory” Programme
*  Momentum resolution of o,r/pr? = 2 x 10°GeV!
commensurate with Q(10-3) beam energy spread
* Jet energy resolution of 30%/VE in multi-jet
environment for Z/W separation
* Superior impact parameter resolution forc, b

tagging am
L ".:---_.:1_:—_-“.“ B I
rare H decays (e.g. H> v + ¢/y/Y) lumi and R, require precision
may benefit from high resolution EM calorimeter / ., fiducial volume definitions

d
|

Heavy Flavour Programme & ——— .%
* Superior impact parameter resolution: secondary Gan

vertices, tagging, identification, life-time measts.

* ECAL resolution at the few %/ VE level for inv.
mass of final states with n’s or ys

* Excellent n%y separation and measurement for
tau physics

* PID: K/m separation over wide momentum range
for b and t physics

jwnf 1 Y own (1-10microns)
. r

Feebly Coupled Particles - LLPs
Benchmark signature: Z — vN, with N decaying late
* Sensitivity to far detached vertices (mm — m)

* Tracking: more layers, continous tracking

* Calorimetry: granularity, tracking capability
* Large decay lengths = extended detector volume
* Hermeticity
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O FCC Detectors under Study
CLD IDEA

Preshower

DCH Rout =200 em

DCHRin = 35cm

| Detector height 1100 cm

CalRin = 250 cm

CalRout = 450 cm

Yoke 100 cm

Magnet z =+ 300 cm
* conceptually extended from the CLIC detector design * explicitly designed for FCC-ee/CepC

e full silicon tracker e silicon vertex
* 2T magnetic field * low Xp drift chamber

* high granular silicon-tungsten ECAL e drift-chamber silicon wrapper
* high granular scintillator-steel HCAL * MPGD/magnet coil/lead preshower
* instrumented steel-yoke with RPC for muon detection * dual-readout calorimeter: lead-scintillating/

cerenkhov fibers

But several other options like Liquid Argon or Crystal Calorimetry, are under study
(similarly for tracking, muons and particle ID)
With potentially 4 experiments, many complementary options will be implemented,

Definitely a place to contribute
Gregorio Bernardi APC - Paris
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O FCC Physics of the Higgs boson at FCC-ee

Baseline (2IP): at 240 and 365 GeV, collect in total 1.2M HZ events and 0.1M WW —H events

e Statistics-limited measurements:
Higgs couplings to fermions & bosons;
—->Model-independent, normalized to e+e- >ZH cross-section
- fixed candle for past (HL-LHC) and future (FCC-hh) studies at hadron colliders (H=> 72)

Higgs properties: CP violation, H> gg, Higgs width...

Close to discovery level:
Higgs self-coupling via loop diagrams :
complementarity to HH production at higher energy machines, like HL-LHC, or later FCC-hh

* Unique possibility:
Measure Higgs to electron coupling in s-channel production e+te-—H @ Vs = 125 GeV
highly demanding on luminosity, monochromatization with 1, 2 or 4 IPs?
- test of first generation yukawa coupling

Gregorio Bernardi APC - Paris
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(N Fce

The LHC is a large
Higgs Factory...

Moving from a pp Higgs Factory to an e*e” one

Gluon-Fusion
—r Loop — Top coupling
lgg — H) BSM contribution ?

LHE HIGRS XS W W

o(pp — H+X) [pb]

VBF
(qq H)

Tree level W(/Z) V coupling

tHH Tree level top coupling

g_llll 1

W Treelevel W coupling
ZH Tree level Z coupling

~100 Million Higgs already produced... more than most “Higgs factory” projects but...

Oi>

. observed o Gprod (gHi )Z(ng)Z

relative uncertainty scales with
1/purity and 1/\efficiency of signal

We don’t know the width until measured directly

difficult to extract the couplings because G4 uncertain and I'; is unknown
(invisible+ unmeasured channels) 2 must do Higgs physics with ratios at LHC
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O FCC Higgs boson production at FCC-ee

250

section (fib)

Higgs strahlung § s

Vector Boson Fusion

FCC-ee as a Higgs factory:

Higgs-strahlung (e+e > ZH): event rate & Signal/Bkgd are optimal at \'s ~ 240 GeV : ¢ ~200 fb
* 1.2 x10%e+e- — ZH events with 5 ab!

Target : (few) per-mil precision, statistics-limited.

Complemented with ~100k events at Vs = 350 — 365 GeV (of which 30% are via the WW fusion channel)
=>» useful for measuring self-coupling and I, precisely.

The Higgs-strahlung process is an s-channel process - maximal just above the threshold of the process
Vector Boson Fusion is a t-channel process which yields a cross section that grows logarithmically with the c-o0-mass energy
The Higgs boson is also produced in association with fermion pair for instance, a top quark pair.
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O FCC Higgs studies through recoil mass in ZH production, vs. Higgs @LHC

> N
@FCC-ee The Higgs mass can be reconstructed in ZH 2 25¢
events using the Z decaying leptonically and .-
beam energy constraints w/o looking at the H .g 20¢
decay. Once H is tagged, measure x-section. o [
w s
H m’ =s+m’-2Js(E. +E.) 15:
E., E_lepton energies from Z decay 10k
aHzz + — 2 I
oc(ete™ = ZH) x 95127 of

Z absolute HZZ coupling meas.

50 60 70 80 90 100 110120130140 150

Meacon (GEV)
@LHC No Higgs boson tag, need to look at specific decays
H = XX, LHC typically measures o-Br(H—=XX)
PHoxx  9nm9i
Ogel * Br(H — XX) = 045 - F x “HFHXX
H H
g%ﬁ‘% gttH
I y LHC can measure only product of couplings over 'y it can measure only ratios of
couplings.

In other terms, LHC can measure only relative

4o
branching fractions: Br(H=XX)Br(H=YY),  Br(H — XX) = o(ete j %H,H —+ XX)
Gregorio Bernardi APC - Paris - (8 JRENEN ZH)
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Collider HL-LHC |ILC,s, | CLICs, | LEP3,., [‘.E:Pczml FCC-ee;y 65

Lumi (ab™") 3 2 1 3 5| By | +1.5a65 | + HL-LHC
Years 25 15 8 G 7 3 +4

STy /Ty (%) sM| 36 4.7 3.6 28| 27 1.3 1.1
Sasz /Grs (%) 15| 03 0.60 0.32 025 02| o0.17 0.16
Ty pa— 1.7 1.7 1.0 1.7 14| 1.3 0.43 0.40
S /Gren (%) 37| 17 2.1 1.8 13| 13| o061 0.56
B0ee/ OHce (F0) SM 2.3 4.4 2.3 22| 17 1.21 1.18
Bt Grie (9P) 2.5 2.2 2.6 2.1 15| 1.6 1.01 0.90
Sare=fane= (%) 19| 19 3.1 1.9 15 14| 074 0.67
AP/ gy (%) 4.3 14.1 n.a 12 87 10.1 9.0 3.8
By /Gy (%6) 1.8 6.4 n.a 6.1 3.7 4.8 3.9 1.3
5rns /11er (%) 34 - - - - - - 3.1
BRyvo (%) SM| <1.7T] <21 <1.6 < l.2<12] <1.0 < 1.0

LHC caveats:

- Measure only couplings ratios

— Many SM couplins cannot be seen at LHC (light quarks, charm, electrons)

- Couplings to gluons are measured through gg—>H production cross section

HL-LHC will produce much more Higgs than FCC-ee, hence dominate precisions for Huu, Hyy

Gregorio Bernardi APC -

FCC-ee numbers are given for 2 IP. Precision on Couplings improve by ~30% with 41P

O FCC Couplings measurement comparison with other ee-machines



O FCC Higgs with High Energy colliders: ILC.y, 10000 CLIC3000, FCC-INT

FCC-INT =FCC-ee + FCC-hh has the best expectations

E T T T T ‘ T T T T ‘ T T T T ‘
’é‘“ Hv v,
102 E
T H - :
Q ]
©
fiH ZH
1F =
HHv v,
107 F ZHH E
10—2 | | | | 1 | | | 1 1 | |
0 1000 2000 3000
Is [GeV]

Collider ILCs00 ILC1000 CLIC FCC-INT
guzz (%) 0.24 /0.23 | 024 /023 | 0.39 /0.39 | 0.17 / 0.16
guww (%) | 0.31 /0.29 | 0.26 / 0.24 | 0.38 / 0.38 | 0.20 / 0.19
g (%) 0.60 / 0.56 | 0.50 / 0.47 | 0.53 / 0.53 | 0.48 / 0.48
9tee (%) 1.3/12 |091/090 | 1.4/14 | 0.96 /0.96
gHge (%) 0.98 / 0.85 | 0.67 / 0.63 | 0.96 / 0.86 | 0.52 / 0.50
gurr (%) 0.72 /0.64 | 0.58 / 0.54 | 0.95 / 0.82 | 0.49 / 0.46
g (%) 9.4 /3.9 6.3 / 3.6 5.9 /35 | 043 /0.43
g1y (%) 3.5 /1.2 1.9 /1.1 2.3 /1.1 | 0.32/0.32
guz~ (%) — / 10. — / 10. 7. /57 |0.71/0.70
guee (%) 6.9 / 2.8 1.6 / 1.4 2.7 /2.1 1.0 / 0.95
gunn (%) 27. 10. 9. +3.8*

I'a (%) 1.1 1.0 1.6 0.91 ee
BRiny (%) 0.23 0.22 0.61 0.024 hh
BRexo (%) 1.4 1.4 2.4 1.0 ee

FCC-hh > 10'° H produced

+

FCC-ee measurement of g,,,

> S-S 8Hyy » 8Hzy » Bhyuy » Briny @t high precision

Gregorio Bernardi APC - Paris

ee

hh

(*) see M. Selvaggi, 3rd FCC physics workshop,
9% precision in 3 years run of FCC-hh, 2004.03505
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O FCC Measurement of the Higgs self-coupling

(8]
HZ M. McCullough
» assuming all other couplings at MS, Ak ~ 19% (12% 4 |.P.) ___ FCC-ee, from EFT globalfit
e maximum sensitivity at the threshold production ool — oAy
= — +1.5/ab at 365 GeV ]
[ 1 588 &6 2one
n D.ZE" ........................ ﬂ_u-‘; ﬂx::‘l E
0.020 [
0.015/ 3
AG | -n_m;
—5 0010 002}
SR e geavib b
0.005 -4 -2 0 2 4
I'SKA
U.DD{J ............................. . .I:rom a global EI_—I' .ht ﬂ-}{?\fﬁl i 21 % (4 IPS)

* changing CMS energy helps in reducing
correlations
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O FCC Yukawa coupling to electrons via s-channel e+e- 2 H production

First generation Yukawa coupling will not be accessible at HL-LHC, FCC-hh or any other ee machine

® Higgs delcay to e*e is unobservable: BR(H—ee) « m 2 ~ 5-10°
B Resonant Higgs production considered so far only for muon collider:
o(uu—H) = 70 pb. Tiny K_ Yukawa coupling = Tiny o(ee—H):
A2, Br(H — eTe™) _
(53— M%)+ T2 M2

o(e" e o H) = 1.64 fb (m =125 GeV, T, =4.2 MeV)

e X=WZbg

In theory, FCC-ee running at H pole-mass
L. . ~20 ab/yr would produce O(30.000) H's

IFF we can control: (i) beam-energy spread,
(ii, ISR, and (iii) huge backgrounds, then:

- Electron Yukawa coupling measurable.
- Higgs width measurable (threshold scan)?
- Separation of possible nearly-degen. H's?

1000

100

Ecm [GeV]

Most significant channel: ete" > H - gg =» jj final state
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Born

With ISR
With g, ~ 4 MeV

g 1F With o, ~ 8 MeV
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O FCC The Z peak and the Electroweak Physics

The electroweak program at the Z peak and at the WW threshold
is quite unique, most challenging and
maybe
the most promising part of the program
given the upward jump in statistics !

 L=230/cm?/s and 35 nb of Z cross section corresponds to 80 kHZ of events
with typically 20 charged and 20 neutral particles (all to be preciously and fully
recorded, stored, reconstructed)

* 3vyearsat 10’ s /year = 2.4 1012 evts/exp. =» 10> LEP Statistics (~102 more than ILC)
For the electroweak program we will also have

e 2vyears at the WW threshold, 108 events/exp. =2 2.103 LEP Statistics
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Z Lineshape Measurements
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increased by factor 100
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0.4
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8 88 90 92 94 B 94
E,, [GeV] E_ [GeV]

Expected precisions in a nutshell:

]

~ 10™ on cross sections (aimed luminosity uncertainty); possibility to reduce it
by an order of magnitude using the measured o(ee—yy) as reference

~ 107 statistical uncertainties (~ 1/ VN ) on relative measurements like
Forward-backward charge asymmetries

Ultimate uncertainties typically dominated by systematics; precious value of
“Tera” Z samples to study / constrain many of those uncertainties



Z Lineshape:

[— I 4 I
=
=
E 40
ALEPH
o} DELPHI
L3
30 L OPAL
20

@ measurements (error hars

10 — 0 from fit /
----- QED corrected L

.‘/

increased by factor 10) /

1" .1..,1,.\i/[.“11...|
86 88 9% 92 94
E (MeV) E. [GeV]
LEVIY 4718 44719
I | e Lo P
o + £
ERE - i 02Me) Resonant
¥ depolarization at
o xs LEP
e om0

Maonet freauenecy v - 101

Vertical polarization

Mass

m,: position of Z peak

Beam energy measured with
extraordinary precision (Avs%100
keV) using resonant depolarization
of transversely polarized beams
(method already used at LEP, much
better prepared now, calibrations in
situ with pilot bunches, no energy
extrapolations, ...)

Beam width/asymmetries studied
analyzing the longitudinal boost
distribution of the yuu system

C=97.75 km, 45,59 GeV, Q; = 0,025, g5 = 0.00038, w=10", £=05x10®

FCC-ee depolarization |
simulation

10
0.8
0.6
04
0.2
0.0

=021 .
-0.002

0,002

0001
Flipper frequency detuning:v - vq

-0001 0000

=-¥+-1909.12245

Ri=Tag /T

lep

Relative measurement, independent
of luminosity: aiming fora 107
precision

Extremely sensitive to new physics
deviations (o,T parameters:
deviations of custodial symmetry)
as(mzz) modifies the hadronic partial
width — R provides an ultra-precise
measurement

Studies to define detector
requirements to ensure negligible
systematic uncertainties on
acceptance (3 priori more critical
on leptons)
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(N Fce

opportunities challenges
Ohservable present I-‘L’,‘E.‘m. FCC-ecf Comment and
value + erro Stat. Syst. leading exp. error
myg [keV') 91186700 + 2 4 1000 From & line shape scan
Beam energy calibration
Iy (keW) 2405200 + 2 4 a5 From & line shape scan
Beam energy calibration
Ein'ﬂlf_;,r-iuj 107 ) 2E1480 £ 160D 2 2.4 from APR at & peak
Beam energy calibration
1o gen (me ) (= 107} 128052 + 14 3 small from AR% off peak
QEDMEW errors dominate
Ry (=107} 0767 + 95 0.06 0.2-1 ratio of hadrons to leptons
acceptance for leptons
o (mg) (=107) 1196 + 30 0.1 0.4-1.6 from Rf above
Th.g (=107 (nb) 11541 + 37 0.1 4 peak hadronic cross section
lumincsity measurement
N.({x10% 006G + T 0,005 1 ¥ peak cross sections
Luminosity measurement
Ry, (=107) 216200 L 660 0.3 < G ratio of bb to hadromns
stat. extrapol. from SLIY
ABg.D (= 10%) oo + 16 0.02 1-% Jb-quark asymmetry at & paole
from jet charge
AEST (x10%) 14498 + 49 0.15 =3 T polarization asymmetry
T decay physics
T lifetims (fs) 200.3 + 0.5 o001 0.04 radial alignment
T mass (Mel') 177686 + 0,12 0004 0.04 momentum scale
T leptonic (piue. ) BR. (%) 1738 £ 004 g (L D0DL 0003 e/p/hadron separation
My (MeV) B0A50 + 15 0.25 0.3 From WW threshold scan
Beam energy calibration
e (MeN) MRS + 42 1.2 0.3 From WW threshold scan
Beam energy calibration
o, [y 1 107 ) 1170 + 490 3 small from Ry
MN.(= lI:Ix] 20 £+ 50 0.8 smmall ratio of invis. to leptonic
in radiative & returms
My, (MeV S 172740 £+ 500 17 =meall From tt threshold scan
CMCIY errors dominate
Cyop [MeV fc) 1410 £+ 190 15 =meall From tt threshold scan
O errors dominate
Arop /A iop 12 +03 0.10 small From tt threshold scan
i CMCIY errors dominate
tt couplings + 3G Q05 — 15 =meall From /8 = 365 GeV¥ run

Systematic uncertainties

Systematics in the table are preliminary and often
largely dominant

We should use statistical errors (after selection

efficiencies and background subtractions) as the best
way to assess the physics potential of a facility, since

the systematic uncertainties get generally reduced
making clever use of the statistics and additional
theoretical calculations

It is important now to concentrate on finding the
potential ‘show stoppers’ or ‘stumbling blocks’, to

guide the detector R&D and detector requirements

Strong support for theoretical calculations will be
needed if the program is to be successful

Theory work is critical and initiated (1809.01830)
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o FCC More on TeraZ : The Flavor/Tau Factory

Progress in flavour physics w.r.t. SuperKEKb / BELLE Il requires > 10! b pair events,
FCC-ee(Z): will provide ~10%2 b pairs.
Particle production (10°) B B~ BY Ay, & 777

Belle 11 275 275 n/a nj/a 65 45
FCC-ee 400 400 100 100 800 220

e Precision of CKM matrix elements

Observable / Experiments Current W/A  Belle Il (50/ab) LHCb-U1 (23/fb) FCC-ee
CKM inputs

~ (uncert., rad) 1.2067005]  1.136 +0.026 1.136 £ 0.025 1.136 + 0.004
[V.3| (precision) 5.9% 2.5% 6% 1%

FCC CDR Vol 1. Eur.Phys.J.C 79 (2019) 6, 474

e Push forward searches for FCNC, CP violation and mixing

* Study rare penguin EW transitions such as b —s 7+7-, spectroscopy (produce b-baryons, B. ...)

* Test lepton universality with 10! 7 decays (with T lifetime, mass, BRs) at 10~ level, LFV to 101°
- all very important to constrain / (provide hints of) new BSM physics.

=>» need special detectors (PID) under study

The 3.5 x 102 hadronic Z decay also provide precious input for QCD studies
High-precision measurement of as(mz) with Re in Z and W decay, jet rates, T decays, etc.: 10-3 —10°4
Large Vs lever-arm between 30 GeV and 360 GeV, fragmentation, baryon production ....

> Testing running of o to excellent precision
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O FCC Dark Sector at Z factory

With the Higgs discovery SM works well, yet we need new physics to explain the baryon
asymmetry of the Universe, the dark matter etc... without interfering with SM radiative corrections

e

dark
forces?

dark

&2l
iy my

Dark photons, Axion Like Particles, sterile neutrinos, all feebly coupled to SM particles

NEERIE
Gori

Gregorio Bernardi APC - Paris

39



(N Fce

This example figure is relevant to Neutrino, Dark sectors and High Energy Frontiers.

Feebly interacting particles

FCC-ee compared to the other machines for right-handed (sterile) neutrinos

1072

1074
1073

O = |UP

1075 BN

1077
107°%
107°
]O—IO
10—11
10-—12

107!

« Significant extension reach for observing heavy neutrino/decays (here for 1012 Z) arxiv:1910.11775
* Large potential improvement in the sensitivity to mixing of neutrinos to the dark sector, using
EWPOs (G; vs sin26,,"and m,, m,,, tau decays) which extends sensitivity to 10-> mixing, all the

o=

Electron coupling dominance: U?: U2: U2 = 1:0:0

o T

\ — —

\ —  ILC,,, displaced vertex

\ — CEPC, displaced vertex

z = = = = CEPC, Higgs BRs

S CEPC, mono Higgs
— CEPC, EWPO @ 2= I = 0 f + 10 F
[— FCC-ee. dispiaced vertex
= = = = FCC-ee, Higgs BRs
s FCC-e€. mono Higgs

— FCC-te. EWPO @ 2 It = W) + I }*

lllllll 1 ll

way to very high energies (500-1000 TeV): arxiv:2011.04725

Gregorio Bernardi APC - Paris
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o FCC FCC-ee discovery potential and Highlights

FCC-ee could explore, observe or discover :

Explore the 10-100 TeV energy scale (and beyond) with Precision Measurements
20-100 fold improved precision on many EW quantities (equivalent to factor 5-10 in mass)
My, My, My, sin? 0,7, Ry, agep, 0, Higgs and top quark couplings,
and provide model independent Higgs measurements which can be propagated to LHC and FCC-hh

* Observe at the > 3o level, the Higgs couplings to the 1st generation, the Higgs Self-coupling

» Discover a violation of flavour conservation or universality and unitarity of PMNS @10~
FCNC (Z-->put, et) in510'? Zdecays and tBRin210%Z> 1t
+ flavour physics (102 bb events) (B—=2>s 1 7 etc..)

* Discover dark matter as «invisible decay» of H or Z (or in LHC loopholes)

* Discover very weakly coupled particle in the 5 to 100 GeV energy scale
such as: Right-Handed neutrinos, Dark Photons, ALPS, etc...

Many other opportunities in e.g. QCD (o, @ 104, fragmentations, H=> gg) etc....

=>» Not only a Higgs Factory! Z, Heavy Flavor, and top are also important for ‘discovery potential’



(N Fce FCC main goals for 2021 - 2026

Overall goal:
* Perform all necessary steps and studies to enable a definitive project decision by 2025/26, at the
anticipated date for the next ESU, and a subsequent start of civil engineering construction by 2028/29.

This requires successful completion of the following four main activities:

* Develop and establish a governance model for project construction and operation

* Develop and establish a financing strategy, including in-kind contributions

* Prepare all required project preparatory and administrative processes with the host states

* Perform site investigations to enable Civil Engineering planning and to prepare CE tendering.

In parallel development preparation of TDRs and physics/experiment studies:
* Machine designs and main technology R&D lines

» completion of first physics case studies in 2021-22 = detector requirements

* reach out to all ‘European and International Partners’

* Establish user communities, work towards proto experiment collaboration by 2025/26

* US community can bring enormously to the project, by starting or contributing to R&D studies to render
the challenging FCC physics a success: precision EW measurements
Tau physics (lifetime, mass etc.)

-- LLP’s detection, & Higgs of course (self-coupling and 1st generation)
Gregorio Bernardi APC - Paris



(N Fce

Collaboration Steering Scientific
Board Committee Advisory Committee
|
FCC Study AIDAInnova
Coordination ECFA R&D Roadmap
CERN EP R&D Effort
0
= ey [ FCC PEP St.Udy e | Speakers Board, Editorial Board 0
N at‘"’.'m"“' p Coordination Dlssemmatng :tca:.f:tmumcatnon Detcor :&o
G. Bernardi, T. Lesiak G. Salam/P. Janot
Detector R&D
R eSEn e e el Group
~ = I I I
epoL | | mpi | | Physics Software Physics Physics Detector e~
& Computing Programme Performance Concepts
ncduding Detector R&D
J.Wenninger M. Boscolo G. Ganis M. McCullough P. Azzi M.Dam | magnets \ S
A.Blondel M. Sullivan (SLAC) C. Helsens F. Simon E.Perez
Detector R&D
\ Yy Group

>
Joint with accelerator
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O FCC Outlook

The next facility must be complete with as broad and powerful reach as possible,
as there is no precise target =2 more Sensitivity, more Precision, more Energy

FCC, thanks to synergies and complementarities, offers the best approach to today’s physics landscape
It can be constructed while accomplishing the HL-LHC program

Many opportunities and challenges are offered by the energy range
(from the Z pole to 100 TeV or more) and from the huge rates
(from 1012 Z FCC-ee to 10%3 Ws / 1010 H at FCC-hh) offered by the FCC.

Let’s take on the challenges together, both on theory and experiment,

- The 4™ Annual FCC Week took place in June 2021: https://indico.cern.ch/event/995850/
- FCC Physics Workshop will be on 7-11 February 2022 in Liverpool
- The 5% Annual FCC Week will take place in Paris in May-30t" to June 3 2022

Please join the effort, together we will be much stronger !

We hope there will soon be a strong FCC-US group
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