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Table S.3 Measurement of selected electroweak quantities at the FCC-
ee, compared with the present precision. The systematic uncertainties
are present estimates and might improve with further examination.

This set of measurements, together with those of the Higgs proper-

ties, achieves indirect sensitivity to new physics up to a scale A of 70
TeV in a description with dim 6 operators, and possibly much higher in
some specific new physics models

Observable Present value & error FCC-ee stat. FCC-ee syst. Comment and dominant exp. error

my (keV/ cz) 91,186,700 4+ 2200 5 100 From Z line shape scan Beam
energy calibration

I'z (keV) 2,495,200 £+ 2300 8 100 From Z line shape scan beam
energy calibration

RZ (x10%) 20,767 £ 25 0.06 0.2-1 Ratio of hadrons to leptons
acceptance for leptons

as (myz) (x10%) 1196 £ 30 0.1 0.4-1.6 From R above

Ry (x10%) 216,290 £ 660 0.3 <60 Ratio of bb to hadrons stat.
extrapol. from SLD

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

N, (x10%) 2991+ 7 0.005 1 Z peak cross sections Luminosity
measurement

sin?68!" (x100) 231,480 £ 160 3 2-5 From Ak}’ at Z peak Beam energy
calibration

1/agep (mz) (X 10%) 128,952 + 14 4 Small From Aﬁé‘ off peak

Ag‘é) (x10%) 992 £ 16 0.02 1-3 b-quark asymmetry at Z pole from
jet charge

A};%l‘t (x10%) 1498 + 49 0.15 <2 T Polarisation and charge
asymmetry t decay physics

mw (MeV/c?) 80,350 £ 15 0.5 0.3 From WW threshold scan Beam
energy calibration

I'w (MeV) 2085 + 42 1.2 0.3 From WW threshold scan beam
energy calibration

o (mw) (x10%) 1170 =+ 420 Small From R}

N, (x10%) 2920 + 50 0.8 Small Ratio of invis. to leptonic in
radiative Z returns

Myop (MeV/cz) 172,740 + 500 17 Small From tt threshold scan QCD errors
dominate

Ciop (MeV) 1410 £ 190 45 Small From tt threshold scan QCD errors
dominate

Mop /)Ltsolg 1.2+£03 0.1 Small From tt threshold scan QCD errors
dominate

ttZ couplings +30% 0.5-1.5% Small From Ecy = 365 GeV run

at short distances. The FCC-eh, with precision and energy in between FCC-ee and FCC-hh, integrates their potential well. For
example, its ability to separate individual light quark flavours in the proton, gives it the best sensitivity to their EW couplings.
Furthermore, its high energy and clean environment enable precision measurements of the weak coupling evolution at very
large Q2. More details can be found in volume 1 of the FCC CDR. The FCC EW measurements are a crucial element of, and
a perfect complement to, the FCC Higgs physics programme.

The electroweak phase transition

Explaining the origin of the cosmic matter-antimatter asymmetry is a challenge at the forefront of particle physics. One
of the most compelling explanations connects this asymmetry to the generation of elementary particle masses through
electroweak symmetry-breaking (EWSB). This scenario relies on two ingredients: a sufficiently violent transition to the
broken-symmetry phase, and the existence of adequate sources of CP-violation. As it turns out, these conditions are not
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BSM contributions in box mixing processes, assuming Minimal Flavour Violation, will provide another, independent, test of
BSM physics up to an energy scale of 20 TeV.

Tau physics in Z decays was shown to be extremely precise already at LEP; with 1.7 x 10'! pairs, FCC-ee will achieve
precision of 10~> or better for the leptonic branching ratios and the charged lepton-to-neutrino weak couplings — this allowing
a measurement of G r and tests of charged-weak-current universality at the 10~ precision level. Finally, lepton number
violating processes, such Z — tw/e, T — 3, ey or Ly, can be detected at the 1079-10719 Jevel, offering sensitivity to
several types of neutrino-mass generation models.

1 Introduction

In 10 years of physics at the LHC, the picture of the particle physics landscape has greatly evolved. The legacy of this first
phase of the LHC physics programme can be briefly summarised as follows: (a) the discovery of the Higgs boson, and the
start of a new phase of detailed studies of its properties, aimed at revealing the deep origin of electroweak (EW) symmetry
breaking; (b) the indication that signals of new physics around the TeV scale are, at best, elusive; (c) the rapid advance of
theoretical calculations, whose constant progress and reliability inspire confidence in the key role of ever improving precision
measurements, from the Higgs to the flavour sectors. Last but not least, the LHC success has been made possible by the
extraordinary achievements of the accelerator and of the detectors, whose performance is exceeding all expectations.

The future circular collider, FCC, hosted in a 100 km tunnel, builds on this legacy, and on the experience of previous circular
colliders (LEP, HERA and the Tevatron). The e*e™ collider (FCC-ee) would operate at multiple centre of mass energies /s,
producing 103 Z° bosons (/s ~ 91 GeV), 108 WW pairs (/s ~ 160GeV), over 10° Higgses (/s ~ 240 GeV), and over
109 tt pairs (v/s ~ 350365 GeV). The 100 TeV pp collider (FCC-hh) is designed to collect a total luminosity of 20ab™",
corresponding e.g. to more than 10'% Higgs bosons produced. FCC-hh would also enable heavy-ion collisions, and its 50 TeV
proton beams, with 60 GeV electrons from an energy-recovery linac, would generate ~ 2 ab™~! of 3.5 TeV ep collisions at the
FCC-eh.

The FCC sets highly ambitious performance goals for its accelerators and experiments, and promises the most far reaching
particle physics programme that foreseeable technology can deliver. For example, in direct relation to the points above, the
FCC will:

(a) Uniquely map the properties of the Higgs and EW gauge bosons, pinning down their interactions with an accuracy order(s)
of magnitude better than today, and acquiring sensitivity to, e.g., the processes that, during the time span from 10~!? and
10~ 10 after the Big Bang, led to the creation of today’s Higgs vacuum field.

(b) Improve by close to an order of magnitude the discovery reach for new particles at the highest masses and similarly
increase the sensitivity to rare or elusive phenomena at low mass. In particular, the search for dark matter (DM) at FCC
could reveal, or conclusively exclude, DM candidates belonging to large classes of models, such as thermal WIMPs
(weakly interacting massive particles).

(c) Probe energy scales beyond the direct kinematic reach, via an extensive campaign of precision measurements sensitive to
tiny deviations from the Standard Model (SM) behaviour. The precision will benefit from event statistics (for each collider,
typically several orders of magnitude larger than anything attainable before the FCC), improved theoretical calculations,
synergies within the programme (e.g. precise « and parton distribution functions provided to FCC-hh by FCC-ee and
FCC-eh, respectively) and suitable detector performance.

This volume of the Conceptual Design Report is dedicated to an overview of the FCC physics potential. It focuses on
the most significant targets of the potential FCC research programme but, for the sake of space, not covering a large body
of science that will nevertheless be accessible (and which is documented in various other reports, listed in the Appendix).
The studies presented here, in addition to setting plausible targets for the FCC achievements, have helped in making the
choice of the colliders’ parameters (energy, luminosity) and their operation plans. Furthermore, these studies contributed to
the definition of the critical detector features and parameters, as described in Volumes 2 and 3 of the CDR. While at first
discussing the targets of each collider separately, the second part of this volume puts their synergy and complementarity in
perspective, underscoring the added benefit to science brought by the unity and coherence of the whole programme.

In addition to summarising the outcome of the work done during this CDR phase of the FCC physics studies, for the benefit
of the whole particle physics community, this document is intended to stimulate an expert discussion of the FCC physics
potential, in the context of the forthcoming review of the European Strategy for Particle Physics. While occasionally technical,
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collision energy during about 15 years of operation, to examine physics at the Z pole, at the WW production threshold, at the
peak of ZH production, and above the tt threshold. Controlling the beam energy at the 100 keV level would allow exquisite
measurements of the Z and W boson masses, whilst collecting samples of up to 10'3 Z and 103 W bosons, not to mention
several million Higgs bosons and top quark pairs. The experimental precision would surpass any previous experiment and
challenge cutting edge theory calculations.

FCC-ee would quite literally provide a quantum leap in our understanding of the Higgs. Like the W and Z gauge bosons,
the Higgs receives quantum EW corrections typically measuring a few per cent in magnitude due to fluctuations of massive
particles such as the top quark. This aspect of the gauge bosons was successfully explored at LEP, but now it is the turn of the
Higgs — the keystone in the EW sector of the SM. The millions of Higgs bosons produced by FCC-ee, with its clinically precise
environment, would push the accuracy of the measurements to the per mille level, accessing the quantum underpinnings of
the Higgs and probing deep into this hitherto unexplored frontier. In the process e™e~ — HZ, the mass recoiling against the
Z has a sharp peak that allows a unique and absolute determination of the Higgs decay-width and production cross section.
This will provide an absolute normalisation for all Higgs measurements performed at the FCC, enabling exotic Higgs decays
to be measured in a model independent manner.

The high statistics promised by the FCC-ee programme goes far beyond precision Higgs measurements. Other signals
of new physics could arise from the observation of flavour changing neutral currents or lepton-flavour-violating decays,
by the precise measurements of the Z and H invisible decay widths, or by direct observation of particles with extremely
weak couplings, such as right-handed neutrinos and other exotic particles. The precision of the FCC-ee programme on EW
measurements would allow new physics effects to be probed at scales as high as 100 TeV, anticipating what the FCC-hh must
focus on.

1.3 The role of FCC-hh

The FCC-hh would operate at seven times the LHC energy, and collect about 10 times more data. The discovery reach for
high-mass particles — such as Z’' or W’ gauge bosons corresponding to new fundamental forces, or gluinos and squarks in
supersymmetric theories — will increase by a factor five or more, depending on the final statistics. The production rate of
particles already within the LHC reach, such as top quarks or Higgs bosons, will increase by even larger factors. During the
planned 25 years of data taking, a total of more than 10'° Higgs bosons will be created, several thousand times more than
collected by the LHC through Run 2 and 200 times more than will be available by the end of its operation. These additional
statistics will enable the FCC-hh experiments to improve the separation of Higgs signals from the huge backgrounds that afflict
most LHC studies, overcoming some of the dominant systematics that limit the precision attainable at the LHC. While the
ultimate precision of most Higgs properties can only be achieved with FCC-ee, several demand complementary information
from FCC-hh. For example, the direct measurement of the coupling between the Higgs and the top quark requires that they
be produced together, requiring an energy beyond the reach of the FCC-ee. At 100 TeV, almost 10° out of the 10'? top quarks
produced will radiate a Higgs boson, allowing the top-Higgs interaction to be measured at the 1% level — several times better
than at the HL-LHC and probing deep into the quantum structure of this interaction. Similar precision can be reached for
Higgs decays that are too rare to be studied in detail at FCC-ee, such as those to muon pairs or to a Z and a photon. All of
these measurements will be complementary to those obtained with FCC-ee and will use them as reference inputs to precisely
correlate the strength of the signals obtained through various production and decay modes.

One respect in which a 100 TeV proton—proton collider would really come to the fore is in revealing how the Higgs
behaves in private. As the Higgs scalar potential defines the potential energy contained in a fluctuation of the Higgs field,
these self-interactions are neatly defined as the derivatives of the scalar EW potential. Since the Higgs boson is an excitation
about the minimum of this potential, its first derivative is zero. Its second derivative is simply the Higgs mass squared, which
is already known to few per mille accuracy. But the third and fourth derivatives are unknown and, unless access to Higgs
self-interactions is gained, they could remain so. The rate of Higgs pair production events, which in some part occur through
Higgs self-interactions, would grow by a factor of 40 at FCC-hh, with respect to 14 TeV, and enable this unique property of the
Higgs to be measured with an accuracy reaching 5%. Among many other uses, such a measurement would comprehensively
explore classes of models that rely on modifying the Higgs potential to drive a strong first order phase transition at the time
of EW symmetry breaking, a necessary condition to induce baryogenesis.

FCC-hh would also allow an exhaustive exploration of new TeV-scale phenomena. Indirect evidence for new physics can
emerge from the scattering of W bosons at high energy — where the Higgs boson plays a key role in controlling the rate
growth — from the production of Higgs bosons at very large transverse momentum, or by testing the far ‘off-shell’ nature
of the Z boson via the measurement of lepton pairs with invariant masses in the multi-TeV region. The plethora of new
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Fig. 3.1 Top row, left: the Z line shape with the Z and y exchange accuracy of the aggp determination from the muon forward—backward
contribution and the Z — y interference. Top row, right: the muon pair asymmetry at the FCC-ee, as a function of the centre-of-mass energy.
forward—backward asymmetry has a strong slope around the Z-pole The integrated luminosity is assumed to be 80 ab~! around the Z pole.
resulting from the Z-y interference. Bottom row: relative statistical The dashed blue line shows the current uncertainty

Among the other asymmetries to be measured at the FCC-ee, the t polarisation asymmetry in the T — mv, decay mode
provides a similarly accurate determination of sin” 68, with a considerably reduced /s dependence. In addition, the scattering
angle dependence of the t polarisation asymmetry provides an individual determination of both A and A+, which allows, in
combination with the Ag{; and the three leptonic partial width measurements, the vector and axial couplings of each lepton
species to be determined. Similarly, heavy-quark forward—-backward asymmetries (for b quarks, ¢ quarks and, possibly s
quarks) together with the corresponding Z decay partial widths and the precise knowledge of A, from the t polarisation,
provide individual measurements of heavy-quark vector and axial couplings.

Within the same scan of the Z, cross-sections for hadronic and leptonic final states will be measured with a precision
limited by the luminosity measurement. The design of the luminometer aims for a point-to-point relative precision of 107>
and absolute normalisation with a precision of 10~* (limited by the projected hadronic vacuum polarization systematics in
the theoretical calculation of the Bhabha cross section), see FCC-ee CDR Section 7. Several results are expected from the
scan: the Z mass mz and width I"'z will be extracted with a statistical precisions of 5 and 8 keV respectively, and a systematic
uncertainty given by the centre-of-mass uncertainties of 100 keV; the ratio of hadronic to leptonic partial widths R%, from
which a5(mz) will be derived with a precision better than 0.00016 — one order of magnitude better than today; the peak
cross-section Ut?ad will determine the number of light neutrino species N,, with a precision of 0.001 of a neutrino species.
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