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Abstract We review the physics opportunities of the Future Circular Collider, covering its eTe™, pp, ep and heavy ion
programmes. We describe the measurement capabilities of each FCC component, addressing the study of electroweak, Higgs
and strong interactions, the top quark and flavour, as well as phenomena beyond the Standard Model. We highlight the
synergy and complementarity of the different colliders, which will contribute to a uniquely coherent and ambitious research
programme, providing an unmatchable combination of precision and sensitivity to new physics.

Preface

The 2013 Update of the European Strategy for Particle Physics (ESPPU) [1] stated, inter alia, that “... Europe needs to be
in a position to propose an ambitious post-LHC accelerator project at CERN by the time of the next Strategy update” and
that “CERN should undertake design studies for accelerator projects in a global context, with emphasis on proton—proton
and electron-positron high-energy frontier machines. These design studies should be coupled to a vigorous accelerator R&D
programme, including high-field magnets and high-gradient accelerating structures, in collaboration with national institutes,
laboratories and universities worldwide”.

CERN Accelerator Reports. Published by CERN, CH-1211 Geneva 23, Switzerland.

Knowledge transfer is an integral part of CERN’s mission. CERN publishes this volume Open Access under the Creative Commons Attribution
4.0 license (http://creativecommons.org/licenses/by/4.0/) in order to permit its wide dissemination and use. The submission of a contribution to a
CERN Yellow Reports series shall be deemed to constitute the contributor’s agreement to this copyright and license statement. Contributors are
requested to obtain any clearances that may be necessary for this purpose. This volume is indexed in: CERN Document Server (CDS).

Volume Editors: M. Mangano, P. Azzi, M. Benedikt, A. Blondel, D. Britzger, A. Dainese, M. Dam, J. de Blas, D. D’Enterria, O. Fischer, C.

Grojean, J. Gutleber, C. Gwenlan, C. Helsens, P. Janot, M. Klein, M. McCullough, S. Monteil, J. Poole, M. Ramsey-Musolf, C. Schwanenberger,
M. Selvaggi, T. You, F. Zimmermann.
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Inresponse to this recommendation, the Future Circular Collider (FCC) study was launched [2] as a world-wide international
collaboration under the auspices of the European Committee for Future Accelerators (ECFA). The FCC study was mandated
to deliver a Conceptual Design Report (CDR) in time for the following update of the European Strategy for Particle Physics.

European studies of post-LHC circular energy-frontier accelerators at CERN had actually started a few years earlier, in
2010-2013, for both hadron [3-5] and lepton colliders [6—8], at the time called HE-LHC/VHE-LHC and LEP3/DLEP/TLEP,
respectively. In response to the 2013 ESPPU, in early 2014 these efforts were combined and expanded into the FCC
study.

After 10 years of physics at the Large Hadron Collider, the particle physics landscape has greatly evolved. The proposed
lepton collider FCC-ee is a high-precision instrument to study the Z, W, Higgs and top particles, and offers great direct
and indirect sensitivity to new physics. Most of the FCC-ee infrastructure could be reused for a subsequent hadron collider
FCC-hh. The latter would provide proton—proton collisions at a centre-of-mass energy of 100 TeV and directly produce new
particles with masses of up to several tens of TeV. It will also measure the Higgs self-coupling with unprecedented precision.
Heavy-ion collisions and ep collisions would contribute to the breadth of the overall FCC programme.

Five years of intense work and a steadily growing international collaboration have resulted in the present Conceptual
Design Report, consisting of four volumes covering the physics opportunities, technical challenges, cost and schedule of
several different circular colliders, some of which could be part of an integrated programme extending until the end of the
twenty-first century.

Geneva, December 2018

s Tohite Gt

Rolf Heuer Fabiola Gianotti

CERN Director-General 2009-2015 CERN Director-General since 2016
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Executive summary

In 10 years of physics at the LHC, the particle physics landscape has greatly evolved. Today, an integrated Future Circular
Collider programme consisting of a luminosity-frontier highest-energy lepton collider followed by an energy-frontier hadron
collider promises the most far-reaching particle physics programme that foreseeable technology can deliver.

The legacy of the 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; and (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 5 x 102 Z° bosons (/s ~ 91 GeV), 108 WW pairs (/s ~ 160 GeV), over 10° Higgses (/s ~ 240 GeV), and
over 10° tt pairs (/s ~ 350-365 GeV). The 100 TeV pp collider (FCC-hh) is designed to collect a total luminosity of 20 ab—",
corresponding to the production of e.g. more than 10'° Higgs bosons produced. FCC-hh can also be operated with heavy ions
(e.g.PbPb at /snN = 39 TeV). Optionally, the FCC-eh, with 50 TeV proton beams colliding with 60 GeV electrons from an
energy-recovery linac, would generate ~ 2 ab~! of 3.5 TeV ep collisions.

The integrated FCC programme sets highly ambitious performance goals for its accelerators and experiments. For example,
it 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~!2 and
107195 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 by several
orders of magnitude 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 o and parton distribution functions (PDF) provided to FCC-hh by FCC-ee
and FCC-eh, respectively) and suitable detector performance.

A more complete overview of the FCC physics potential is presented in CDR volumes 1-3. This document highlights
some of the most significant findings of those studies that, in addition to setting targets for the FCC achievements, have driven
the choice of the collider parameters (energy, luminosity) and their operation plans, and contributed to the definition of the
critical detector features and parameters.

Higgs studies

The achievements and prospects of the LHC Higgs programme are opening a new era, in which the Higgs boson is moving
from being the object of a search, to become an exploration tool. The FCC positions itself as the most powerful heir of the
future LHC Higgs’ legacy. On one side it will extend the range of measurable Higgs properties (e.g. its elusive H — gg, cc
decays, its total width, and its self-coupling), allowing more incisive and model-independent determinations of its couplings.
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Table S.1 Precisions determined in the « framework on the Higgs are set to their SM values. The FCC-ee accuracies are subdivided in three
boson couplings and total decay width, as expected from the FCC- categories: the first sub-column gives the results of the fit expected with
ee data, and compared to those from HL-LHC. All numbers indicate 5 ab~! at 240 GeV, the second sub-column in bold includes the addi-
68% C.L. sensitivities, except for the last line which gives the 95% C.L. tional 1.5 ab~! at \/s = 365 GeV, and the last sub-column shows the
sensitivity on the “exotic” branching fraction, accounting for final states result of the combined fit with HL-LHC. Similar to the HL-LHC, the
that cannot be tagged as SM decays. The fit to the HL-LHC projections fit to the FCC-eh projections alone requires an assumption to be made:

alone (first column) requires assumptions: here, the branching ratios here the total width is set to its SM value, but in practice will be taken
into cc and into exotic particles (and those not indicated in the table) to be the value measured by the FCC-ee

Collider HL-LHC ILC»s0 CLIC3g9 FCC-ee FCC-eh
Luminosity (ab™!) 3 2 0.5 5 @ 240 GeV +1.5 @ 365 GeV + HL-LHC 2

Years 25 15 8 3 +4 - 20
0I'u/Tu (%) SM 3.6 4.7 2.7 13 1.1 SM
dgnzz/guzz (%) 1.5 0.30 0.60 0.2 0.17 0.16 0.43
Sguww/guww (%) 1.7 1.7 1.0 1.3 0.43 0.40 0.26
8gHbb/ gHbb (%) 3.7 1.7 2.1 1.3 0.61 0.56 0.74
88Hcc/ gHee (%) SM 2.3 44 1.7 121 1.18 1.35
dgngg/8Hgg (%) 2.5 22 2.6 1.6 1.01 0.90 1.17
8gHr/gHrr (%) 1.9 1.9 3.1 1.4 0.74 0.67 1.10
SgHu/gHup (%) 4.3 14.1 n.a. 10.1 9.0 3.8 n.a.
3gnyy/ gryy (%) 1.8 6.4 n.a. 4.8 39 1.3 2.3
3gHtt/ gnre (%) 3.4 - - - - 3.1 1.7
BREgxo (%) SM < 1.8 < 3.0 <1.2 <1.0 < 1.0 n.a.

On the other, the combination of superior precision and energy reach provides a framework in which indirect and direct probes
of new physics complement each other, and cooperate to characterise the nature of possible discoveries.

The FCC-ee will measure Higgs production inclusively, from its presence as a recoil to the Z in 10 e*e~ — ZH events.
This allows the absolute measurement of the Higgs coupling to the Z, which is the starting point for the model-independent
determination of its total width, and thus of its other couplings through branching ratio measurements. The leading Higgs
couplings to SM particles (denoted gyxx for particle X) will be measured by FCC-ee with a sub-percent precision, as shown
in Table S.1. The FCC-ee will also provide a first measurement of the Higgs self-coupling to 32%. As a result of the model
dependence being removed by FCC-ee, a fully complementary programme will be possible at FCC-hh and FCC-eh, to
complete the picture of Higgs boson properties. This will include the measurement to the percent level of rare Higgs decays
such as H — vy, ww, Zy, the detection of invisible ones (H — 4v), the measurement of the gyy coupling with percent
precision and the measurement of the Higgs self-coupling to 5-7%, as shown for FCC-hh in Table S.2.

The Higgs couplings to all gauge bosons and to the charged fermions of the second and third generation, except the strange
quark, will be known with a precision ranging from a few per mil to ~ 1%. In addition, the prospect of measuring, or at least
strongly constraining, the couplings to the three lightest quarks and also to the electron by a special FCC-ee run at /s = my
is being evaluated. The synergies among all components of the FCC Higgs programme are underscored by a global fit of
Higgs parameters, shown in Fig. S.1, and discussed in full detail in CDR volume 1. Finally, it is worth noting that the tagged
H — gg channel at FCC-ee will offer an unprecedented sample of pure high energy gluons.

By way of synergy and complementarity, the integral FCC programme appears to be the most powerful future facility for
a thorough examination of the Higgs boson and EWSB.

Electroweak precision measurements
As proven by the discoveries that led to the consolidation of the SM, EW precision observables (EWPO) can play a key role
in establishing the existence of new physics and guiding its theoretical interpretation. It is anticipated that this will continue to

be the case well after the HL-LHC, and expect the FCC to lead the progress in precision measurements, as improved precision
equates to discovery potential.
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Table S.2 Target precision, at FCC-hh, for the parameters relative to that is typically half that of what is shown here, since all rates and
the measurement of various Higgs decays, ratios thereof, and of the branching ratios depend quadratically on the couplings
Higgs self-coupling. Notice that Lagrangian couplings have a precision

Observable Parameter Precision (stat) Precision (stat 4 syst + lumi)
uw=oc(H) x BH— yy) S/ 0.1% 1.45%
w=ocMH) x BH— pp) S/ 0.28% 1.22%
uw=oc(H) x BH— 4p) Sp/m 0.18% 1.85%
w=o(H) x BH— yup) S/ 0.55% 1.61%
n=o(HH) x BH— yy) BH — bb) SA/A 5% 7.0%

R =BMH — pp)/BH — 4) SR/R 0.33% 1.3%

R =BMH — yy)/B(H — 2e2p) SR/R 0.17% 0.8%

R =BH — yy)/BH — 211) SR/R 0.29% 1.38%

R =BMH — ppy)/BH — pp) SR/R 0.58% 1.82%

R = o(ttH) x B(H — bb) /0 (ttZ) x B(Z — bb) SR/R 1.05% 1.9%

B(H — invisible) B@95%CL 1x1074 2.5 %1074

B HLLHC+LEP2 = +FCCee ® +FCCeh ® +FCChh

i T

68% prob. uncertainties
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Fig. S.1 One-o precision reach at the FCC on the effective single would be possible by combining each FCC stage with the previous

Higgs couplings, Higgs self-coupling, and anomalous triple gauge cou- knowledge at that time (precisions at each FCC stage considered indi-
plings in the EFT framework. Absolute precision in the EW measure- vidually, reported in Tables S.1 and S.2 in the « framework, are quite
ments is assumed. The different bars illustrate the improvements that different)

The broad set of EWPO’s accessible to FCC-ee, thanks to immense statistics at the various beam energies and to the
exquisite centre-of-mass energy calibration, will give it access to various possible sources and manifestations of new physics.
Direct effects could occur because of the existence of a new interaction such as a Z' or W/, which could mix or interfere with
the known ones; from the mixing of light neutrinos with their heavier right handed counterparts, which would effectively
reduce their coupling to the W and Z in a flavour dependent way. New weakly coupled particles can affect the W, Z or photon
propagators via loops, producing flavour independent corrections to the relation between the Z mass and the W mass or the
relation between the Z mass and the effective weak mixing angle; or the loop corrections can occur as vertex corrections,
leading to flavour dependent effects as is the case in the SM for e.g. the Z — bb couplings. The measurements above the tt
production threshold, directly involving the top quark, as well as precision measurements of production and decays of 10! ’s
and 2 x 10'2 b’s, will further enrich this programme. Table S.3 shows a summary of the target precision for EWPQ’s at
FCC-ee. The FCC-hh achieves indirect sensitivity to new physics by exploiting its large energy, benefiting from the ability to
achieve precision of a previously unexpected level in pp collisions, as proven by the LHC. EW observables, such as high-mass
lepton or gauge-boson pairs, have a reach in the multi-TeV mass range, as shown in Fig. S.2. Their measurement can expose
deviations that, in spite of the lesser precision w.r.t. FCC-ee, match its sensitivity reach at high mass. For example, the new
physics scale A, defined by the dim-6 operator W=1 /A? (D, Wﬁv)z, will be constrained by the measurement of high-mass
£v pairs to A > 80 TeV. High-energy scattering of gauge bosons, furthermore, is a complementary probe of EW interactions
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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/ c?) 91,186,700 £ 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!" (x10) 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

AE‘;*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

as (my) (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 4+ 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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Fig. S.2 Left: integrated lepton transverse (dilepton) mass distribution in pp — W* — £v (pp — Z*/y* — £7£7). One lepton family is included,
with [n¢| < 2.5. Right: integrated invariant mass spectrum for the production of gauge boson pairs in the central kinematic range |y| < 1.5. No
branching ratios included
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Fig. S.3 Manifestations of models with a singlet-induced strong first
order EWPT. Left: discovery potential at HL-LHC and FCC-hh, for the
resonant di-Higgs production, as a function of the singlet-like scalar
mass m». 4t and bbyy final states are combined. Right: correlation

satisfied in the SM, but they can be met in a variety of BSM scenarios. CP violation relevant to the matter-antimatter
asymmetry can arise from new interactions over a broad range of mass scales, possibly well above 100 TeV. Exhaustively
testing these scenarios may, therefore, go beyond the scope of the FCC. On the other hand, for the phase transition to be
sufficiently strong, there must be new particles with masses typically below one TeV, whose interactions with the Higgs boson
modify the Higgs potential energy in the early universe. Should they exist, these particles and interactions would manifest
themselves at FCC, creating a key scientific opportunity and priority for the FCC, as shown by various studies completed to
date.

The FCC should conclusively probe new states required by a strong 1st order EW phase transition.

As an example, we show the results of the study of the extension of the SM scalar sector with a single real singlet scalar. The
set of model parameters leading to a strongly first order phase transition is analyzed from the perspective of a direct search,
via the decays of the new singlet scalar to a pair of Higgs bosons, and of precision measurements of Higgs properties. The
former case results in the plot on the left of Fig. S.3: FCC-hh with 30 ab™! has sensitivity greater than 5 standard deviations
to all relevant model parameters. For these models, the deviations in the Higgs self-coupling and in the Higgs coupling to the
Z boson are then shown in the scatter plot on the right of Fig. S.3. With the exception of a small parameter range, most of
these models lead to deviations within the sensitivity reach of FCC, allowing the cross-correlation of the direct discovery via
di-Higgs decays to the Higgs property measurements. This will help the interpretation of a possible discovery, and assess its
relevance for the nature of the EW phase transition.
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Fig. S.4 Expected discovery
significance for higgsino and
wino DM candidates at FCC-hh,
with 500 pile-up collisions. The
black and red bands show the
significance using different

FCC-hh, Vs = 100 TeV, 30 ab” FCC-hh, {'s = 100 TeV, 30 ab™
e e s

Default layout, <u> = 200
Alternative layout, <u> = 200
Default layout, <u> = 500
Alternative layout, <u> = 500

N
(=3
EERERAR
I
N
=3
BERERRR
R N

N
N

RRRNRRANE:

Lol

Discovery significance
=

Discovery significance
IS

! Higgsino
layouts for the pixel tracker, as 10 10
discussed in volume 3. The sk 3 8
bands’ width represents the 6 E Wino ] NE ]
difference between two models Eromeans s G & E- - ==
E u ut, <u>= & E 3
for the soft QCD processes 4E Alternative Iaym:l!, <u> =200 B 4 E
2 - Default layout, <> = 500 = 2 = E
= Alternative layout, <u> = 500 | C |
O e b 8 . s b ) s s & e 344 s . % o 0 C ] 1 L L |
2500 3000 3500 4000 800 1000 1200 1400
Chargino mass [GeV] Chargino mass [GeV]

Dark matter

No experiment, at colliders or otherwise, can probe the full range of dark matter (DM) masses allowed by astrophysical
observations. However there is a very broad class of models for which theory motivates the GeV-10’s TeV mass scale, and
which therefore could be in the range of the FCC. These are the models of weakly interacting massive particles (WIMPs),
present during the early universe in thermal equilibrium with the SM particles. These conditions, broadly satisfied by many
models of new physics, establish a correlation between the WIMP masses and the strength of their interactions, resulting
in mass upper limits. While the absolute upper limit imposed by unitarity is around 110 TeV, most well motivated models
of WIMP DM do not saturate this bound, but rather have upper limits on the DM mass in the TeV range. As an example,
DM WIMP candidates transforming as a doublet or triplet under the SU(2) group of weak interactions, like the higgsinos
and winos of supersymmetric theories, have masses constrained below ~ 1 and ~ 3 TeV, respectively. The full energy and
statistics of FCC-hh are necessary to access these large masses. With these masses, neutral and charged components of the
multiplets are almost degenerate due to SU(2) symmetry, with calculable mass splittings induced by electromagnetic effects,
in the range of few hundred MeV. The peculiar signatures of these states are disappearing tracks, left by the decay of the
charged partner to the DM candidate and a soft, unmeasured charged pion. Dedicated analysis, including detailed modeling
of various tracker configurations and realistic pile-up scenarios, are documented in CDR volume 3. The results are shown in
Fig. S 4.
The FCC covers the full mass range for the discovery of these WIMP Dark Matter candidates.

Direct searches for new physics

At the upper end of the mass range, the reach for the direct observation of new particles will be driven by the FCC-hh.
The extension with respect to the LHC will scale like the energy increase, namely by a factor of 5 to 7, depending on the
process. The CDR detector parameters have been selected to guarantee the necessary performance up to the highest particle
momenta and jet energies required by discovery of new particles with masses up to several tens of TeV. Examples of discovery
reach for the production of several types of new particles, as obtained in dedicated detector simulation studies, are shown
in Fig. S.5. They include Z' gauge bosons carrying new weak forces and decaying to various SM particles, excited quarks
Q*, and massive gravitons Grs present in theories with extra dimensions. Other standard scenarios for new physics, such
as supersymmetry or composite Higgs models, will likewise see the high-mass discovery reach greatly increased. The top
scalar partners will be discovered up to masses of close to 10 TeV, gluinos up to 20 TeV, and vector resonances in composite
Higgs models up to masses close to 40 TeV. The direct discovery potential of FCC is not confined to the highest masses.
In addition to the dark matter examples given before, volume 1 of the FCC CDR documents the broad, and in most cases
unique, reach for less-than-weakly coupled particles, ranging from heavy sterile neutrinos (see Fig. S.5, right) down to the
see-saw limit in a part of parameter space favorable for generating the baryon asymmetry of the Universe, to axions and dark
photons.

The FCC has a broad, and in most cases unique, reach for less-than-weakly coupled particles. The Z running of FCC-ee
is particularly fertile for such discoveries.
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Fig. S.5 Left: FCC-hh mass reach for different s-channel resonances. Z decays), FCC-hh (blue in W decays) and FCC-eh (in production from
Right: summary of heavy sterile neutrino discovery prospects at all FCC the incoming electron). The dashed line denotes the impact on precision
facilities. Solid lines are shown for direct searches at FCC-ee (black, in measurements at the FCC-ee, it extends up to more than 60 TeV

QCD matter at high density and temperature

Collisions of heavy ions at the energies and luminosities allowed by the FCC-hh will open new avenues in the study of
collective properties of quark and gluons.

The thermodynamic behaviour of Quantum Chromodynamics (QCD) presents features that are unique amongst all other
interactions. Collisions of heavy ions at the energies and luminosities allowed by the FCC-hh will open new avenues in the
study of collective properties of quark and gluons, as extensively shown in the CDR volume 1. Heavy ions accelerated to FCC
energies give access to an uncharted parton kinematic region at x down to 107, which can be explored also exploiting the
complementarity of proton—nucleus and electron—nucleus collisions at the FCC-hh/eh. The quark gluon plasma (QGP) could
reach a temperature as high as 1 GeV, at which charm quarks start to contribute as active thermal degrees of freedom in the
equation of state of the QGP. In the studies of the QGP with hard probes the FCC has a unique edge, thanks to cross section
increases with respect to LHC by factors ranging from ~ 20 for Z+jet production, to ~ 80 for top production. Just one example
is presented here: FCC will provide large rates of highly-boosted top quarks and the qq jets from t — W — qq are exposed
to energy loss in the QGP with a time delay (see Fig. S.6-left), providing access to time-dependent density measurements for
the first time. The effect of this time-delayed quenching can be measured using the reduction of the reconstructed W mass,
as shown in Fig. S.6-right, where the modifications under different energy loss scenarios are considered as examples.

Parton structure

The FCC-eh resolves the parton structure of the proton in an unprecedented range of x and Q? to very high accuracy, providing
a per mille accurate measurement of the strong coupling constant.

Deep inelastic scattering measurements at FCC-eh will allow the determination of the PDF luminosities with the pre-
cision shown in Fig. S.7. These results provide an essential input for the FCC-hh programme of precision measurements
and improve the sensitivity of the search for new phenomena, particularly at high mass. The FCC-eh measurements
will extend the exploration of parton dynamics into previously unexplored domains: the access to very low Bjorken-x
is expected to expose the long-predicted BFKL dynamic behaviour and the gluon saturation phenomena required to uni-
tarise the high-energy cross sections. The determination of the gluon luminosity at very small x will also link directly
to ultra-high energy (UHE) neutrino astroparticle physics, enabling more reliable estimates of the relevant background
rates.
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Flavor physics

The FCC flavour programme receives important contributions from all 3 machines, FCC-ee, hh, and eh.

The Z run of the FCC-ee will fully record, with no trigger, 10'2 Z — bb and Z — c¢ events. This will give high statistics
of all b- and c-flavoured hadrons, making FCC-ee the natural continuation of the B-factories, Table S.4.

Of topical interest will be the study of possible lepton flavour and lepton number violation. FCC-ee, with detection
efficiencies internally mapped with extreme precision, will offer 200000 By — K*(892)e™e™, 1000 K*(892)t*t™ and 1000
(100) By (resp. Bo) events, one order of magnitude more than the LHCb upgrade. The determination of the CKM parameters
will be correspondingly improved. First observation of CP violation in B mixing will be within reach; a global analysis of
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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 1013 Z° bosons (/s ~ 91 GeV), 108 WW pairs (/s ~ 160GeV), over 10° Higgses (/s ~ 240 GeV), and over
109 tt pairs (y/s ~ 350365 GeV). The 100 TeV pp collider (FCC-hh) is designed to collect a total luminosity of 20 ab™",
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~!2? 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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the average level is intended to benefit a general audience of colleagues in neighboring areas of physics, such as cosmology
and astroparticle or cosmic ray physics. With this in mind, this introductory chapter now continues with a broader overview
of the questions and challenges that may be left open by the end of the HL-LHC, illustrating the virtues that make the FCC
the ideal instrument to address them. The chapter concludes with a description of the structure of this volume.

1.1 Physics scenarios after the LHC and the open questions

Quantum physics gives two alternatives to probe nature at smaller scales: high-energy particle collisions, which induce short-
range interactions or produce heavy particles; and high-precision measurements, which can be sensitive to the ephemeral
influence of heavy particles enabled by the uncertainty principle. The SM emerged out of these two approaches, with a variety
of experiments worldwide during the past 40 years pushing both the energy and the precision frontiers. The discovery of the
Higgs boson at the LHC is a perfect example: precise measurements of Z boson decays at previous lepton machines such as
CERN'’s Large Electron Positron (LEP) collider, pointed indirectly but unequivocally to the Higgs’ existence. But it was the
LHCs mighty pp collisions that provided the high energy necessary to produce it directly. With the Higgs exploration fully
under-way at the LHC, and the machine set to operate for the next 20 years, the time is ripe to consider what tool should
come next to continue the journey. The Future Circular Collider (FCC) facility is emerging as an ideal option. The FCC-ee
will improve the precision of Higgs and other SM measurements by orders of magnitude. The FCC-hh will have a direct
discovery potential over five times greater than the LHC, and the FCC-eh, in addition to contributing to Higgs studies and
searches, will measure the proton’s substructure with unique precision.

To be able to chart the physics landscape of future colliders, first, the questions that may or may not remain at the end of
the LHC programme in the mid-2030s have to be envisaged. At the centre of this, and perhaps the biggest guaranteed physics
goal of the FCC programme, is the understanding of the Higgs boson. While there is no doubt that the Higgs was the last
undiscovered piece of the SM, it is not the closing chapter of the millennia-old reductionist tale. The Higgs is the first of its
kind — an elementary scalar particle — and it therefore raises deep theoretical questions that beckon a new era of exploration.

Consider the Higgs boson mass: in the SM the mass of the Higgs boson, and the EW scale itself, cannot be predicted.
Instead, these are phenomenological parameters that demand explanation. To examine the nature of this question, consider an
analogy with the more familiar example of superconductors. The Ginzburg-Landau theory (GL) [9] is a phenomenological
model that describes the macroscopic behaviour of type-1 superconductors. This model contains a scalar field ¢, with free
energy given by
B
2
where the ellipsis denote additional terms not relevant to this discussion. This equation describes a scalar field of charge
Q = 2 with a mass and a quartic interaction. These parameters are temperature dependent. At high temperature the mass-
squared is positive and the scalar field has a vanishing expectation value throughout the superconductor. However, below
the critical temperature T, the mass-squared is negative, leading to a non-vanishing expectation value of ¢ throughout the
superconductor. This expectation value essentially generates a mass for the photon within the superconductor, leading to the
basic phenomenology of superconductivity.

The GL theory is a phenomenological model and offers no explanation as to the fundamental origin of the parameters of the
model, including the mass. It also does not explain the fundamental origin of the scalar field itself. Ultimately, these questions
were answered by Bardeen, Cooper, and Schrieffer, in the celebrated BCS theory of superconductivity [10]. The scalar field
is a composite of electrons, and its mass relates to the fundamental microscopic parameters describing the material.

The situation is analogous for the Higgs boson of the SM. In fact, the analogy with the GL model is striking, with the
exception that the model is relativistically invariant and the gauge forces non-Abelian. Unlike with superconductivity, currently
neither the fundamental origin of the SM scalar field nor the origin of the mass and self-interaction parameters in the Higgs
scalar potential are known. Now that the Higgs boson has been discovered, the next stage of exploration for any future high
energy physics programme is to determine these microscopic origins.

In addition to the pressing need to understand the microscopic physics that can explain the origin of the EW scale Agyy, it
is also known that there is a more fundamental microscopic scale at small distances; the Planck scale M p, at which quantum
gravitational effects become important. Thus, unlike in the GL model, an enormous hierarchy between the scale of the
phenomenological model (the EW scale) and the next (known) microscopic scale in nature is observed. This puzzle is known
as the ‘Hierarchy Problem’ and it galvanises the need to understand the origin of the Higgs potential.

This puzzle can be resolved if there is an additional new microscopic scale near Agys, involving new particles and
interactions, and if this new physics offers an explanation for the hierarchy Asy < Mp. Such a scenario would solve the

_ v 2 2 4
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hierarchy problem. Comparing precise measurements of the Higgs boson properties with precision SM predictions, indirectly
searches for evidence of these theories. The SM provides an uncompromising script for the Higgs interactions and any
deviation from it would demand its extension. Furthermore, one may also search for the presence of the relevant new particles
directly at high energies. In Sect. 9 both approaches are brought together to show how the FCC can address the fundamental
question of the origin of the Higgs boson mass and corner a high energy resolution of the hierarchy problem.

Even setting to one side grandiose theoretical ideas such as quantum gravity, there are other physical reasons why the Higgs
may provide a window to undiscovered sectors. As it carries no spin and is electrically neutral, the Higgs may have so-called
‘relevant’ interactions with new neutral scalar particles and hidden sectors of particle physics. These interactions, even if they
only take place at very high energies, remain relevant at low energies — contrary to interactions between new neutral scalars
and the other SM particles. Motivated by this, examples of how the Higgs boson may be probed at FCC facilities to search
for interactions with new hidden sectors beyond the SM are shown in Sect. 15.

The possibility of new hidden sectors already has strong experimental support: although the SM is very well understood,
this does not account for a large portion of all the matter in the universe. Today there is overwhelming evidence from
astrophysical observations that a large fraction of the observed matter density in the universe is invisible. This so-called Dark
Matter (DM) makes up 26% of the total energy density in the universe and more than 80% of the total matter [11]. Despite
numerous observations of the astrophysical properties of DM, not much is known about its fundamental nature. This makes
the discovery and identification of DM one of the most pressing questions in science.

The current main constraints on a particle DM candidate x are thatit: (a) should gravitate like ordinary matter, (b) should not
carry colour or electromagnetic charge, (c) is massive and non-relativistic at the time the CMB formes, (d) is long lived enough
to be present in the universe today (7 3> Tuniverse)> and (e) does not have too strong self-interactions (o/Mpm < 100 GeV3).
While no SM particles satisfy these criteria, they do not pose very strong constraints on the properties of new particles to play
the role of DM. In particular the allowed range of masses spans almost 80 orders of magnitude. Particles with mass below
10722 eV would have a wave length so large that they wipe out structures on the kPc (kilo-Parsec) scale and larger [12],
disagreeing with observations, while on the other end of the scale micro-lensing and MACHO (Massive Astrophysical
Compact Halo Objects) searches put an upper bound of 2 x 10~ solar masses or 10*® GeV on the mass of the dominant
DM component [13—15]. Section 12 details how FCC facilities can attack this pressing question, providing comprehensive
exploration of the class of ‘thermal freeze-out” DM, which picks out a particular broad mass range as a well-motivated
experimental target, as well as unique probes of weakly coupled dark sectors.

Returning to the matter which is observable in the Universe, the SM alone cannot explain the origin of the matter-
antimatter asymmetry that created enough matter for us to exist, otherwise known as baryogenesis. Since the asymmetry
was created in the early universe when temperatures and energies were high, higher energies must be explored to uncover
the new particles responsible for it and the LHC can only start this search. In particular, a well-motivated class of scenarios,
known as EW baryogenesis theories, can explain the matter-antimatter asymmetry by modifying how the transition from
high temperature EW-symmetric phase to the low-temperature symmetry-broken phase occurred. Since this phase transition
occurred at temperatures near the weak scale, the new states required to modify the transition cannot have mass too far above
the weak scale, singling out the FCC facility as the leading experimental facility to explore the nature of this foundational
epoch of the early Universe. The role the FCC can play in exploring the dynamics of the EW phase transition is discussed in
Sect. 11.

Another outstanding question lies in the origin of the neutrino masses, which the SM alone cannot account for. As with
dark matter, there are numerous theories for neutrino masses, such as those involving ‘sterile’ neutrinos, which are within
reach of lepton and hadron colliders, as discussed in Sect. 13.

These and other outstanding questions might also imply the existence of further spatial dimensions, or larger symmetries
that unify leptons and quarks or the known forces. The LHC’s findings notwithstanding, the FCC will be needed to explore
these fundamental mysteries more deeply and possibly reveal new paradigm shifts. The rest of this introduction gives a brief
overview of the roles to be played by the various accelerators.

1.2 The role of FCC-ee

The capabilities of circular e*e™ colliders are well illustrated by LEP, which occupied the LHC tunnel from 1989 to 2000. Its
point-like collisions between electrons and positrons and precisely known beam energy allowed the four LEP experiments to
test the SM to new levels of precision, particularly regarding the properties of the W and Z bosons. Putting such a machine in a
100 km tunnel and taking advantage of advances in accelerator technology such as superconducting radio-frequency cavities
would offer even greater levels of precision on a greater number of processes. For example, it would be possible to adapt the
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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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particles predicted by most models of symmetry-breaking alternatives to the SM can be searched for directly, thanks to the
immense mass reach of 100 TeV collisions. The search for DM, for example, will cover the possible space of parameters of
many theories relying on weakly interacting massive particles, guaranteeing a discovery or ruling them out. Several theories
that address the hierarchy problem will also be conclusively tested. For supersymmetry, the mass reach of FCC-hh pushes
beyond the regions motivated by the hierarchy problem alone. For composite Higgs theories, the precision Higgs coupling
measurements and searches for new heavy resonances will fully cover the motivated territory. A 100 TeV proton collider will
even confront exotic scenarios such as the twin Higgs, which are extremely difficult to test. These theories predict very rare
or exotic Higgs decays, possibly visible at FCC-hh thanks to its enormous Higgs production rates.

1.4 The role of FCC-eh

Smashing protons into electrons at very high energy opens up a whole different type of physics, which until now has only been
explored in detail at the HERA collider. FCC-eh would collide a 60 GeV electron beam from a linear accelerator external and
tangential to the main FCC tunnel, with a 50 TeV proton beam. It would collect factors of thousands more luminosity than
HERA while exhibiting the novel concept of synchronous, symbiotic operation alongside the pp collider. The facility would
serve as the most powerful, high-resolution microscope onto the substructure of matter ever built. High-energy ep collisions
would provide precise information on the quark and gluon structure of the proton, and how they interact.

This unprecedented facility would complement and enhance the study of the Higgs, and broaden the new physics searches
also performed at FCC-hh and FCC-ee. Unexpected discoveries such as quark substructure might also arise. Uniquely, in ep
collisions new particles can be created in the annihilation of the electron and a (anti)quark, or may be radiated in the exchange
of a photon or other vector bosons. FCC-eh could also provide access to Higgs self-interactions and extended Higgs sectors,
including scenarios involving DM. If neutrino oscillations arise from the existence of heavy sterile neutrinos, direct searches
at the FCC-eh would have great discovery prospects in kinematic regions complementary to FCC-hh and FCC-ee, giving the
FCC complex a striking potential to shine light on the origin of neutrino masses.

1.5 The study of hadronic matter at high density and high temperature

The thermodynamic behaviour of Quantum Chromodynamics (QCD) presents features which are unique among all other
interactions. Their manifestations play a key role in fundamental aspects of the study of the universe, from cosmology to
astrophysics, and high-energy collisions in the laboratory provide a unique opportunity to unveil their properties. Through
collisions of heavy ions (N) at ultrarelativistic energies, the collective properties of the elementary quark and gluon fields of
QCD can be investigated, providing a unique test bed for the study of strongly-interacting matter and of the conditions of the
early universe at about 10 p s after the Big Bang. The increase in the centre-of-mass energy and integrated luminosity at the
FCC-hh with respect to the LHC opens up unique opportunities for physics studies of the Quark-Gluon Plasma (QGP), as
discussed in Sect. 16. Among these: charm quarks may start to contribute as active thermal degrees of freedom in the equation
of state of the QGP, whose temperature would approach 1 GeV; boosted t — W — qq decay chains can be used to measure
the temporal evolution of the QGP density for the first time; the higher centre-of-mass energy of FCC enables the exploration
of a previously-uncharted kinematic region at small Bjorken-x, where parton saturation is expected to appear, also exploiting
the complementarity of the pN and eN collision programmes at the FCC-hh/eh.

1.6 Unknown unknowns

That no new particles beyond the Higgs have yet been found, or any significant deviations from theory was yet detected at the
LHC, does not mean that the open questions introduced above have somehow evaporated. Rather, it shows any expectations
for early discoveries beyond the SM at the LHC — often based on theoretical, and in some cases aesthetic, arguments — were
misguided. In times like this, when theoretical guidance is called into question, experimental answers must be pursued as
vigorously as possible. The combination of accelerators that are being considered for the FCC project offers, by their synergies
and complementarities, an extraordinary tool for investigating these questions.

There are numerous instances in which the answer nature has offered was not a reply to the question first posed. For
example, Michelson and Morley’s experiment, designed to study the ether’s properties, ended up disproving its existence and
led to Einstein’s theory of relativity. The KamiokaNDE experiment, originally built to observe proton decays, discovered
neutrino masses instead. The LHC itself could have well disproven the SM (and may still do so, with its future more precise
measurements and continued searches!), by discovering that the Higgs boson is not an elementary but a composite particle.
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The possibility of unknown unknowns does not diminish the importance of an experiment’s scientific goals. On the contrary
it demonstrates that the physics goals for future colliders can play the crucial role of getting a new facility off the ground,
even if a completely unanticipated discovery results.

1.7 The goals and structure of this volume

In recent years the prospect of an FCC facility has stimulated a large activity worldwide, leading to many workshops, the
corresponding reports and a vast literature of individual publications (a collection of the key events and documents that
emerged directly from the FCC study group is presented in the Appendix). It is impossible here to do justice to all the results
that have been obtained, and which underscore the immense potential of the FCC to drive the progress of high-energy physics
in the decades to come. This volume is therefore limited to highlight a selection of the most outstanding and unique results
that the FCC can deliver, also providing the framework to define the challenging detector requirements that are discussed in
more detail in the other volumes of the FCC CDR.

This document is divided in four parts. In the first part, following this introduction, a short summary of the parameters and
target performance of the FCC accelerators is presented. The second part presents the key measurements and the expected
results that experiments at each of the three FCC accelerators can achieve in the main areas of the programme: EW physics,
Higgs properties, QCD, top quark and flavour. The third part discusses the synergy and complementarity of the three machines,
showing, through some concrete examples, how the overall FCC physics programme benefits from all of its components,
leading to a unique and superior measurement and discovery potential. Here topics directly related to the main open questions
of the field are covered: global fits of EW and Higgs properties; the search for possible natural solutions to the hierarchy
problem; the structure of the Higgs potential and the nature of the EW phase transition; the search for massive sterile neutrinos;
the possible origin of violation of lepton flavour universality; and additional searches for BSM phenomena. The high energies
achieved by the FCC-hh also enable a rich and original programme of heavy ion collisions, whose most significant goals will
be presented in the latter part of the document. Finally an Appendix lists the major physics meetings and reports organised
and produced in the context of the FCC CDR study phase.

The FCC offers further opportunities beyond what has been considered so far, for example the full exploitation of the injector
complex, which has been briefly discussed in Ref. [16]. Furthermore, like at the LHC, one expects the FCC-hh general-purpose
detectors to be complemented by dedicated experiments, optimally addressing the study of flavour or forward physics. The
detailed exploration of these additional components of the programme has not yet started.

A systematic comparison of the FCC potential against that of other future projects is not made. In many cases the measure-
ment targets of other projects will be updated soon in view of the forthcoming European Strategy. The comparison against
the HL-LHC, or the use of HL-LHC projections in combination with FCC ones, is likewise limited to a few examples,
since updated HL-LHC projections have been emerging from the Workshop on the “Physics of HL-LHC, and prospects for
HE-LHC” in parallel with the completion of this volume of the FCC CDR, making it impossible to properly acknowledge
here all relevant results. The Workshop reports [17-21] include also an overview of the current physics studies for HE-LHC.
Only part of these results are contained in this volume, distributed among the various chapters (for a more coherent overview
see, however, Chapter 1 of Volume 4 of the FCC CDR).

As anticipated above, the picture of the FCC physics potential that will emerge from this document represents just a partial
snapshot of the huge landscape of knowledge that the FCC will generate. This picture of prospects will evolve with time, as
more information is collected by the LHC and other experiments worldwide and, as the key questions of the field become
more focused, more priorities might emerge. The studies to sharpen the FCC physics case even further will therefore continue
well beyond this CDR.

2 The future circular colliders
This section summarises the main features of the accelerators that are of relevance to the physics programme, which were used
in the projections of the physics potential. These include the reference performance of the various options and configurations,

operational issues and relevant machine/detector interface issues. All the details are given in the relevant chapters of the other
volumes of this CDR.
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ee rings are placed 1 m outside the FCC-hh footprint in the arc. The e™* toward the IP are straighter than the outgoing ones in order to reduce
and e~ rings are separated by 30 cm horizontally in the arc. The main the synchrotron radiation at the IP
2.1 FCC-ee

The FCC-ee is designed to deliver eTe™ collisions to study with the highest possible statistics the Z, W, and Higgs bosons,
the top quark, and, in Z decays, the b and ¢ quarks and the tau lepton. The high performance is obtained by combining the
experience gained on LEP at high energies with the high luminosity features developed on the b-factories. It is designed to fit
in the footprint of the hadron collider, so as to ensure the feasibility of the ultimate goal of the FCC project. Figure 2.1 shows
the layout of the FCC-ee together with FCC-hh.

The main design principles of FCC-ee are as follows.

— Itis a double ring collider with electrons and positrons circulating in separate vacuum chambers. This allows a large and
variable number of bunches to be stored. The beam intensity can thus be increased in inverse proportion to the synchrotron
radiation (SR) per particle per turn, to keep the total power constant to a set value of 100 MW for both beams, for all
energies.

— A common low emittance lattice for all energies, except for a small rearrangement in the RF section for the tt mode. The
optics are optimised at each energy by changing the strengths of the magnets.

— The length of the free area around the IP (L*) and the strength of the detector solenoid are kept constant at 2.2 m and 2 T,
respectively, for all energies.

— A top-up injection scheme maintains the stored beam current and the luminosity at the highest level throughout the
experimental run. This is achieved with a booster synchrotron situated in the collider tunnel itself.

As a requirement, the luminosity figures are very high (Fig. 2.2), ranging from 2 x 10°cm™2s~! per IP at the Z pole,
and decreasing with the fourth power of the energy to 1.5 x 103%*cm™2s~! per IP at the top energies. The run plan spanning
15 years including commissioning is shown in Table 2.1. The number of Z bosons planned to be produced by FCC-ee (up to
5 x 10'2), for example, is more than five orders of magnitude larger than the number of Z bosons collected at LEP (2 x 107),
and three orders of magnitude larger than that envisioned with a linear collider (a few 10%).

Transverse radiative polarisation will build up to sufficient levels at the Z and WW threshold to ensure a semi-continuous
calibration of the beam energies by resonant depolarisation during luminosity data taking (~ 5 times per hour on dedicated
non-colliding bunches). The overall centre-of-mass calibration will be performed with a precision of ~ 100 keV at these
energies. This will allow measurements of the W and Z masses and widths with a precision of a few hundred keV.

Longitudinal polarisation has not been included in the baseline plan; it was shown that, although a high level of beam
polarisation brings interesting sensitivity for some observables, the information it could bring can generally be retrieved from
the angular distribution or the polarisation of the final state particles. It was therefore decided to concentrate, at least at the
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Table 2.1 Run plan for FCC-ee in 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 (years) Centre-of-mass Integrated lumi- Event statistics
energies (GeV) nosity (ab™!)

FCC-ee-Z 4 88-95 150 3 x 10'2 visible Z decays
FCC-ee-W 2 158-162 12 108 WW events
FCC-ee-H 3 240 5 10° ZH events
FCC-ee-tt(1) 1 340-350 0.2 tt threshold scan
FCC-ee-t(2) 4 365 1.5 10° tf events

Z(91.2 GaV) : 4.6 x 10" cm?s” *  FCC-ee (Baseline, 2 IPs)

*  ILC (Baseling)
\ . CLIC {Baseline)
102 N +  GEPC (Baseline, 2 IPs)

\\ W'W (161 GeV): 5.6 = 10" em?s”

!

i
%,
\\ HZ (240 GeV) : 1.7 = 10™ em s

10 | N

\ 1t (350 GeV) : 3.8 x 107" em?s”!
(365 GeV) : 3.1 = 10% cmis”

Luminosity [10%* cm2s]

HZ (280 GeV) - 1.5 107 cm¥a ' ®

10° 10°
is [GeV]

Fig. 2.2 Luminosity as a function of centre-of-mass for the FCC-ee with two interaction points. The simulated luminosity is shown, together with
a slightly more conservative one. Also shown are those estimated for ILC, CLIC and CEPC, at the time of submission

level of the design study, on the transverse polarisation for centre-of-mass determination at ppm level, a unique feature of
circular colliders.

A couple more running options have been considered for running the FCC-ee, but are not part of the baseline.

The first one is the possibility to search for the e" e~ — H production at a centre-of-mass energy equal to the Higgs
boson mass [22]. This possibility requires running with a centre-of-mass energy spread reduced by a factor 10-40 to be
commensurate with the Higgs boson total width. This has been studied in [23] and in the FCC-ee CDR in Section 2.10.1
s-channel Higgs Production. This measurement must be performed after the ZH energy point has been completed, so that the
Higgs boson mass is already known to better than 10 MeV. In the Standard Model this process is suppressed by the square
of the electron mass (Yukawa coupling), and the cross-section is very low compared with the backgrounds. Nevertheless a
precision of the order of the Standard Model cross-section might be achieved, which would be sensitive to a small admixture
of a non-standard process.

The second possibility is to increase the total integrated luminosity by designing the ring with four interaction points and
detectors, as was done in LEP. This is particularly interesting for the study of the Higgs boson at centre-of-mass of 240 and
above 350 GeV. As will be discussed in the Higgs section this would provide FCC-ee with an overall improvement on most
Higgs and top observables, which are statistically limited. Most interestingly, this would enrich the discovery potential of the
project with an increased sensitivity of possibly up to 5o to the Higgs self-coupling from its energy-dependent effect on the
ZH cross-section [24].

The FCC-ee experimental environment and detectors have been discussed in Chapter 7 of the FCC-ee CDR Volume,
Experiment environment and detector designs. A few important features are summarised below.

The Machine-Detector Interface governs the geometry of the detector that is close to the beam line. The central detector
magnetic field is limited to 2 Tesla by the fact that the beams cross at a 30 mrad angle, to avoid that the residual transverse
fields generate emittance blow up and loss of luminosity.

The strong focusing of the beams ( 8, >~ 1 mm) requires a short distance between the focusing quadrupoles L* = 2.2 m.
This forces the luminosity detectors to stand even closer; a luminosity measurement with a relative experimental precision of
10~* will require a mechanical tolerance of 1 wm on the radial dimension of the luminosity calorimeter. Several observables
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Table 2.2 Reference

parameters for operations at Parameter Unit LHC HL-LHC HE-LHC FCC-hh

(HL-)LHC, HE-LHC and Eoum TeV 14 14 27 100

FCC-hh. More details on the

structure of the minimum bias Circumference km 26.7 26.7 26.7 97.8

events at 100 TeV can be found Peak £, nominal (ultimate) 103*em=2s7! 1(2) 5(7.5) 16 30

in [25] Goal [ £ ab~! 03 3 10 30
Bunch spacing ns 25 25 25 25
Number of bunches 2808 2760 2808 10,600
RMS luminous region o, mm 45 57 57 49
Oinel [25] mb 80 80 86 103
Oror [25] mb 108 108 120 150
Peak pp collision rate GHz 0.8 4 14 31
dNep /dnly=o [25] 6.0 6.0 7.2 10.2
Charged tracks per collision N, [25] 70 70 85 122
Rate of charged tracks GHz 59 297 1234 3942
(pr) [25] GeVl/c 0.56 0.56 0.6 0.7
dE/dnl,=s [25] GeV 316 316 427 765
dP/dnl,=5 kW 0.04 0.2 1.0 4.0

rely on an excellent luminosity measurement (the Z line shape, the W pair threshold and the Higgs and top production
cross-sections and mass determination).

A small beam pipe (1.5 cm inner radius) and the possibility to bring a vertex detector to a small distance from the interaction
point are results of the strong beam focusing. This, combined with a state-of-the art vertex detector, would lead to an excellent
impact parameter resolution of o4y = a @ b/p sin’/2 9, with @ = 3 um and b = 15 um GeV. Together with the small size
of the interaction region, oy = 6.4 pmoy = 0.028 wm o, = 420 wm, this will provide outstanding efficiency for the physics
of, and with, heavy flavours at the Z, the Higgs and the top.

2.2 FCC-hh and HE-LHC

The FCC-hh collider design, performance and operating conditions are discussed in detail in Volume 3, Chapter 2, and
summarized in Table 2.2. The key parameters are the total centre-of-mass energy, 100 TeV, and the peak initial (nominal)
luminosity of 5(25) x 103 ¢cm™2 s~!, with 25 ns bunch spacing. At nominal luminosity, the pile-up reaches 850 interactions
per bunch crossing. The feasibility and performance of alternative bunch spacings of 12.5 and 5 ns are under study (see
Volume 2, Section 2.2.5). With two high-luminosity interaction points, and taking into account the luminosity evolution
during a fill and the turn-around time, the optimum integrated luminosity per day is estimated to be 2.3 (8.2) fb—!. The total
integrated luminosity at the end of the programme will obviously depend on its duration. Assuming a 25 year life cycle, with
10+15 years at initial/nominal parameters, allows a goal of 5 + 15 = 20 ab—! to be set . This has been shown to be adequate
for the foreseeable scenarios [26]. A luminosity range up to 30 ab~'is considered for most of the physics studies. This allows
the ultimate physics potential to be assessed, considering that the two experiments will probably combine their final results
for the most sensitive measurements.

The current design allows for two further interaction points (IPs), where the pp luminosity can reach 2 x 10°* cm
with a free distance between IP and the focusing triplets of 25 m. Apart from the case of heavy ion collisions, no discussion
of possible FCC-hh experiments using these lower-luminosity IPs will be presented.

For the HE-LHC the assumptions are for a collision energy /S = 27 TeV and a total integrated luminosity of 15 ab™!, to
be collected during 20 years of operation.

-2 Sfl,

2.3 FCC-hh: operations with heavy ions
It has been shown that the FCC-hh could operate very efficiently as a nucleus-nucleus or proton—nucleus collider, analogously

to the LHC. Previous studies [27,28] have revealed that it enters a new, highly-efficient operating regime, in which a large
fraction of the injected intensity can be converted to useful integrated luminosity. Table 2.3 summarises the key parameters for
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Table 2.3 Beam and machine

parameters for collisions with Unit Baseline Ultimate

heavy ions Operation mode - PbPb pPb PbPb pPb
Number of Pb bunches - 2760 5400
Bunch spacing ns 100 50
Peak luminosity (1 experiment) 107 ecm™2s~1 80 13,300 320 55,500
Integrated luminosity (1 experiment, 30 days) nb~! 35 8000 110 29,000

PbPb and pPb operation. Two beam parameter cases were considered, baseline and ultimate, which differ in the g-function at
the interaction point, the optical function 8* at the interaction point, and the assumed bunch spacing, defining the maximum
number of circulating bunches. The luminosity is shown for one experiment but the case of two experiments was also studied:
this decreases the integrated luminosity per experiment by 40%, but increases the total by 20%. The performance projections
assume the LHC to be the final injector synchrotron before the FCC [29]. A performance efficiency factor was taken into
account to include set-up time, early beam aborts and other deviations from the idealised running on top of the theoretical
calculations. Further details on the performance of the heavy-ion operation in FCC-hh can be found in Section 2.6 of the
FCC-hh CDR Volume.

2.4 FCC-eh

The FCC-eh is designed to run concurrently with the FCC-hh. The electron-hadron interaction has a negligible effect on
the multi TeV energy hadron beams, protons or ions. The electron beam is provided by an energy recovery linac (ERL) of
E, = 60 GeV energy which emerges from a 3-turn racetrack arrangement of two linacs, located opposite to each other. This
ERL has been designed and studied in quite some detail with the LHeC design. For FCC-eh, for geological reasons, the ERL
would be positioned at the inside of the FCC tunnel and tangential to the hadron beam at point L. There will be one detector
only, but forming two data taking collaborations may be considered, for example, to achieve cross check opportunities for
this precision measurement and exploratory programme.

The choice of E, = 60 GeV is currently dictated by limiting cost. Desirably one would increase it, to reduce the beam
energy uncertainty and access extended kinematics, but that would increase the cost and effort in a non-linear way. This could
happen, nevertheless, if one expected, for example, leptoquarks with a mass of 4 TeV which the FCC-eh would miss with a
60 GeV beam. Currently, the energy chosen, taken from the LHeC design, is ample and adequate for a huge, novel programme
in deep inelastic physics as has been sketched above.

In concurrent operation, the FCC-eh would operate for 25 years, with the FCC-hh. This provides an integrated luminosity
of O(2) ab~!, at a nominal peak luminosity above 103* cm~2 s, at which the whole result of HERA’s 15 year programme
could be reproduced in about a day or two, with kinematic boundaries extended by a factor of 100. The pile-up at FCC-eh
is estimated to be just 1. The forward detector has to cope with multi-TeV electron and hadron final state energies, while
the backward detector (in the direction of the e beam) would only see energies up to £, = 60 GeV. The size of the detector
corresponds to about that of CMS at the LHC.

Special runs are possible at much lower yet still sizeable luminosity, such as with reduced beam energies. There is also
the important programme of electron-ion scattering which extended the kinematic range of the previous lepton—nucleus
experiments by 4 orders of magnitude. This is bound to revolutionise the understanding of parton dynamics and substructure
of nuclei and it will shed light on the understanding of the formation and development of the Quark-Gluon Plasma.

The measurement potential
3 EW measurements
3.1 Introduction

The Standard Model (SM) allowed the prediction of the properties and approximate mass values of the W and Z, of the top
and of the Higgs boson, well before the actual observations of these particles. A long history of experiments and theoretical
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maturation has been essential in motivating and designing the facilities built for their observation. The inputs to these
predictions have come from precise measurements and theoretical calculations in the flavour and, more conclusively, in the
electroweak (EW) sector of the SM. It is expected that flavour and EW precision observables (EWPO) will continue to
drive the progress in this field and to play a key role in establishing the existence of new physics and guiding its theoretical
interpretation. Improved precision equates to discovery potential.

Some aspects of flavour physics at FCC, in the context of BSM searches, are reviewed in Sects. 7 and 14. Here the focus
is on the EW physics programme of FCC.

The broad set of EWPO’s accessible to FCC-ee, and its immense statistics at the various beam energies in its running plan,
will give it access to various possible sources and manifestations of new physics. Direct effects could occur because of the
existence of a new interaction such as a Z' or W’, which could mix or interfere with the known ones; from the mixing of
light neutrinos with their heavier right handed counterparts, which would effectively reduce their coupling to the W and Z
in a flavour dependent way. New weakly coupled particles can affect the W, Z or photon propagators via loops, producing
flavour independent corrections to the relation between the Z mass and the W mass or the relation between the Z mass and the
effective weak mixing angle; or the loop corrections can occur as vertex corrections, leading to flavour dependent effects as
is the case in the SM for e.g. the Z — bb couplings. The measurements above the tt production threshold, directly involving
the top quark, will further enrich this programme.

The FCC-hh achieves indirect sensitivity to new physics by exploiting its large energy, benefiting, as proven by the LHC,
from the ability to achieve precision of a previously unexpected level in pp collisions. EW observables, such as high-mass
lepton or gauge-boson pairs, can expose deviations that, in spite of the lesser precision w.r.t. FCC-ee, match its sensitivity
reach at high mass. High-energy scattering of gauge bosons, furthermore, is a complementary probe of EW interactions 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 quark flavours in the proton, gives it unique sensitivity to their EW couplings. Furthermore, its
high energy and clean environment enable precision measurements of the weak coupling evolution at very large Q2.

As shown later in Sect. 8, the FCC EW measurements are a crucial element of, and a perfect complement to, the FCC
Higgs physics programme.

3.2 FCC-ee
3.2.1 Overview

Precision Electroweak measurements at FCC-ee will constitute an important part of the physics programme, with a sensitivity
to new physics that is very broad and largely complementary to that offered by measurements of the Higgs boson properties.
Building in part on LEP experience, with the benefit of huge statistics and of the improved prospects for beam energy
calibration, a very significant jump in precision can be achieved. This is shown in Table 3.1, which summarises the main
quantities and experimental errors compared to the present ones.

Furthermore, ancillary measurements of the presently precision-limiting input parameters for precision EW calculations
can be performed at FCC-ee thanks to the high statistics. This is the case of the top quark mass from the scan of the tt production
threshold, of the direct measurement of the QED running coupling constant at the Z mass from the Z-y interference, and of
the strong coupling constant by measurements of the hadronic to leptonic branching fractions of the Z, the W and the t lepton.

The importance of these ancillary measurements is illustrated by the present situation of the SM fit to the precision
measurements available to date [30]. The SM predictions and their uncertainty for the W mass and the effective weak mixing
angle [31], based on the input parameters (mz, aQep (mz), G F, as(mz), my, mp) and on the present estimates of theoretical
uncertainties, stand as follows.

mw = 80.3584 % 0.0055,,,,, = 0.0025,,, % 0.00184y,
+0.002045 & 0.0001,,;; =+ 0.0040heory GeV
= 80.358 = 0.00801a1 GeV,
sin® 0§ = 0.231488 & 0.000029,5,,, 3= 0.000015,,,, 3= 0.000035 4,51,
+0.00001045 % 0.000001,,,; % 0.000047heory
= 0.23149 £ 0.00007 a1, (3.1)
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These predictions are consistent with the world average of their direct measurements:
mw = 80.379 +0.012 GeV, and sin’ 955f = 0.23153 £+ 0.00016. (3.2)

but one can note that the uncertainty stemming from parametric and theoretical uncertainties is of similar order of magnitude
as the present experimental errors, and would be limiting if the experimental precision on these quantities were to be improved
by one or two orders of magnitude.

3.2.2 Electroweak programme at the Z° peak

Measurements at the Z resonance are described in the LEP/SLD physics report [32]. FCC-ee will be able to deliver about
2 x 10’ times the integrated luminosity that was produced by LEP at the Z pole, i.e., typically 10! Z — = or t+t~ decays
and 3 x 10'? hadronic Z decays. Measurements with a statistical uncertainty up to 300 times smaller than at LEP (from a few
per mille to 1073) are therefore at hand. Two elements are new with respect to LEP operations: (i) the centre-of-mass energy
calibration will be much improved, with beam energy measurements by resonant depolarisation performed on a continuous
basis and for both beams [33]; (ii) further improvements in efficiencies for heavy flavour observables will result from the
improved impact parameter resolution. The data taking at the Z is organised to optimise the EW output of the programme.
Data taken at the Z pole will be distributed at three energies corresponding to near half integer spin tunes vgpin =
Epeam/0.44065686(1) to allow for precision measurements of the e™ and e~ beam energies by resonant depolarisation.
The energies are chosen to optimise the sensitivity to agep(mz), which as shown by [34] can be extracted from the Z-y
interference in the leptonic forward-backward asymmetry. In the vicinity of the Z pole, Ag{; exhibits a strong /s dependence

(3.3)

3 8 /2 2
Agg(S)ZZAeAux[lJr w/20QED(s) S mz]

m3Gr (1 — 4sin? 651)> 25

caused by the off-peak interference between the Z and the photon exchange in the process eTe™ — w1 ™. As displayed in
Fig. 3.1, the statistical uncertainty of this measurement of aggp (mz) is optimised just below (/s = 87.9 GeV) and just above
(/s = 94.3 GeV) the Z pole. The half integer spin tune energy points /s = 87.7 GeV (vypin = 99.5) and /s = 93.9 GeV
(Vspin = 106.5) are close enough in practice. Together with the peak point at /s = 91.2 GeV (vpi, = 103.5) they constitute
the proposed Z-pole run plan; about half the data will be taken at the peak point. This scan will at the same time provide
measurements of the Z mass and width with very adequate precision.

It is shown in Ref. [34] that the experimental precision on cQep can be improved by a factor 4 with 40 ab~! at each of these
two off-peak points, leaving an integrated luminosity of 80 ab™! at the Z pole itself. Because most systematic uncertainties
are common to both points and almost perfectly cancel in the slope determination, the experimental uncertainty is statistics
dominated as long as the centre-of-mass energy spread (90 MeV at the Z pole) can be determined to a relative accuracy better
than 1%, which is achievable at the FCC-ee every few minutes [35]. More studies are needed to understand if the aggp (m%)
determination can profit from the centre-of-mass energy dependence of other asymmetries or from the angular distribution
in the Z — eTe™ final state. It should be emphasized that this direct determination of QQED (m%) is insensitive to sources of
systematic uncertainties that affect the classical method from the dispersion integral over low energy e*e™ data. Compared
with the projected improvement by a factor 2-3 of this calculation with future data at SuperKEKDb or tau-charm factories, the
FCC-ee offers the opportunity of a competitive, statistically-limited, and robust measurement with the same detectors as and
in the energy range needed for EW precision measurements.

At the same time forward—backward and polarisation asymmetries at the Z pole are a powerful experimental tool to
measure sin’ Gs\ff, which regulates the difference between the right-handed and left-handed fermion couplings to the Z. With
unpolarised incoming beams, the amount of Z polarisation at production is

_ gL,e2 - gR,e2 _ 2ve/ae
‘T gL+ gret 14 (vefac)?’

with ve/ae = 1 — 4sin® 6SH (3.4)

by definition of the effective weak mixing angle sin’ 9&?. The resulting forward—backward asymmetry for a pair of fermion—
antifermion f at the Z pole amounts to A{;—fB = %AeAf. As a by-product of the continuous measurements of the beam
polarisation for the beam energy calibration, the experimental control of the longitudinal polarisation of each of the beams

can be made with the polarimeter (FCC-ee CDR, section 2.7) with great accuracy.
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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 — vy 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(l)ad will determine the number of light neutrino species N,, with a precision of 0.001 of a neutrino species.
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An absolute (relative) uncertainty of 0.001 (5 x 1073) on the ratio of the Z hadronic-to-leptonic partial widths (R%) is
thus well within the reach of the FCC-ee. A smaller relative uncertainty is expected for the ratios of the Z leptonic widths
of different flavours, allowing a stringent test of neutral current lepton universality at the x 10~ level. A similar precision is
expected for the test of universality of the charged current from the semi-leptonic decays and life-time measurement of 10'!
decays.

3.2.3 The number of light neutrino species

The measurement of the Z decay width into invisible states is of great interest as it constitutes a direct test of the unitarity of
the neutrino mixing matrix — or of the existence of right-handed quasi-sterile neutrinos, as pointed out in Ref. [36]. At LEP,
it was mostly measured at the Z pole from the peak hadronic and leptonic cross-sections to be N, = 2.984 £ 0.008, when
expressed in number of active neutrinos. The measurement of the peak hadronic cross-section at the Z pole is dominated by
systematic uncertainties, originating on one hand from the theoretical prediction of the low-angle Bhabha-scattering cross
section (used for the integrated luminosity determination), and from the experimental determination of the absolute integrated
luminosity, on the other. At the FCC-ee, a realistic target for this systematics-limited uncertainty is bounded from below to
0.001, based on ongoing progress with the theoretical calculations and detector technology.

At higher centre-of-mass energies, the use of radiative return to the Z [37], ete™ — Zy,is likely to offer a more accurate
measurement of the number of neutrinos. Indeed, this process provides a clean photon-tagged sample of on-shell Z bosons,
with which the Z properties can be measured. From the WW threshold scan alone, the cross section of about 5 pb [38—41]
ensures that fifty million Zy events are produced with a Z — Vv decay and a high-energy photon in the detector acceptance.
The 25 x 10° Zy events with leptonic Z decays in turn provide a direct measurement of the ratio FiZ“V / Flzept, in which
uncertainties associated with absolute luminosity and photon detection efficiency cancel. The 150 million Zy events with
either hadronic or leptonic Z decays will also provide a cross check of the systematic uncertainties and backgrounds related
to the QED predictions for the energy and angular distributions of the high energy photon. The invisible Z width will thus
be measured with a dominant statistical error corresponding to 0.001 neutrino families. Data at higher energies contribute to
further reduce this uncertainty by about 20%. A somewhat lower centre-of-mass energy, for example /s = 125 GeV — with
both a larger luminosity and a larger Zy cross section and potentially useful for Higgs boson studies (Sect. 4.2.2) — would be
even more appropriate for this important measurement, allowing a statistical precision of around 0.0004 neutrino families.

3.2.4 The WTW~ and tt thresholds

The safest and most sensitive way to determine the W boson and top quark masses and widths is to measure the sharp increase
of theete™ — WTW™ andete™ —> tt cross sections at the production thresholds, at centre-of-mass energies around twice
the W and top masses (Fig. 3.2). In both cases, the mass can be best determined at a quasi-fixed point where the cross section
dependence on the width vanishes: /s =~ 162.5 GeV for mw and 342.5 GeV for myop. The cross section sensitivity to the
width is maximum at /s 2~ 157.5 GeV for 'y, and 344 GeV for Ctop-

With 12 ab~! equally shared between 157.5 and 162.5 GeV, a simultaneous fit of the W mass and width to the ete™ —
WHTW™ cross-section measurements yields a precision of 0.5 MeV on my and 1.2 MeV on I'yw. Lest the measurements be
limited by systematic uncertainties, the following conditions need to be met. The centre-of-mass energies must be measured
with a precision of 0.5 MeV. The point-to-point variation of the detector acceptance (including that of the luminometer) and
the WW cross section prediction must be controlled within a few 10~. Finally, the background must be known at the few
per-mil level. These conditions are less stringent than the requirements at the Z pole — where the centre-of-mass energies
must be measured to 0.1 MeV or better and the point-to-point variations of the luminometer acceptance must be controlled
to 5 x 107, etc. In addition, the backgrounds can be controlled by an additional energy point below the W-pair production
threshold.

An experimental precision of 0.5 (1.2) MeV for the W mass (width) is well within reach at the FCC-ee, with 12 ab~!
accumulated at the W pair production threshold.

The situation is slightly different for the top quark. A multipoint scan in a 4 GeV window will be needed for the top mass
determination, for several reasons. First, m,p might not be known to better than &= 0.5 GeV from the theoretical interpretation
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Fig. 3.2 Production cross section of W boson (left) and top-quark pairs panel, the grey and green bands include variations of the top-quark mass

(right) in the vicinity of the production thresholds, with different values and width by +0.2 and £ 0.15 GeV. The dots with error bars indicate
of the masses and widths. In the left panel, the pink and green bands the result of a 10-point energy scan in steps of 1 GeV, with 0.02 ab™!
include variations of the W mass and width by =1 GeV. In the right per point

of the hadron collider measurements. More importantly, such a window is needed to accurately map out the full shape of
the threshold, including the 1S resonance (Fig. 3.2, right panel). In addition, the tt cross section depends on the top Yukawa
coupling, arising from the Higgs boson exchange at the tt vertex (Sect. 4.2.2). This dependence can be fitted away with
supplementary data at centre-of-mass energies slightly above the tt threshold. The non-tt background, on the other hand,
needs to be evaluated from data at centre-of mass energies slightly below the tt threshold.

With a luminosity of 25 fb—! recorded at eight different centre-of-mass energies (340, 341, 341.5, 342, 343, 343.5, 344,
and 345 GeV), the top-quark mass and width can be determined with statistical precisions of =17 MeV and £45 MeV,
respectively. The uncertainty on the mass improves to less than 10 MeV if the width is fixed to its SM value. Each of the
centre-of-mass energies can be measured with a precision smaller than 10 MeV from the final state reconstruction [42] of
ete™ — WTW~—, ZZ, and Zy events and from the knowledge of the W and Z masses, which causes a 3 MeV uncertainty
on the top-quark mass. Today, the uncertainty on the theoretical value due to missing higher orders QCD corrections in the
ete™ — tt process is at the 40 MeV level for the top quark mass and width.

To conclude on the top, an uncertainty of 17 (45) MeV is achievable for the top-quark mass (width) measurement at the
FCC-ee, with 0.2 ab~! accumulated around the tt threshold. The corresponding parametric uncertainties on the SM predictions
of sin” 9&? and myy are accordingly reduced to 6 x 1077 and 0.11 MeV, respectively.

3.2.5 Summary and demands on theoretical calculations

Table 3.1 summarises some of the most significant FCC-ee experimental accuracies and compares them to those of the present
measurements.
Some important comments are in order:

— FCC-ee will provide a set of ground breaking measurements of a large number of new-physics sensitive observables,
with improvement with respect to the present status by a factor of 20-50 or even more; moreover it will improve input
parameters, mz of course, but also myyp, os(mz) and, for the first time a direct and precise measurement of aggp(mz).
Consequently, parametric uncertainties in the electroweak predictions will be reduced considerably. Once, and only when,
all the above measurements are performed, the total parametric uncertainty on the W mass and on sin® 9&? predictions
(0.6 MeV and 1077, respectively), dominated by the in-situ precision on QQED (m%), will match the uncertainty on their
direct determination (0.5 MeV and 5 x 107, respectively). The FCC-ee is the only future ete™ collider project able to
accomplish this tour-de-force, a prerequisite for an optimal sensitivity to new physics.

— Table 3.1 is only a first sample of the main observables accessible. Work on the future projections of experimental and
theory requirements are, and will need to be, the subject of further dedicated studies within the FCC-ee design study groups.
Important contributions are expected from b, ¢ and T physics at the Z pole, such as forward—backward and polarisation
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Table 3.1 Measurement of selected electroweak quantities at the FCC-ee, compared with the present precisions

Observable Present value =+ error FCC-ee Stat. FCC-ee Syst. Comment and dominant exp. error

mz (keV) 91,186,700 + 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

RlZ (x10%) 20,767 £ 25 0.06 0.2-1.0 Ratio of hadrons to leptons acceptance for leptons
as (mz) (x10%) 1196 £+ 30 0.1 0.4-1.6 From R% above [43]

Ry (x10°) 216,290 + 660 0.3 < 60 Ratio of bb to hadrons stat. extrapol. from SLD [44]
Gi?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
sin29§ff (x10% 231,480 £+ 160 3 2-5 From A#g at Z peak Beam energy calibration
1/agep (mz) (X 103) 128,952 + 14 4 Small From Ag{; off peak [34]

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

AE%I’r (x10%) 1498 £+ 49 0.15 <2 T Polarisation and charge asymmetry t decay physics
my (MeV) 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 3 Small From R}" [45]

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

myep (MeV) 172,740 4+ 500 17 Small From tt threshold scan QCD errors dominate

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

Atop/ Atsol\é[ 1.2+£03 0.1 Small From tt threshold scan QCD errors dominate

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

asymmetries. Also the tau lepton branching fraction and lifetime measurements, especially if a more precise tau mass
becomes available, will provide another dimension of precision measurements.

While statistical precisions follow straightforwardly from the integrated luminosities, the systematic uncertainties do not.
It is quite clear that for the Z and W mass and width the centre-of-mass energy uncertainty will dominate, and that for the
total cross-sections (thus the determination of the number of neutrinos) the luminosity measurement error will dominate.
These have been the subject of considerable work already. However there is no obvious limit in the experimental precision
reachable for such observables as R% or Ry or the top quark pair cross-section measurements.

While the possible experimental systematic error levels for RZ, Ry, AgB, 0, Ag%l’t have been indicated, these should be
considered as indicative, and are likely to change, hopefully improve, with closer investigation. Heavy flavour quantities
will readily benefit from the improved impact parameter resolution available at FCC-ee due to the smaller beam pipe
and considerable improvements in silicon trackers. Also since LEP and SLD the knowledge of both t and b physics has
benefited considerably from the b-factories and will benefit further with SuperKEKB.

Table 3.1 clearly sets the requirements for theoretical work: the aim should be to either provide the tools to compare

experiment and theory at a level of precision better than the experimental errors, or to identify which additional calculation

or experimental input would be required to achieve it. Another precious line of research to be done jointly by theoreticians

and experimenters will be to try to find observables or ratios of observables for which theoretical uncertainties are reduced.
The work that experiment requires from the theoretical community can be separated into a few classes.

— QED (mostly) and QCD corrections to cross-sections and angular distributions that are needed to convert experimentally

measured cross-sections back to ‘pseudo-observables’: couplings, masses, partial widths, asymmetries, etc. that are close
to the experimental measurement (i.e. the relation between measurements and these ‘pseudo-observables’ does not alter
the possible ‘new physics’ content). Appropriate event generators are essential for the implementation of these effects in
the experimental procedures.

— Calculation of the pseudo-observables with the precision required in the framework of the SM with the required precision
so as to take full advantage of the experimental precision.
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Table 3.2 W™ and Z° production cross-sections at NLO, including kinematic cuts and branching ratios (BRs) for one lepton family. The PDF
uncertainties are from the NNPDF3.0 NNLO set [48]

o (V — 1il) [nb] (£8paro) VS (TeV) No cuts ph > 20GeV, |ne| < 2.5 Pt >20GeV, Inel <5
Wt = ¢ty 100 77.3 (13.1%) 28.3 (3.3%) 54.3 (6.5%)

W™ = v 100 64.3 (8.9%) 272 (3.3%) 45.5 (4.0%)

70 — ¢t 100 14.5 (7.7%) 4.8 (3.3%) 9.5 (5.0%)

Wt — ¢ty 27 22.9 (2.9%) 10.6 (2.6%) 18.4 (2.9%)

W™ = v 27 17.6 (2.9%) 8.9 (2.8%) 14.1 (2.8%)

70 > ¢t 27 4.0 (2.7%) 1.6 (2.8%) 3.1 (2.7%)

— Identify the limiting issues and the questions related to the definition of parameters, in particular the treatment of quark
masses and more generally QCD objects.

— An investigation of the sensitivity of the proposed experimental observables (or new ones) to the effect of new physics
in a number of important scenarios. This is essential work to be done early, before the project is fully designed, since it
potentially affects the detector design and the running plan.

The overall challenge is laid out in great detail in an extended Report [46], which emerged from the Workshop Precision
EW and QCD calculations for the FCC studies: methods and tools [47], held at CERN in January 2018. A preliminary
evaluation of needs [46], leads to the conclusion that at least the full three-loop calculations are needed for Z pole and for the
propagator EW corrections, and probably two-loop calculations for the EW corrections to the WW cross-section. Matching
the experimental precisions across-the-board has been estimated to require a dedicated effort of 500 person-years. This has
been listed as strategic, high-priority, item in Appendix A of the FCC-ee CDR. The CERN workshop was the start of a process
that will be both exciting and challenging. Its conclusions are reproduced here: “We anticipate that at the beginning of the
FCC-ee campaign of precision measurements, the theory will be precise enough not to limit their physics interpretation. This
statement is however conditional to sufficiently strong support by the physics community and the funding agencies, including
strong training programmes’’.

3.3 FCC-hh

The large samples of electroweak (EW) gauge bosons produced by FCC-hh could offer many different opportunities for
important measurements. In particular, the huge kinematic reach of 100 TeV collisions enables probes of EW dynamics, both
within and beyond the SM, that are largely complementary to those accessible via the FCC-ee precision measurements.' This
section documents some of the most relevant production properties of EW gauge bosons, focusing on the large- Q2 reach and
preparing the ground for the discussion of unique new measurements that will be presented in Sect. 8.

3.3.1 Drell-Yan processes

The Drell-Yan (DY) process, namely the production of lepton pairs from quark—antiquark annihilations into vector gauge
bosons, is the primary EW observable in hadronic collisions. The total production rates of W* and Z° bosons at 100 TeV
are about 1.3 and 0.4 b, respectively. This corresponds to samples of O(10'9~!1) leptonic decays per ab—!. The inclusive
production rates are known today up to next-to-next-to-leading order (NNLO) in QCD, leading to a theoretical uncertainty
on the rates of O(1%).

This will certainly be improved over the next few years, as the N°LO is already within reach. The uncertainties due to
the parton distribution functions (PDFs), shown in Table 3.2, are larger, and depend strongly on the required rapidity range,
which defines the small-x range being probed. This implies that DY measurements will contribute to improve knowledge
of the PDFs (a systematic study has not been carried out as yet). FCC-eh will of course pin these down with the greatest

! The possibility of improving the direct determination of SM parameters (e.g. my or sin? Ay) will not be addressed here, since it is unlikely that
FCC-hh can match the precision achievable at FCC-ee. A significant reduction in the PDF systematics entering the uncertainty of both my or
sin? By at the LHC will certainly be greatly reduced by the end of HL-LHC, and even more by FCC-eh. But a reliable assessment of the experimental
systematics would require a simulation of the FCC-hh experimental conditions well beyond today’s level of realism.
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Fig. 3.3 Integrated lepton transverse (dilepton) mass distribution in pp — W* — £v (pp — Z*/y* — £+£7), at 100 and 27 TeV. One lepton
family is included, with |n,| < 2.5

Table 3.3 Gauge boson pair production cross sections. o refers to the total cross sections, obtained by varying renormalisation and factorisa-
gg — VV process, which, while formally of NNLO, appears at the one- tion scales (g, F), independently, over g, r /o = 0.5, 12and 1/2 <
loop level. The NNLO systematics reflects the scale dependence of the WR/F < 2,with uo = mr vy, +mr v, (mry = \/(m%, + p%_v))

oro (pb) onzo(pb) oNLO + 044 (pb) onnLo(pb)

100 TeV

7Z — ete ptp” 0.29 0.37 0.43 0.460 137

WW — evpv 10.0 13.4 144 15.8 300

WZ — evu T~ 1.1 22 - 238 +2.3%
27 TeV

7Z — ete ptp” 0.058 0.080 0.090 0.0952 (350

WW — evpv 2.1 3.0 32 3.46 (350

WZ — evu ™ 0.23 0.42 - 0.483 £2.1%

precision, as shown in Sect. 5.3. In particular, Fig. 5.14 shows a projected precision for the qq luminosity at the 5 per mille
level. This could lead to the process Z — £1£~ becoming a luminometer with a (sub-)percent precision.

In Table 3.2 t