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ABSTRACT

In this white paper for the 2021 Snowmass process, we give a description of the
proposed Future Circular Collider (FCC) project and its physics program. The
paper summarizes and updates the discussion submitted to the European Strat-
egy on Particle Physics. After construction of an  90km tunnel, an electron-
positron collider based on established technologies allows world-record instanta-
neous luminosities at center-of-mass energies from the Z resonance through the
ZH and WW and up to tt thresholds, enabling a very rich set of fundamental
measurements including Higgs couplings determinations at the subpercent level,
precision tests of the weak and strong forces, and searches for new particles, in-
cluding dark matter, both directly and via virtual corrections or mixing. Among
other possibilities, the FCC-ee will be able to (i) indirectly discover new particles
coupling to the Higgs and/or electroweak bosons up to scales A 7 and 50 TeV,
respectively; (ii) perform competitive SUSY tests at the loop level in regions not
accessible at the LHC; (iii) study heavy-flavor and tau physics in ultra-rare de-
cays beyond the LHC reach, and (iv) achieve the best potential in direct collider
searches for dark matter, sterile neutrinos, and axion-like particles with masses
up to 90 GeV. The tunnel can then be reused for a proton-proton collider, es-
tablishing record center-of-mass collision energy, allowing unprecedented reach
for direct searches for new particles up to the 50 TeV scale, and a diverse
program of measurements of the Standard Model and Higgs boson, including
a precision measurement of the Higgs self-coupling, and conclusively testing
weakly-interacting massive particle scenarios of thermal relic dark matter. The
FCC-ee and FCC-hh physics and accelerator programs are remarkably synergis-
tic and complementary. The program builds on the stable funding provided by
the CERN member states and the existing, long-standing worldwide partner-
ships built via the LHC, but requires substantial contributions both intellectual
and financial from the US and other non-CERN-members to become a reality.
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1 Introduction

Editors: A. Blondel, D. Denisov, S. Eno, and P. Janot

The LEP Electroweak Working Group, using results from precision measurements at LEP
(CERN) and SLC (SLAC), was able to predict [1] the top quark mass and the W mass
within the context of the Standard Model (SM) to be m; = 173"} GeV and my =
80:362'%:932 GeV respectively, assuming that no particle but the (yet unobserved) Higgs
boson would impact the quantum corrections to these measurements. These predictions
were found to be in striking agreement with their direct measurements at the Tevatron and
the LHC (m; = 172:76 0:30 GeV andmy =80:379 0:012 GeV) [2]. The combination of
the LEP, SLC, Tevatron, and LHC precision measurements were then used to constrain the
guantum e ects of the Higgs boson and to predict its mass to bemy = (90*2118) GeV and
less than 135 GeVat the 95% con dence level (CL) [3] within the SM. In 2012, data from
the LHC con rmed that prediction by observing a new particle with properties consistent
with those of the Higgs boson and a mass near 125GeV [4, 5]. All of these results came
from collaborations with strong participation from the United States. This adventure can
continue with U.S. participation in the FCC accelerator program, which starts with a new
circular electron-positron collider (FCC-ee) [6] operating at center-of-mass energies from
the Z pole to the top-pair production thresholds, followed by proton-proton collisions at
100 TeV (FCC-hh) [7], and potentially electron-ion, electron-proton, and heavy ion collisions
as well.

The discovery of the Higgs boson was a formidable success of the Standard Model; however
it leaves a number of questions unanswered, and in fact marks the opening of a new and
exciting era of exploration. The Higgs boson is the only known elementary spin zero particle



and, in spite of remarkable work at the LHC, many of its predicted SM properties will
still require testing at the end of the upgraded LHC exploitation. The Higgs coupling to

all charged fermions is predicted to be equal to their masses { can we verify this, even
for the electron and the light quarks that compose the ordinary matter? Is the Higgs
boson also at the origin of neutrino masses? Is there any sign that there are other similar
Higgs bosons, as in Supersymmetry, or that there exist other sources of mass generation?
The Higgs boson generates the breaking of electroweak symmetry because it couples to
itself: can this be veri ed and the form of the associated potential established? The FCC
program will provide a thorough investigation of these questions. The FCC-ee, with its high
luminosity and two (possibly four) interaction regions, will produce more than one million
(possibly two millions) Higgs bosons. By precise measurement of the fully inclusive cross
section € e ! ZH at the production maximum, FCC-ee will provide the gzy coupling
with per mil precision. The capability of FCC-ee to measure the ZH and WW! H cross
sections at two di erent centre-of-mass energies (240 and 365 GeV) o ers a 2{4 sensitivity
(depending on the number of interaction points) to the Higgs self-coupling, via a loop
diagram. Many other measurements of the Higgs boson, that will lay the foundation of
highly precise measurements and investigations both at FCC-ee and later at FCC-hh, will
be made possible for the rst time.

The FCC physics motivation does not end with the Higgs boson. We still do not know
what dark matter (DM) is, and if it has any interactions other than gravitational with the
particles of the Standard Model. We know neutrinos are massive but very little about the
value of neutrino masses and whether neutrinos are Dirac or Majorana particles. We do
not know how the Universe came to be composed of matter, while all antimatter seems
to have disappeared. We do not know why the Higgs mass is near 125 GeV when loop
corrections, especially from the top quark, would naturally push it towards the Planck scale.
These experimental facts as well as many other theoretical problems call for new particles
and/or phenomena beyond those which constitute the minimal Standard Model. Will these
guestions and other theoretical problems nd their answers in a more fundamental theory
at a high energy scale of which the Standard Model would be a low energy approximation?
Or will some answers come from a \dark sector" comprising one or several particles that lie
at or below the weak scale, and which, because of extremely weak couplings to the known
particles, may have so far escaped detection?

Because of the unknown properties and huge possible ranges of masses of the required new
particles, this quest calls for a broad exploration, with much improved measurement pre-
cision and sensitivity to rare processes, and ultimately more energy. We will see that the
FCC programme (FCC-ee then hh) will address this challenge very e ectively. The agree-
ment between the observed top quark and Higgs boson masses with the values predicted
by the minimal SM is highly non trivial. It strongly constrains the properties of possible
new physics, whose quantum e ects must be smaller than the current experimental uncer-
tainties. One of the main tools of exploration of the next € e collider would therefore be

to reduce these uncertainties to a level that may o er sensitivity to these smaller e ects.

In the very clean environment of an electron-positron collider, this multifaceted program

of precision measurements and searches for new particles and rare or forbidden phenomena
will give access to high energy scales via loop diagrams or to tiny couplings via mixing or



forbidden processes. Searches for dark matter, heavy neutrinos and other feebly coupled
particles provide real opportunities for direct discovery. The reduced uncertainties will also
improve our knowledge of the fundamental parameters of the SM. The strong, weak and
electromagnetic coupling constants at the weak scale will be measured with uncertainties
reduced by up to two orders of magnitude.

Ultimately, more energy is required. The hadron collider would increase the kinematic reach
for direct production of new patrticles by a factor of ve with respect to HL-LHC. A 100 TeV
collider would provide over 10 billions of Higgs bosons and a precise measurement of the
Higgs self-coupling. The unprecedented samples of e.g., bottom quarks, top quarks, and W
and Z bosons would allow further \intensity frontier" probes of new physics.

The synergy and complementarity between the FCC-ee and FCC-hh programs are stunning.
Just considering the Higgs sudies: (i) FCC-ee measures in an absolute manner the HZZ
coupling and the Higgs boson width, which in turn transform into absolute determinations
the coupling ratios measured previously at LHC, and then at FCC-hh; (ii) FCC-ee measures
the top electroweak coupling ttZ, which is needed to turn the ttH/ttZ measurement at
FCC-hh to an absolute ttH measurement; (iii) the ttH measurement is essential for the
determination of the Higgs self-coupling; nally, (iv) the FCC-ee will measure precisely the
large couplings that are di cult to access at the hadron colliders (bb, ct, gg), while the
FCC-hh, will pro t from the huge data sets collected to precisely measure the , , and

Z rare decays.

It is compelling to consider the sheer sizes of the samples of W and Z bosons, bottom
and charm quarks, light quarks and gluons, tau leptons, top quarks and other \intensity
frontier" samples, that the huge luminosity at low energies the rst stage, FCC-ee, will
provide. Predicted instantaneous luminosities such as those in Fig. 1, together with the
production cross sections in Fig. 2, lead to event samples similar to those listed in Table 1.
The collider is designed from the early stage to provide a remarkable 100 keV precision
on the center-of-mass determination by resonant depolarization [8], which is central to the
program of high precision measurements. In addition, these large samples can be easily
multiplied by a factor of nearly two by implementing four instead of two interactions points
(IPs), thus allowing a more complete exploitation of the multiple physics opportunities with
varied detector designs.

The US now has the opportunity to continue to take a leading role in the search for an-
swers to these fundamental questions by enthusiastically collaborating with our international
partners in the FCC program. The FCC program builds on the very productive collabo-
rations developed in the LHC era among the world's high energy physics communities and
on CERN's accumulated experience and existing accelerator infrastructure, in a successful
70-years-old international organization. A strength is the stable funding provided by the
CERN member states. A set of CDRs [6, 9, 7] exist with a well developed accelerator de-
sign, physics program, and straw-man detectors capable operating in the FCC experimental
environment. The basic vision of the FCC matches the vision endorsed by the European
Strategy Group [10]. The quality and timely realization of this exciting physics program
will be strongly enhanced by substantial scienti c and nancial participation from the US
and other global partners of CERN.



Figure 1: Potential instantaneous luminosity versus center-of-mass energy for FCC-ee.

Figure 2: Cross sections for various processes infe collisions versus center-of-mass
energy.



In this white paper, we summarize the extensive work elaborating the exciting physics po-
tential of such a circular electron-positron collider. We start in Chapter 2 with a discussion
of the R&D needed for the accelerator infrastructure and the role the US could play, and
summarize the existing work on the accelerator design. Chapter 3 summarizes studies of
its sensitivity to the properties of the Higgs boson. Chapter 4 discusses the unprecedented
precision that the enormous integrated luminosity collected at the Z resonance and W pair
production threshold will give to our knowledge of these bosons. In Chapter 5, the improve-
ment beyond existing measurements of the properties of the top quark is detailed, and in
Chapter 6, the sensitivity to direct searches for new particles, including dark matter and
Heavy Neutral Leptons, are summarized. Chapter 7 discusses the improved understanding
of the strong force enabled by FCC-ee. Chapter 8 discusses the probes of very high energy
scales accessible to study exploiting very large samples of heavy quarks (excluding top)
and leptons. Chapter 9 outlines the proposals for a long-term future physics program with
p-p collisions at the energy frontier enabled by the resulting infrastructure. Chapter 10
describes the R&D on detectors needed to realize systematic uncertainties smaller than the
statistical and theoretical uncertainties and the role the US could play in their development.
The paper ends with a summary and a vision for the path forward.

Table 1: First ve columns: Baseline FCC-ee operation model, listing the center-of-mass energies,
instantaneous luminosities for each interaction point (IP), integrated luminosity per year summed
over the 2 IPs corresponding to 185 days of physics per year and 75% e ciency. As a conservative
measure, the yearly integrated luminosity is further reduced by 10% in this table and in all physics
projections. The total luminosity distribution is set by the physics goals which in turn set the run
time at each energy. The luminosity is assumed to be half the design value for commissioning new
hardware during the rst two years at the Z pole and in the rst year at the t t threshold. The sixth
and last column is not part of the baseline FCC-ee operation model, but indicates possible numbers
for an additional run at the H resonance, to investigate the electron Yukawa coupling.

Working point Z years 1-2| Z, later ww HZ tt (s-channel H)
Ys (GeVv) 88, 91, 94 157, 163 240 340{350 | 365 my
Lumi/IP  (10*cm 2s 1) 115 230 28 8.5 0.95 1.55 (30)
Lumifyear (ab 1, 2 IP) 24 48 6 1.7 0.2 0.34 )
Physics goal(ab ?) 150 10 5 0.2 15 (20)
Run time (year) 2 2 2 3 1 4 3)
10f HZ + 108 tt
Number of events 5 10122 10° WW | 25k WW | H | +200k HZ (6000)
+50kWwW | H

2 Accelerator

Editors: T. Raubenheimer and F. Zimmermann

The Future Circular Collider is a set of high energy colliders to provide a century of physics.
The critical infrastructure is a >90 km tunnel located close to CERN and Geneva, Switzer-
land that would support a high luminosity and high precision lepton collider to study



the Higgs and Electroweak physics, a high energy hadron collider that would probe the
highest energies with a possible lepton-hadron collider that could run concomitantly. Fol-
lowing proposals in 2010{2012, a formal study of the FCC hadron and lepton colliders
was launched in 2014, and in 2018 conceptual designs were developed for the main collider
options [6, 7, 9].

The conceptual designs were provided as input to the 2019/2020 Update of the European
Strategy on Particle Physics [10], which endorsed a program of FCC-ee followed by FCC-
hh with the statements: \An electron-positron Higgs factory is the highest-priority next
collider. For the longer term, the European particle physics community has the ambition to
operate a proton-proton collider at the highest achievable energy." and \Europe, together
with its international partners, should investigate the technical and nancial feasibility of

a future hadron collider at CERN with a center-of-mass energy of at least 100 TeV and
with an electron-positron Higgs and electroweak factory as a possible rst stage. Such a
feasibility study of the colliders and related infrastructure should be established as a global
endeavor and be completed on the timescale of the next Strategy update." To address this
need, in summer 2021, the Future Circular Collider Feasibility Study was launched [11, 12]
to really examine the challenges of building and operating FCC-ee.

The FCC-ee builds on 60 years of operating colliding beam storage rings. It takes advantage
of advanced concepts demonstrated at VEPP-4M, DA NE, the SLAC and KEK B-factories,
and the present SuperKEKB. All critical parameters have been demonstrated in operating
accelerators. The design is robust and will provide high luminosity over the desired center-
of-mass energy range from 90 to 365 GeV. The FCC-ee is also the most sustainable of all
Higgs and electroweak factory proposals, in that it implies the lowest energy consumption
for a given value of total integrated luminosity [13, 14]. These features of FCC-ee along
with those of the FCC-hh hadron collider (discussed further below) have attracted a large
number of collaborators from around the world.

The FCC-ee collider has separate rings for electrons and positrons with a full-energy top-
up booster ring. All three rings, the ¢* and e collider rings and the full-energy booster,
will be located in the same tunnel. The design is optimized for a maximum of 50 MW
of synchrotron radiation power per collider ring across the operating energy range. An
asymmetric interaction region (IR) layout limits the photon energies of the synchrotron
radiation (SR) emitted by the incoming beams over the last 500 m upstream of the IP
towards detectors, and, at the same time, generates the large crossing angle of 30 mrad [15]
at the IP's. Finally, the crab-waist technique is used to optimize the luminosity. The crab-
waist collision scheme was developed at DA NE [16, 17], and the speci c \virtual" crab
waist optics rst developed for the FCC-ee [15] is successfully being used at the SuperKEKB
B-factory since 2020.

Since the CDR, detailed site evaluations have led to a modi ed con guration of the FCC
layout with a slightly smaller circumference of 91 km rather than 98 km and 8 access shafts
instead of 12, and with a four-fold superperiodicity [18, 19]. The FCC-ee design is now
being developed for either 2 or 4 symmetric IP's located at four of the access points and
with RF, collimation, and injection/extraction occupying the other 4 straight sections (Fig.
3). The baseline con guration is based on 400 MHz RF systems with Nb/Cu cavities,

10



similar to those used at LEP and the LHC but capable of sustaining higher gradient, which
are augmented by an 800 MHz RF system with bulk-Nb cavities to reachtt operation.
The layout of the FCC-ee pre-injector complex, consisting of a warm copper linac and a
damping ring, has been re-optimized, now allowing for positron production with a primary
electron energy of at least 6 GeV. The rate of positrons required, e.g., for top-up injection
in the FCC-ee collider, is comparable to the production rates achieved at the SLC and at
SuperKEKB.

Figure 3: The new FCC layout referred to as PA31-1.0; four possible experiments could
be located at PA, PD, PG, and PJ while RF stations would be located PH and PL and
injection/extraction and collimation could be located in PB and PF straights.

The operation model has the FCC-ee collider rst operating at 91 GeV to study the Z boson
with very high luminosity, and the lowest number of single-cell 400 MHz RF cavities. For
this early operation up to at least 160 GeV there is a single RF section, to ensure that the
centre of mass energies are identical at all interaction points. Beam energies are calibrated
with sub-ppm precision using resonant depolarization [8]. The high beam current at the Z
will allow for a rapid beam conditioning of the vacuum system. Then an upgrade of the
baseline 400 MHz RF system through the installation of multi-cell 400 MHz RF cavities
would allow the beam energy to increase to 160 GeV to study the W. An additional
RF upgrade with a minor recon guration of the beam lines in the RF region will allow a
further energy increase to 240 GeV to study the Higgs. Finally, the addition of an 800
MHz RF system in the second RF region would allow the collider to reach> 350 GeV for tt
production. An example of a 15 year run plan is illustrated in Table 1. Di erent operation
models are conceivable, e.g., starting with Higgs production at 240 GeV, which would require
a subsequent removal and later re-installation of a large humber of RF cryomodules, and
may imply additional downtime periods for disassembly and reassembly, but which, on the

11



other hand, might facilitate initial operation at lower beam current and lower luminosity
than foreseen on the Z pole.

At this time, in the middle of the Feasibility Study, there is not a formal update of the
FCC-ee collider parameters although, as described, progress has been made in identifying
a possible site and modifying the design developed in the CDR to the site. The present
interim parameters are listed in Table 2. The circumference of the rings changes slightly (10
cm) as the energy is increased from 160 GeV to 200 GeV due to the di erent path length

of the separated versus shared rf cavities. Detailed optimization is still in progress, and it
is expected that the parameters such as the RF frequencies, tunes, the charge per bunch,
and the bunch spacing will all evolve as the design is developed.

Table 2: FCC-ee machine parameters for each beam energy with PA31-1.0 and 4 IPs [20],
where \(SR)" indicates beam parameters determined by regular synchrotron radiation with-
out collisions, and \(BS)" includes the additional e ect of beamstrahlung due to the beam-
beam interaction.

Beam energy | [Gev] | 45.6 \ 80 \ 120 | 1825
Layout PA31-1.0
# of IPs 4
Bending radius of arc dipole [km] 9.937
SR power / beam [MwW] 50
Circumference [km] 91.174117 91.174107
Energy loss / turn [GeV] 0.0391 0.370 1.869 10.0
Beam current [mA] 1280 135 26.7 5.00
Bunches / beam 9600 880 248 36
Bunch population [10] 2.53 2.91 2.04 2.64
Horizontal emittance " [nm] 0.71 2.16 0.64 1.49
Vertical emittance "y [pm] 1.42 4.32 1.29 2.98
Arc cell Long 90/90 Short 90/90
Momentum compaction , [10 §] 28.5 7.33
Arc sextupole families 75 146

x=y [mm] 150/0.8 200/ 1.0 300/1.0 1000/ 1.6
Transverse tunes/IP Qy-y 53.563 / 53.600 100.565 / 98.595
Energy spread (SR/BS) [%] 0.039/0.130 | 0.069/0.154| 0.103/0.185| 0.157 / 0.229
Bunch length (SR/BS) [mm] 43717145 3.55/8.01 3.34/6.00 2.02/2.95
RF voltage 400/800 MHz [GV] 0.120/0 10/0 2.08/0 40/7.25
Harmonic number (400 MHz) 121648
RF frequency (400 MHz) MHz 399.994581 399.994627
Synchrotron tune 4Qg 0.0370 0.0801 0.0328 0.0826
Long. damping time [turns] 1168 217 64.5 18.5
RF acceptance [%] 1.6 3.4 1.9 3.1
Energy acceptance (DA) [%] 1:3 1:3 1.7 -2.8+25
Beam-beam =" 0.0040/0.152| 0.011/0.125| 0.014 / 0.131| 0.096 / 0.151
Luminosity / IP [10%*/cm 2s] 189 19.4 7.26 1.33
Lifetime (q + BS) [sec] { 1065 2405
Lifetime (lum) [sec] 1089 \ 1070 596 701

The layout of the hadron collider FCC-hh has been adapted to be consistent with the
optimized lowest-risk placement. The experimental caverns for the two primary and two
secondary hadron collision points coincide with those of the two or four IP's of the FCC-ee
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lepton collider, respectively. An optics solution has been developed which would bring the
hadron collider collision exactly, i.e. also transversely, on top of the e collision point.
Equal IP locations minimize the size of the experimental caverns and might allow for a
modular evolutionary detector design, where parts of the magnet system of the FCC-ee
experiments could be reused for the FCC-hh detectors [21]. The total proton-proton lumi-
nosity production of FCC-hh over 25 years of operation is expected to exceed 30 ab.

The key technological challenge for FCC-hh is the design optimization, feasibility demon-
stration and cost-e ective production of the high- eld accelerator magnets. In addition to
the use of NlzSn superconductor, which is brittle and limited to a maximum eld of about
16 T, the time scale and proposed staging of the FCC allow the parallel pursuit of alterna-
tive options based on high-temperature superconductor (HTS), which might enable higher
elds, operation at elevated temperature (with reduced power consumption for cryogenics),
or reduced cost.

Over the past 7 years, US institutes have made numerous contributions to the FCC design
e ort. For example, JLAB has built a prototype ve-cell 800 MHz bulk Nb cavity, required

for the FCC-ee tt operation, whose actual performance exceeded the FCC design speci-
cations [22]. Accelerator specialists from SLAC have contributed, among others, to the
development of the FCC-ee machine detector interface, e.g. [23], to impedance assessments,
to the optics design of lepton and hadron colliders, and to the FCC-ee study coordination,
while experts at FNAL, Cornell, and the University of New Mexico contribute to essential
studies of FCC-ee beam selfpolarization, e.g. [24, 8, 25]. Extremely impactful is the US
e ort on high- eld magnets. The US D.O.E.'s Magnet Development Program [26] aimed
(or aims) at demonstrating the feasibility of 16 T magnets based on NBSn conductor, as
considered in the FCC-hh conceptual design [7], and at assessing the feasibility of accel-
erator magnets based on HTS materials, that might enable potentially higher elds. As a
result of this activity, at FNAL in 2019 a 15 T cos Nb3Sn dipole short-model demonstrator
[27] reached a eld of 14.1 T at 4.5 K [28], which in 2020 could be further increased to 14.5
T at 1.9 K. US magnet experts also optimized magnet design concepts, e.g. [29]. Higher
eld is facilitated by a higher-quality conductor. Advanced US Nb 3Sn wires with Arti cial
Pinning Centers (APCs) produced by two di erent teams (FNAL, Hyper Tech Research
Inc., and Ohio State; and NHMFL, FAMU/FSU) reached the target critical current den-
sity for FCC of 1500 A/mm? at 16 T [30, 31], which is 50% higher than for the HL-LHC
wires. The APCs allow for better performance; they decrease magnetization heat during
eld ramps, improve the magnet eld quality at injection, and reduce the probability of ux
jumps [32].

The FCC collaboration engaged in the FCC Feasibility Study spans the world and has en-
gaged> 145 institutions, including at least ten universities in the US. The US government
and the US D.O.E. joined the FCC e ort through an agreement in December 2020 which
also covers some participation by the US National Laboratories. To support the Feasibility
Study, CERN is investing roughly 100 M CHF for technology and site development. Addi-
tional support comes from the European Union and the FCC collaborators. The technology
development is focused on both value engineering studies such as developing a complete 1/2
cell of the arc lattice and vacuum system as well as advanced technology development such
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as high e ciency RF sources that would reduce the FCC-ee baseline energy consumption.
In parallel, a CERN high- eld magnet development program, funded separately and at a
comparable level, aims at developing the magnet technology required for the FCC-hh.

3 Higgs physics
Editors: G. Bernardi, E. Brost, D. d'Enterria, C. Grojean, P. Janot, M. Klute, C. Paus

With the discovery of the Higgs boson at the LHC in 2012 [4, 5] its mass (around 125 GeV)
was known. It is therefore possible to design a Higgs factory to study its properties in detail
quite similar to what was done for the W and Z bosons in the LEP project after these two
gauge bosons were discovered in 1983 at the ®p. Studies of the various Higgs boson decay
channels are sensitive to tree- or quantum-level corrections to the corresponding couplings.
While the LHC will eventually reach a precision of order 5% to the heaviest particle couplings
(albeit with some model assumptions), FCC-ee will start a new era of precision, removing
any model dependence, reaching subpercent level precision for most couplings, and adding
access to several lighter Higgs Yukawa couplings. Typically, new particles at the 1 TeV mass
scale lead to deviations in the couplings at the 5% or smaller level, namely any deviation

0, relative (50 the SM value g3 can be approximately translated into BSM scale limits:

& (1TeV)= ( gy =05, )=5%. The expected 0.15% uncertainty for the most precise

coupling guzz will thus set the most stringent bounds, & 7 TeV, on new physics coupled
to the scalar sector of the SM.

The FCC-ee program o ers a unigue opportunity to measure the Higgs couplings. The
two most important Higgs production processes are Higgsstrahlung (ZH), e ! ZH,
and WW fusion to a Higgs boson (WWH), e'e ! H ¢ The lowest order Feynman
diagrams for these two production mechanisms are displayed in Figure 4 (left) together with
their corresponding cross sections versus the center-of-mass energy (right). The predictions
include initial state radiation [33] using the HZHA program [34] and the small interference
term present in the WWH nal state diagrams. Given the cross sections and the planned
FCC-ee running scenario, and with two interaction points [35], over a million ZH events
and almost one hundred thousand WWH events will be collected at various center-of-mass
energies. These numbers drive the statistical uncertainties for the following studies.

Our goal for this report is not to lay out the details of all studies possible with these large
data samples, but to pick out the studies that demonstrate the key capabilities of FCC-ee in
terms of Higgs boson physics that have been documented. In the following we will present
the sensitivity for the Higgs cross section, mass, and width, and then summarize the status
of the projected precision on the various coupling constants of the Higgs bosons to bosons
and fermions, including the Higgs boson self-coupling.

3.1 Production cross Sections, mass, and width

The FCC-ee running scenario atp s = 240 GeV was optimized as a tradeo between ZH
production rate and luminosity. A feature unique to lepton colliders is the measurement
of the Higgs boson properties using the recoil system in the ZH production mode. The

14



Figure 4: Lowest order Feynman diagrams for WW fusion and Higgsstrahlung (left) and
the corresponding cross sections versus the center-of-mass energy per production process
along with their sum (right). The default running scenarios at 250 GeV and 365 GeV are
indicated with dashed lines. Figure from [36].

well-determined four-momenta of the initial state leptons and the fully reconstructed Z
boson (recoil system) in the nal state allow clean recovery of the Higgs boson kinematics
independent of the Higgs boson decay mode. This cannot be accomplished at a hadron
collider (or in the WWH production mode) and gives access to the total ZH cross section.
Assuming perfect e ciency and no background, the statistical precision is as small as one
per mill.

The various cross section measurements to exclusive Higgs nal states are used to determine
the corresponding branching fractions. The expected uncertainties are based on studies
in Ref. [6] and summarized in Table 3. These fundamental measurements will serve in
Section 3.2 as an input to the determination of the Higgs boson couplings.

The primary tool used in the measurement of the Higgs boson mass is the already introduced
recoil system in the ZH production mode of the Higgs boson. Without initial state radiation
and neglecting the beam energy spread, the H'B;gs boson mass is given by the mass of the
difermion recoil system: Meecoi = s+ My 2 S(Ef + Ef). Initial ZH studies utilized

the Z boson decays to dimuons because it has excellent energy resolution and very low
background. Studies based on DELPHES simulations [6, 36] show that rather conservatively
a statistical precision of 6 9 MeV will be reached on the Higgs boson mass, depending
on the choice of the tracking detectors. The energy calibration of the collider, expected to
reach a precision below 100 keV [8], as well as the muon momentum measurement, are the
essential experimental uncertainties to be controlled. Given the clean environment and the
large background from single and double vector boson production, it is plausible that the
experimental uncertainties can be controlled well within the required precision.
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Table 3. Expected uncertainties in percent (%) for the Higgs branching ratios times the
total cross section, as measured in the listed ZH and WWH production modes [6].

D
P=

S 240 GeV 365 GeV
Int. Luminosity 5ab ! 15ab !
Channel ZH WWH ZH WWH
H! any 0:5 0:9
H! bb 0:3 31 0:5 0:9
H! cC 2:2 6:5 10
H! gg 1:9 35 4:5
HI wW*w 1:2 2:6 3:0
H' 77 4:4 12 10
HI o * 0:9 1:8 8
H! 9.0 18 22
HI 7 19 40
H! invisible <03 < 06

Adding the dielectron decays of the Z boson into the analysis could decrease the uncertainty
on the Higgs boson mass to 4 MeV [6]. Finally { based on estimates derived from similar
measurements with the CMS detector in a much harsher environment { the addition of all
exclusive nal states decays using energy constraints or the inclusion of the direct mea-
surement of the Higgs boson reconstructed mass should allow any measurement with a
precision of 25 MeV, and maybe even 2 MeV, if the magnetic eld is increased from 2 T
to 3T [6].

The use of the cross-section lineshape for ZH production at threshold { similar to the WW
threshold scan at LEP { to measure the Higgs boson mass and width have been proposed
but are not included in the default running plan for the FCC-ee. Options like this underline
the fact that there is further room for improvement should that be needed.

Additional studies will be necessary, many of which have not yet been performed at the
most realistic level and are clearly outside of the scope of this document. However the
studies documented so far [6] support that the Higgs boson mass can be measured at the
few-MeV level, and its width at the percent level.

3.2 Higgs Boson couplings to Standard Model particles

Once the ZH and WWH production cross sections, and the branching fractions for each
Higgs boson decay H! X X have been measured they are used to determine all other
couplings using the following basic relationships:

o, %z gaxi
4 B (H! XX)/ T2 THXX 1)

H
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and 5 5
W BH! XX)/ M;

e e

2)

H

In particular, the measurement of the ZH cross section (described in previous section) gives
a model-independent measurement oflyzz, which is used to normalize the measurements
of other Higgs boson couplings, including those at current or future hadron colliders. This

is a unique feature of low-energy €e colliders.

The expected precision on measurements of Higgs couplings in the kappa framework [37, 38]
are presented in Table 4. The ve columns summarize best estimates for various combi-
nations of data from HL-LHC, FCC-ee, and the entire FCC program labeled \FCC-INT"
(FCC-ee, FCC-hh, and FCC-eh). The results were produced by theHiggs@FutureColliders
working group in preparation for the European Strategy Update in 2020. The HL-LHC

t [39] is performed while xing gucc and  to their Standard Model values. This table
illustrates the complementarity of the Higgs physics program at lepton and hadron colliders.
In the FCC-ee and HL-LHC combination, the HL-LHC makes important contributions in
channels with very low production rates at lepton colliders ( , , and Z ) and in the
determination of the top Yukawa coupling, which is out of reach of the low-energy ée
program. On the other hand, FCC-ee dominates the measurement of the Higgs couplings
to vector bosons and charm quarks, the latter of which is di cult at the HL-LHC. Not
considered in this study are the electron Yukawa coupling, a rare process that is uniquely
accessible at low-energy ee colliders such as the FCC-ee, and the Higgs self-coupling,
which is accessible through loop corrections at the FCC-ee. Both are further discussed in
the following subsections.

3.2.1 Electron Yukawa coupling

The smallest Yukawa coupling in the SM (with zero-mass neutrinos) is that of the electron:
Ye= 2me=v=2:9 10 ®for m¢=0:511 10 3GeV. Measuring the Higgs coupling to
the electron is impossible at hadron colliders because of its tiny branching fractiorB(H !
e"e )=5:22 10 °: the signal is overwhelmed by the Drell{Yan € e continuum, which
has a cross section that is many orders of magnitude larger. Measurements at the LHC
lead today to an upper bound on the branching fraction ofB(H! e'e )< 3:6 10 * at
95% CL, corresponding to an upper limit on the Yukawa couplingye /B (H! e"e )17 of
260 times the SM value [42, 43]. This result translat%s into a lower bound on the energy
scale of any BSM physics a ectingye, of psm  V32( 2me(ye=ys™) 2 & 8:8 TeV [44].
Assuming that the sensitivity to the H ! e"e decay scales with the square root of the
integrated luminosity, the upper bound will be ye . 120y3™ (i.e. psm & 13 TeV) at the end
of HL-LHC running.

The FCC-ee o0 ers a unique opportunity to rBeasureye via resonant s-channel Higgs pro-
duction, e"e ! H, in a dedicated run at = s = my [45, 46]. The signature for direct
Higgs production is a small rise in the cross sections for nal states consistent with Higgs
decays over the expectations from SM background processes involving Z , or t-channel
exchanges alone. Performing such a measurement is remarkably challenging for four main
reasons. First, the low value of the e mass leads to a tinyye coupling and correspondingly
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Table 4:

Expected sensitivity to measurements of various Higgs boson couplings at the

HL-LHC, the FCC-ee with two IPs, and the full FCC program (FCC-ee, FCC-hh, and
FCC-eh), in the kappa framework. Combined sensitivities of the FCC-ee and the HL-LHC,
and the full FCC and the HL-LHC programs are also presented. The HL-LHC sensitivities
are evaluated [39] while xing the charm Yukawa coupling and the total Higgs boson width
to their Standard Model values, and assuming no BSM Higgs decays. All numbers are in
% and indicate the 68% con dence level intervals. Results from theHiggs@FutureColliders
group [40], Table adapted from [35]. The self-coupling projection for the FCC-hh is updated

in [41].
Collider HL-LHC | FCC-eesn 365 FCC-ee FCC-INT FCC-INT
+ HL-LHC + HL-LHC
Int. Lumi (ab 1) 3 5+02+15 { 30 {
Years 10 3+1+4 { 25 {
Ouzz (%) 15 0.18 0.17 0.17 0.16
aww (%) 1.7 0.44 0.41 0.20 0.19
Qb (%) 5.1 0.69 0.64 0.48 0.48
Orce (%) SM 1.3 1.3 0.96 0.96
OHgg (%0) 2.5 1.0 0.89 0.52 0.5
g (%) 1.9 0.74 0.66 0.49 0.46
o (%) 4.4 8.9 3.9 0.43 0.43
g (%) 1.8 3.9 1.3 0.32 0.32
Oz (%) 11. { 10. 0.71 0.7
Ot (%) 3.4 { 3.1 1.0 0.95
Ounn (%) 50. 44. 33. 3{4 3{4
H (%) SM 1.1 1.1 0.91 0.91
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small cross section: ea H / mg = 0:57 fb accounting for ISR emission. Second, the e

beams must be monochromatized such that the spread of their center-of-mass (c.m.) energy,
P 5, is commensurate with the narrow width of the SM Higgs boson, 4 = 4:1MeV, while
keeping large beam luminosities. Figure 5 (right) shows the Higgs lineshape for variou® g

Figure 5: Left: Resonant Higgs production cross section, including ISR e ects, for several
values of the € e c.m. energy spread [47]. Right: Upper limits contours (95% CL) onye.
The red curve shows the range of parameters presently reached in FCC-ee monochromati-
zation studies [48, 49]. The red star indicates the best signal strength monochromatization
point in the plane and the pink star indicates the ideal baseline point assumed in our default
analysis. All results are given per IP and per year. Figures from [46].

values. The combination of ISR plus Pg = y = 4:1MeV reduces the peak Higgs cross
section by an overall factor of about six, down to ¢« y = 0:28 fb. Third, the Higgs boson
mass must be known beforehand with a few-MeV accuracy in order to operate the collider
at the resonance peak, which is possible but challenging for FCC-ee [36]. Last but not least,
the cross sections of the background processes are many orders of magnitude larger than
those of the Higgs decay signals. A preliminary generator-level study of eleven Higgs decay
channels identi es two nal states as the most promising ones in terms of statistical signif-
icance: H! ggand H! WW ! ° +2jets. For a benchmark monochromatization with

P<=4:1MeV and 10ab ! of integrated luminosity, a 1:3 standard deviation signal signif-
icance can be reached, corresponding to an upper limit on the eYukawa coupling at 1.6
times the SM value: jyej < 1:6jys™ at 95% con dence level, per IP and per year [46].

The expected nal signi cance of the . ; 4 measurement, and associated 95% CL limits
on jyej, derived for a benchmark Pz = 4:1MeV collision-energy spread and.jy = 10ab L
can be translated into any other combination of ( P5; Ly ) values achievable through beam
monochromatization. Figure 5 (right) shows the bidimensional maps for the 95% CL upper
limits on the electron Yukawa, as a function of both parameters. The signal signi cance
and associated upper limits improve with the square-root of the integrated luminosity,
and diminish for larger values Pz following the relativistic Voigtian dependence of the
signal yield on the energy spread shown in Fig. 5 (left). The red curve shows the current
expectations for the range of (Pg; Lint) values achievable at FCC-ee with the investigated
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monochromatization schemes [48, 49]. Without monochromatization, the FCC-ee natural
collision-energy spread atSqE =125GeVis Pg 50MeV due to synchrotron radiation. Its
reduction to the few-MeV level desired for thes-channel Higgs run can be accomplished by
means of monochromatization,e.g. by introducing nonzero horizontal dispersions at the IP
(D) of opposite signfor the two beams in collisions without a crossing angle. Compared to
the baseline working point (pink star in Fig. 5, right), the signal signi cance for the currently
best monochromatization settings, (P5;Lint) (7MeV;2ab 1), dropsto S  0:4 standard
deviations per IP and per year, and the corresponding upper bound becomeg . 2:5y3™
(95% CL) per IP and per year. Assuming two years of FCC-ee operation at the Higgs pole
and combining four IPs, this would translate into a 1:2 standard deviations signi cance
and aye . L1:6yg™ limit. Such a result, although short of evidence for s-channel Higgs
production, is still about 100 (30) times better [50] than that reachable at HL-LHC (FCC-
hh [7]), and implies setting a unique constraint on new physics a ecting the electron-Higgs
coupling above psm & 110 TeV.

3.2.2 Higgs boson self-coupling

The determination of the Higgs boson self-coupling is a major goal of the HEP community
due to its relationship with the shape of the Higgs boson potential. The current HL-
LHC projections estimate a precision on the self-coupling of 50%, based on measurements
of Higgs boson pair production. The self-coupling can also be constrained at low-energy
e"e colliders [51, 52, 53, 54, 55] via loop corrections to single Higgs boson processes.
Through the comparison of the Higgs boson production cross sections at 240 and 365 GeV,
the self-coupling can be determined with greater precision than that of the HL-LHC. The
combination of the HL-LHC and FCC-ee results brings that precision to 33%. Few-percent
level determination of the Higgs self-coupling requires the FCC-hh. More discussion of the
synergies between the FCC-ee and FCC-hh are given in Section 9.

3.3 Beyond the Standard Model Higgs boson searches

The clean environment at the FCC-ee enables searches for additional Higgs bosons and non-
Standard-Model decays of the Standard Model Higgs boson. Some examples are discussed
in Section 6.

4 Precision electroweak physics

Editors: J. Alcaraz, A. Blondel, J. de Blas, A. Freitas, J. Gluza, M. Hildreth, and J. Zhu

Precision electroweak measurements at the FCC-ee will constitute an important part of the
physics program, with a sensitivity to new physics that is very broad and largely complemen-
tary to that o ered by measurements of the Higgs boson properties and avor observables.
Electroweak precision observables (EWPOs) [1, 56] are sensitive to the existence of new
weakly-coupled particles via radiative corrections or mixing, even if these particles cannot
be directly produced or observed in current experiments. Historically, the rst positive
evidence for the existence of a heavy top quark was obtained from B B mixing, while the
global t of the SM predictions to electroweak precision data led to the correct predictions
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Table 5: Expected statistical and systematic uncertainties for selected electroweak precision
measurements at FCC-ee, compared with present precision and accuracy [35, 59]. These
precisions and accuracies can be obtained using the run plan shown in Table 1. The sys-
tematic uncertainties are initial estimates; the aim is to improve them so that they reach
the same level as the statistical errors.

Observable Present FCC-ee FCC-ee Comment and dominant exp. error
value error Stat. Syst.
mz (keV) 91;186700 2200 4 100 From Z lineshape scan; beam energy calibration
z (keV) 2;495200 2300 4 25 From Z lineshape scan; beam energy calibration
RZ ( 10°) 20,767 25 0.06 02 1.0 Ratio of hadrons to leptons; acceptance for letpons
s(m2) (104 1;196 30 0.1 04 1:6 From RZ above
Rp ( 10°) 216,290 660 0.3 < 60 Ratio of bb to hadrons; stat. extrapol. from SLD
ﬁad ( 10%) (nb) 41:;541 37 0.1 4 Peak hadronic cross section; luminosity measurement
N ( 109 2;996 7 0.005 1 Z peak cross sections; luminosity measurement
sin? & (10°) 231,480 160 14 14 FromA g at Z peak; beam energy calibration
1= gep(m2) ( 10°) 128,952 14 3.8 1.2 FromAg; 0 peak
Atp’g ( 104 992 16 0.02 13 b-quark asymmetry at Z pole; from jet charge
A ( 10% 1;498 49 0.07 02 from Agg'; ; systematics from non- backgrounds
my (MeV) 80;350 15 0.25 0.3 From WW threshold scan; beam energy calibration
w (MeV) 2;085 42 1.2 0.3 From WW threshold scan; beam energy calibration
N ( 109 2;920 50 0.8 Small Ratio of invis. to leptonic in radiative Z returns
s(m3,) (104 1,170 420 3 Small FromRW

of the top quark [57, 58] and Higgs boson [1] masses before their discoveries in 1995 and
2012 respectively. These predictions were made assuming the minimal SM (three families
and a unigue Higgs scalar), which, following these discoveries, no longer contains any un-
measured parameters. Any signi cant deviation would decisively point to the existence of
new physics.

The combination of large data samples at di erent center-of-mass energies from the Z to
above the top quark pair threshold and continuous parts-per-million control of the beam
energy at the Z and WW threshold [8] will allow the experimental precision of many EWPOs

to be improved by 1{3 orders of magnitude. A summary of the main EWPOs with their
expected statistical uncertainties and a provisional set of systematic uncertainties is shown in
Table 5 and compared to present uncertainties. The improvement in statistical uncertainties
at the Z is typically a factor 500. Performing the measurements with systematic accuracy
matching the available statistics requires proactive design of the detectors, of the analysis
techniques and tools, and considerable development of theoretical calculation techniques.
The resulting improved precision, as well as the increased number of observables reaching
interesting precision, equates to increased sensitivity to new physics, and hence to enhanced
discovery potential.

4.1 Electroweak program around the Z pole

The typical proposed Z-pole operation plan contains runs taken at three energy points:
87.7 GeV, 91.2 GeV, and 93.9 GeV. These points correspond to half integer spin tunes
to ensure good energy calibration by resonant depolarization. About half the data will be
taken at 91.2 GeV. The integrated luminosity will be 2 10° times the integrated luminosity
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produced by LEP at the Z pole, which means that 5 10 Z bosons will be available for
study. Exquisite center-of-mass energy calibration and excellent detector performances will
further improve the experimental accuracy.

Z lineshape scans are expected to provide measurements of the Z boson masg with
an accuracy of 100 keV and the Z boson width z with an accuracy of 25 keV [9, 60].
The uncertainty on myz is dominated by the uncertainty on the collision energy, which can
be determined with 100 keV accuracy using resonant depolarization of the transversely
polarized beams [8]; the FCC-ee is designed explicitly with only a single RF accelerating
section at lower energies to ensure that this precision is achievable. The smaller uncertainty
on z results from possible systematic deviations from a linear calibration of the center-of-
mass energies (the so-called \point-to-point" uncertainties [8]).

Cross-section dependent measurements liked,4 or N are limited by luminosity uncertain-
ties. The absolute luminosity can be measured at FCC-ee with a relative precision of better
than 10 4 using low-Q? Bhabha scattering, with point-to-point relative uncertainties an
order of magnitude smaller. This is more than a factor of three better than the best LEP
luminosity measurement [61]. A phenomenological study of using large-angle two photon
production (e*e ! ) as an alternative can be found in Ref. [62].

The ratio between hadronic and leptonic cross sectionR? is an essential observable for the
extraction of the invisible Z width and the individual leptonic and hadronic partial widths.

It also provides one of the most precise ways to measures(m2) (assuming negligible new
physics contributions at these energies) [63]. This measurement is independent of luminosity
uncertainties, and therefore a relative precision below 10* (one order of magnitude better
than today) or better can be achieved [6]; systematic errors at LEP were dominated by the
lepton angular acceptance; reducing them to the statistical error level will require specic
detector design in the low angle region. More details on the s(m%) measurement can be
found in Section 7. The individual leptonic partial widths will also be a powerful test of
lepton coupling universality. A measurement of the relative invisible width ,,= - together
with the measurement of the hadronic Z peak cross section [1, 64, 65F,, can be used to
determine the number of light neutrino speciesN with a relative precision of 3 10 4,

A measurement of the forward-backward asymmetry usingée ! *  events around the
Z pole Ay allows the determination of the leptonic e ective weak mixing angle Sirt w to

2 10°% Inthee*e ! *  channel, the measurement of the polarization asymmetry
as a function of the scattering angle provides uncorrelated determinations of the left-right
asymmetry parametersAe and A . The determination of A¢ is not a ected by systematic
uncertainties on the knowledge of polarization distributions, so sin? &, can be extracted
with a precision similar to that of A ;. The vector and axial couplings of each lepton
species can be determined using the asymmetry measurements together withA; and
the three leptonic partial widths.

Similarly, individual measurements of heavy-quark vector and axial-vector couplings (for
b quarks, ¢ quarks and, possiblys quarks) can be determined from heavy-quark forward-
backward asymmetries together with the corresponding Z decay partial widths. These
observables are of particular interest given the special relationship of thé quark with the
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top quark, and, in case of supersymmetry models, to the sbottom and stop particles. The
precision increase with respect to LEP is further enhanced by the reduction in beam pipe
radius and the consequent improvement inb-tagging e ciency up to 80{90%.

The direct measurement of the electromagnetic coupling constant at the Z energy scale
oep (Mz) is an example of a fundamental parameters whose precision can be improved by
the projected large data samples. It can be measured with a relative statistical uncertainty
of the order of 3 10 ° via the muon forward-backward asymmetry measurement at two
0 -peak center-of-mass energies [66]. Most systematic uncertainties are common to both
energies and almost cancel in the slope determination. This direct determination of gep
is insensitive to sources of systematic uncertainties that a ect the classical method from the
dispersion integral over low energy €e ! hadrons data. Further improvements might be
possible with four experiments and using the other lepton asymmetries.

The unprecedented numbers of Z bosons and leptons produced allow us to perform many
other searches: examples include Z boson charged-lepton-number violating decays and
decays to three muons or to a muon and a photon. Details can be found in Section 8.

4.2 The W pair production threshold

The W boson mass (ny) and width ( ) can be determined from the W-pair threshold
cross section lineshape [56]. The left plot of Fig. 6 shows the W-pair cross section as a
function of the e e collision energy with my ( w) set at the central value of 80.385 GeV
(2.085 GeV), and with 1 GeV variation bands around the mass and width central values.
Sensitivities to my and y are di erent at di erent energies. The width dependence shows

a crossing point at 1623 GeV, where the cross section is insensitive toy. The values

of the two energy points, E1 and E», as well as the data luminosity fraction f delivered at
the higher energy, can be optimized to obtain the best results. Studies indicate that with
E1=157:5 GeV, E» = 162:5 GeV andf = 0:5 for an integrated luminosity of 12 ab 1, a
simultaneous t of my, and  tothe efe ! W*W cross section measurements yields
an accuracy of 0.5 MeV onmy and 1.2 MeV on  [67]. To reach this sensitivity, the
center-of-mass energies must be measured with an accuracy of 0.3 MeV, which is considered
doable given that (unlike at LEP) a good enough level of transverse polarization should be
achievable up to above the W pair threshold [8]. The point-to-point variation of the detector
acceptance (including that of the luminometer) and the W*W cross section prediction
must be controlled within O(10 4). In addition, the background must be known at the few
per-mil level. These conditions are less stringent than the requirements at the Z pole.

It can also be useful to take data at additional energy points, especially the points where
(d=dmwy) % d=d w) %, (d=dmy) % and (d=d w) ?! are equal, to reduce back-
ground and acceptance uncertainties [67]. These additional measurements can also serve to
disentangle possible new physics e ects. For example, the dependence of the"WW cross
section on the center-of-mass energy is di erent for the-channel neutrino exchange process
that dominates in the threshold region and TGC processes. Anomalous TGC contributions
would therefore lead to distinctive di erences in the W*W cross section lineshape.

The W boson mass and width can also be determined from the kinematic reconstruction
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Figure 6. Left: W*W production cross section as a function of the ge collision en-
ergy [9]. The central curve corresponds to the predictions obtained withmy, = 80:385 GeV
and w =2:085 GeV. Purple and green bands show the cross section curves obtained vary-
ing the W mass and width by 1 GeV. Right: Expected uncertainty contour for the S and

T parameters for various colliders in their rst energy stage [68, 40].

of the W*W decay products using fully-hadronic @qq¢ and semileptonic (qq" ) decay
events [67]. In both cases the reconstructed W mass values are obtained by imposing
the constraint that the total four-momentum in the event should be equal to the known
initial center-of-mass energy and zero momentum. The four-momentum constraints are
implemented by means of a kinematic t where the measured energies of jets and leptons
are adjusted within their measurement uncertainties. The reconstructed W mass resolution
can be further improved with the additional constraint of equal mass for both W bosons
in each event. With this methodology, it is estimated that the combined statistics of all
FCC-ee data would deliver a precision of around 1 MeV for yw and below 0.5 MeV for
my , matching the precision delivered by the threshold scan.

A simultaneous kinematic t of WW, ZZ and Z events, can lead to a determination of
mw =mz ratio where many systematic uncertainties common to the three channels can
cancel, and the W mass can be derived given the independent precision on the Z mass form
the Z peak data [67].

4.3 Global electroweak ts and theoretical challenges

With the discovery of the Higgs boson, all the parameters de ning the SM have been
measured, and global electroweak ts can be used to test the internal consistency of the
theory, while any deviation will constitute a de nite BSM signal. In addition, high-precision
measurements will enlarge the phase space over which signi cant deviations from the SM
predicted values can be observed in one or several observables. This search method can be
remarkably robust, sensitive to a wide variety of new physics models and potentially able to
distinguish between them. The right plot of Fig. 6 shows the projected uncertainty on theS
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and T parameters from a global t of EWPOs for di erent e *e colliders [10]. The FCC-ee
measurements at the Z pole, at the W W threshold, and at the tt threshold, give the best
sensitivity, even considering that the systematic errors are still very conservative.

The large number of precision observables and the unknown nature and scale of the new
physics that would be responsible e.g., for dark matter and the baryon asymmetry of the
Universe, leads to several dierent ways to t the data. In this chapter the Standard
Model E ective Field Theory (SMEFT) t is described, which is tailored to be sensitive
to decoupling new physics at high energy scale. A specic t (which could be included in
the SMEFT framework, as in [69]) can be made to enhance sensitivity to e.g., neutrino
mixing with heavy (above the Z mass and up to 1000 TeV) Neutral Leptons, for which
lepton family universality violation and energy-independent mixing with high mass states
would be introduced [70]. Such a t is described in the BSM section, leading to limits on
the mixing in the range of 10 4 to 10 °, independent of the heavy neutrino mass. Similarly,
other ts can be tailored for a variety of speci ¢ models. A systematic investigation in this
direction remains to be explored.

In the SMEFT, the renormalizable interactions in the SM are supplemented by higher-
dimensional operators. These are composed of all possible combinations of SM elds that
respect the SU(3)¢ SU(2). U(1)y gauge symmetries and Lorentz invariance. The
leading lepton-number-conserving e ects are parametrized by dimensiord = 6 operators
with unknown Wilson coe cients that could be generated by new particles with masses far
beyond the EW scale, assuming that these also respect the SM gauge symmetries. We then
consider just the dimension-6 SMEFT Lagrangian:
X g
Lsmerr = Lsm+  —0;

I
where the O; are the dimension-6 operators, represents the scale of new physics, and the
coe cients ¢ depend on the details of its structure. The projected constraints onc;= 2 for
several dimensional-6 operators in the SMEFT t are shown in Fig. 7. The complementarity
between the Higgs and EWPOs are clearly shown: constraints on some Wilson coe cients
are greatly improved using the combined Higgs and electroweak measurements. Further-
more, information on the nature of the new physics might be revealed from the pattern of
deviations between the di erent coe cients.

The anticipated experimental accuracy on EWPOs has to be matched with a theory predic-
tion of at least the same level of accuracy to make maximum use of the experimental data. A
highly dedicated and focused investment over the next one or two decades is needed by the
theoretical community to bring the state-of-the-art theory to the necessary level [71, 72, 73].
On one hand, theory inputs are required to extract interesting quantities, such as sif w or
my , from the data. In particular, next-to-next-to-leading (NNLO) electroweak corrections
and partial higher-order corrections will be needed for various pair production processes,
suchas ée ! ff orefe ! W*W [72], and these must be matched with new and
improved Monte Carlo programs that simulate multiple photon emission [74].

On the other hand, the ultimate goal of electroweak precision measurement is the search for
possible new physics e ects. To do this, the measurements need to be compared to at least
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Table 6: Estimated precision for the direct determination of several EWPOs at FCC-ee
(column 2), current intrinsic theory uncertainties for the prediction of these quantities
within the SM as well as the main sources of theory uncertainties (column 3), and estimated
projected intrinsic theory uncertainties when leading 3-loop corrections become available
(column 4) [72].

Quantity \ FCC-ee Current intrinsic theory uncertainty Projected intrinsic theory uncertainty
mw (MeV) 05 1 4(8% 2% 1

sin? , (10 %) | 0.6 45(8, 2y 1.5

z (MeV) 0.1 04(3 25, 3 0.15

Rp (10 %) 6 11(8, 2 5) 5

R- (10 d) 1 6(3 259 1.5

equally accurate theory predictions for the relevant quantities within the SM. For Z-pole
physics, it is estimated [72] that one will need NLO and leading N*LO QED corrections
for this purpose, which is at least one order beyond the current state of the art. As an
example, the estimated precision for several EWPOs at FCC-ee, current and projected
intrinsic theory errors are shown in Table 6.

To achieve these goals, new and improved calculational techniques for multiloop compu-
tations and new developments for Monte Carlo event generators are called for, but recent
developments on this front are encouraging [75, 76, 77].

Figure 7: The 68% probability reach forc;= 2 from a t to the EFT Lagrangian in Eq. (3.19)
of [40]. The right axis shows the corresponding bound on the new physics interaction scale.
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5 Top quark physics

Editors: P. Azzi, R. Demina, F. Simon, L. Skinnari, and M. Vos

It is expected that about a million tt events will be produced at the FCC-ee near and above
the production threshold. It does not sound like much compared to the order of magnitude
larger top sample already recorded by the LHC but it is the clean environment, the precise
knowledge of the collision energy and total momentum, and the ability to scan the center-
of-mass energy that make all the di erence. Hence, lepton colliders provide the ultimate
precision in the determination of many particles' properties. Precise measurements of the
properties of the top quark, the heaviest known elementary particle, are of great interest.
The value of the top quark mass,m¢, was constrained rst by the observation of BB mixing
by ARGUS and CLEO, later by the EW measurements at LEP/LEPII, and was nally
con rmed with the top quark discovery at the Tevatron [78, 79]. Precision measurements
of m¢ and my in turn helped to constrain the value of the Higgs boson mass. With both
particles discovered, the SM becomes overconstrained and further improvements in the
precision of its parameters allow us to probe for new physics. Yet, being discovered iop
collisions, and later studied in even greater detail at the LHC, the top quark has never
been produced using an e machine. The FCC-ee will close this crucial gap. Precision
in the top quark mass achievable at the FCC combined with the precise knowledge of the
top quark Yukawa coupling will provide an important test of the Higgs mechanism.

5.1 Precise determination of the top quark mass, width, and Yukawa
coupling

The top quark mass is one of the most important parameters of the SM. At hadronic ma-
chines there are two primary approaches to determiningm;: using the sum of the Lorentz
vectors of the top quark decay products and using the total or di erential production cross
section of tt pairs or single-top quarks (see Ref. [80] for a review). Both approaches su er
from signi cant systematic uncertainties. The uncertainty in the renormalization scale is
important for both approaches. In the former case, jet energy determination and modeling
of the hadronization and color connection of the decay products dominate the list of sys-
tematics, while in the latter case, since the initial state particles are proton constituents,
i.e. quarks or gluons, the knowledge of the parton density functions is one of the leading
limiting source of the systematic uncertainties. Moreover, the theoretical interpretation of
the result has some ambiguities [81]. The method that relies on the production cross section
and its behaviour near the threshold arguably is evaluating the pole mass. The kinematic
reconstruction on the other hand relies on the comparison of the observed distributions
with the ones predicted from Monte Carlo simulation, and thus even though the measured
parameter retains a relation with the pole mass, an additional uncertainty must be assigned
as suggested in Ref. [81]. For these reasons it is unlikely that the precision im; can be
pushed much below 0.5 GeV using data from a hadron machine.

Already before the discovery of the top quark, it was recognized that an €e machine has
the potential for a precise measurement oim; [82, 83, 84, 85] by comparing the measured
pair-production cross section to theory predictions. Today, these predictions have reached

27



N3LO QCD precision [86] and an NNLL resummation [87]. Here, the interpretation of
the m; measurement is straightforward since it is determined from the production cross
section behaviour at the threshold and thus is performed in a well-de ned mass scheme,
with results that can be transformed into other de nitions, such as MS or the pole mass
with small theoretical and parametric uncertainties [88]. Phenomenological studies of such
measurements have been performed in the context of di erent €e colliders [89, 90, 91, 92],
extending to parameters beyond the mass alone, and recently also considering theoretical
uncertainties [93]. The potential in the context of FCC-ee is discussed in the following.

In addition to the top quark mass, the behaviour of the production cross section at thett
threshold is dependent on the top quark width ¢, top quark Yukawa coupling y;, and the
strong coupling constant s. Figure 8 illustrates the dependence of thett production cross
section on these important SM parameters, calculated at RLO in QCD. Also shown are
the corrections to the theoretical cross section from initial state radiation (ISR) and due
to the collider luminosity spectrum (LS). The latter is where di erences between di erent
et e colliders appear, with FCC-ee providing an advantage over linear colliders due to
the absence of a pronounced beamstrahlung tail in the luminosity spectrum. The nal
observable cross section is obtained by the combination of both ISR and LS. The e ects of
yt and s on the cross section are highly correlated. The sensitivity to these parameters
arises due to the virtual exchange of a Higgs boson or a gluon between top quarks and anti-
guarks, which have similar e ects on the dependence of the cross section on the invariant
mass of the system. Luckily, s can be constrained to its value precisely evaluated at the
Z peak and its running established at the WW production threshold (section 7).

Figure 8: tt production cross section vs the center-of-mass energy near the threshold. The
e ects of the top quark mass, width, and the top quark Yukawa coupling and the strong
coupling constant on the theory cross section are indicated by the arrows. The e ects of ISR
(green) and the collider luminosity spectrum (LS) (blue) are also shown. The observable
cross section is given by the combination of both e ects (red). Figure taken from Ref. [94].

A study based on the techniques developed in [90, 93, 95] shows that with a total integrated
luminosity of 200 fb ! evenly split across eight di erent center-of-mass energies around the
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tt production threshold (340, 341, 341.5, 342, 343, 343.5, 344, and 345 GeW) can be
determined with a statistical precision of better than 9 MeV when assuming SM values for ;
and y; [94]. Uncertainties in the strong coupling constant lead to a parametric uncertainty
of around 3.2 MeV for an s uncertainty of 0.00012, as expected from the Z-pole program
described in section 7. Similarly, the 3.1% uncertainty iny; for the combination of HL-
LHC and FCC-ee shown in Table 4 translates into a parametric uncertainty in the mass of
approximately 5 MeV. Systematic uncertainties are expected to be on the order of a few tens
of MeV, with theory uncertainties being a dominant source. Currently, scale uncertainties
of N3LO QCD calculations translate to a systematic uncertainty of 45 MeV in m.

Additional parameters can be determined from multidimensional ts of the top threshold.
For example, m; and ; can be determined simultaneously with a statistical precision of
17MeV and 45 MeV, respectively.

5.2 Measurement of top quark electroweak couplings

The electroweak couplings of the top quark remain relatively unconstrained, as the previ-
ous generation of electron-positron colliders did not reach su cient energy to produce top
quarks. The Tevatron and LHC did probe the charged-current interaction vertex in top
quark decays and single-top-quark production [96]. The rare associated production pro-
cesses of top quarks with a photon, Z boson, or a Higgs boson observed at the LHC directly
probe the neutral current interactions of the top quark [97]. At the FCC-ee, top quark pair
production e*e ! =Z ! tt is mediated by a photon or a Z boson. Thus, measurements
of the tt cross section can probe the electroweak couplings and ttZ at the production
vertex.

The sensitivity of e" e colliders operated above thett production threshold to anomalous
electroweak couplings of the top quark is well-established [98, 99, 100, 89, 101]. Ref. [102]
has demonstrated that the couplings to the photon and the Z boson can be e ectively
disentangled at or slightly above thett production threshold by measuring the top quark
polarization, using the charged leptons from the top quark decay as polarimeters.

Ref. [102] projects a precision of 1(3) 10 2 for the anomalous vector coupling of (Z), and

of 1(2) 10 2 for the anomalous axial coupling. Any deviation of these couplings from the
SM values would signal the presence of new physics. An analysis of a circular-collider-like
scenario in Ref. [100] in the SMEFT con rms that the sensitivity to top quark electroweak
couplings exceeds that of the HL-LHC by an order of magnitude and demonstrates the
added value of é e collision data at a center-of-mass energy well above thé& production
threshold to disentangle four-fermion and two-fermion operators.

The precise measurement of top quark couplings to a photon or the Z boson are essential
to precisely determine the top quark Yukawa coupling at the FCC-hh [102]. While the top
quark Yukawa coupling can be determined with high statistical accuracy at hadron colliders,

it must be normalized to the ttZ process to reduce theoretical systematic uncertainties that
would otherwise dominate [35].
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5.3 Searches for FCNC interactions

Flavor-changing neutral current (FCNC) interactions constitute an excellent tool for con-
straining the SM and probing new physics in the top quark sector. FCNC interactions in the
top quark sector involve the exchange of a neutral boson (H; g; Z) rather than a W boson.
FCNCs are forbidden at tree level and highly suppressed in the SM, with branching ratios
of the order of 10 2 10 17, However, numerous extensions to the SM are expected to sig-
ni cantly enhance these rare FCNC interactions by contributing additional loop diagrams
mediated by new beyond-SM particles. Depending on the particular model, enhancements
to the order of 10* 10 are possible [9]. Therefore, signs of FCNC interactions involving
top quark production or decay would be a clear indication of physics beyond the SM.

At the FCC-ee, searches for top quark FCNCs can proceed using data collected above
the tt threshold of 365 GeV (1.5 ab!). Such searches would probe FCNCs in the decay
of a top quark from tt production. In addition, searc&es for anomalous single-top quark
production processes can pro t fromthe 5ab ! runat = s = 240 GeV, nominally dedicated
to HZ production. Preliminary studies have been performed in the ée ! Z= ! tq(iq)
channel, where the W boson from the top quark decays leptonically [9, 103]. These studies
showed an expected sensitivity to FCNC branching ratios {! q ,t! qgZ) of about 10 °,
which might further improve by considering the combination of the analysis for single-
top quark anomalous production in the leptonic and hadronic nal state, plus the results
obtained from the FCNC in the decay. Comparison of expected limits at 95% con dence
level on FCNC interactions in top quark production or decay are shown in Table 8.2 from
Ref. [10].

Improved sensitivity beyond the preliminary studies mentioned above are expected to
be possible. These searches rely on, e.g., precise jet reconstruction and bottom/charm
quark tagging algorithms. As pointed out in Ref. [104], using kinematic constraints in the
event reconstruction can improve reconstructed invariant masses and utilizing new tech-
niques, including machine-learning with particle- ow reconstruction, can provide enhanced
jet and event reconstruction. These will contribute to increase the sensitivity in FCNC
searches compared to the existing limit projections that utilize more traditional analysis
approaches [104].

5.4 Top program summary

To summarize, the US physicists played a crucial role in the top quark discovery at the
Tevatron and measurement of its properties at the same collider followed with even more
detailed studies performed at the LHC. There is no doubt that the opportunity to perform
the exquisite measurements of the top quark properties enabled by the FCC will excite the
US HEP physics community.
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6 Beyond the Standard Model

Editors: S. Antusch, A. Blondel, S. Heinemeyer, R. Gonzalez Suarez, E. Thomson, S. Willocq

While the FCC-ee will provide new insights into electroweak and Higgs physics through
the precise measurement of Z- and Higgs-boson properties |thereby providing indirect
sensitivity to physics beyond the Standard Model (BSM)| it will also open up signi cant
new phase space in the direct search for BSM physics. In particular, the FCC-ee program
will give access to feebly-interacting light particles in the mass range between 1 and
100 GeV. Such particles and interactions are predicted in a broad range of BSM theories,
addressing some of the key unanswered questions in particle physics [105]. These include
models addressing the electroweak hierarchy problem (e.g., neutral naturalness or relaxion
models), the origin of dark matter, the genesis of the baryon asymmetry of the Universe
(BAU), or the origin of neutrino masses. A dedicated Snowmass white paper on long lived
particle (LLP) searches at the FCC-ee [106] contains many more details.

The clean environment at the FCC-ee will allow for a considerably larger acceptance for
these searches than can be obtained at a hadron collider. For example, in channels with
associated Z-boson production as in Higgs-strahlung production, nearly all nal states can
be utilized, instead of just Z! €"e or decays (with a corresponding branching fraction
of only about 7%). The searches bene t from the inclusion of hadronic decay channels and
channels with missing transverse momentum, which severely limit the acceptance of BSM
searches for new light particles at hadron colliders due to trigger requirements and huge
QCD multijet backgrounds. Moreover, due to the small couplings being probed, many of the
searches involve LLPs and thus require experimental techniques to identify displaced vertices
and other unconventional signatures that further bene t from the clean environment.

Given the lack of BSM discoveries so far, it is critical that the model-focused search program
of future colliders be complemented by a model-agnostic e ort. Machine learning tools are
well-suited for this task, as they can e ciently explore high-dimensional feature spaces.
A variety of new methods have been proposed to do thisnomaly detection beyond the
standard classi cation approach (see e.g., Ref. [107]). In the context oé" e collisions [108],
there are multiple ways to implement such searches, and they may motivate aspects of the
detector design (e.g. forward energy resolution) and computing environment (e.g. a large
number of graphic processing units or GPUs) at FCC-ee. Such tools will be especially useful
in an electron-positron collider environment, where trigger criteria are not necessary.

6.1 Dark Sector / Hidden Sector

Models featuring axion-like particles (ALPs) are extensions of QCD axion models initially
proposed to solve the strong CP problem. In these models, ALPs can be considerably
heavier than the QCD axion and provide a mediator between particles of the dark matter
sector and SM patrticles. Whereas the ALP-photon coupling is rather strongly constrained
by astrophysics and beam-dump experiments at lower mass, the constraints in the ALP mass
range 1 100 GeV are much weaker [109] and potentially accessible at the FCC-ee via the
process ée ! a , with the ALP decaying according to a ! . The sensitivity reaches
couplings below 10 7 in much of this range, as shown in Fig. 9, extending current limits by
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up to four orders of magnitude [110]. Much of the sensitivity comes from Z-boson decays
collected during the Tera-Z data taking phase. At small values of the coupling, the ALP
lifetime is large enough to give rise to macroscopic decay lengths. The study in Ref. [110]
requires the decay to occur before the ALP reaches the electromagnetic calorimeter. The
ALP coupling to Z and Higgs bosons can also be probed via the processe ! Ha with
H! bband eithera! ora! “*° . Decaysto SM particles other than photons are less
constrained and provide an additional opportunity for ALP discovery at the FCC-ee.

Figure 9: Figure 8.18 from Ref. [68], showing exclusion limits on the coupling between
ALPs and photons as a function of the ALP mass. All curves correspond to 90% CL
exclusion limits, except for LHeC/FCC-eh (95% CL exclusion limits), FCC-ee (observation
of four signal events) and FCC-hh (observation of 100 signal events). The FCC-ee estimate
Borresponds to the combined results for integrated luminosities of 145, 20, and 5 ab at

s =91, 161, and 250 GeV, respectively [110].

Many BSM scenarios involve a dark (or hidden) sector that features its own matter and eld
content. In these scenarios, interactions between dark sector and SM particles may occur
via a neutral portal. Of particular interest are Higgs and vector portals. In the latter case,

a dark photon may mix kinetically with the SM hypercharge gauge boson with strength .
This possibility can be explored with the radiative-return process € e ! A° where the
dark photon decays according toA°!  * . The sensitivity to small values extends
downto 2 10 “%inthe maorange between 10 and 80 GeV [111]. Other possible avenues
to sear(bh for a dark photon or dark Z' boson have been investigated using'ee ! A'H or
Z'Hat = s=160 and 240 GeV [112].

In addition to the processes discussed above, the FCC-ee provides opportunities to search
for a wide range of other exotic Z-boson decays, in particular those motivated by dark sector
models. This takes advantage of the Tera-Z run and the ability to fully reconstruct nal
states with soft decay products or including particles escaping detection. Analysis of such
nal states requires the presence of high-momentum initial state radiation to be able to
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trigger on these events at a hadron collider, thereby signi cantly reducing the acceptance.
Decays into hadronic nal states also su er from high backgrounds at a hadron collider.
Depending on the nal state, the FCC-ee reaches 95% CL. exclusions on the branching
fraction that are 2-9 orders of magnitude lower than those that can be achieved at the
HL-LHC [113]. For example, the branching fraction exclusion for ' 4A°!  Jj in

a vector-portal model improves from about 10 2 to as low as 10 11, depending on model
parameters. For the fully-hadronic Z!  4A%! jjjj decay, the improvement is from 10 2
to 10 7.

Searches for exotic Z-boson decays into LLPs can also be carried out at the FCC-ee. In
particular, the sensitivity to long-lived light neutralinos predicted in R-parity-violating Su-
persymmetry exceeds what can be achieved at hadron colliders or even future experiments
dedicated to the search for LLPs. A coupling strength 9;,=m” as low as 15 10 > GeV ?

for m(~9) = 40 GeV can be reached forB(Z ! ~9-9) = 10 5, a limit at least an order
of magnitude stronger than can be achieved in any other future experiment [114]. Other
studies, as that of Z-boson decays into two-body hidden meson nal states [115], exhibit
similar gains in sensitivity.

One of the main goals of the FCC-ee program is to measure precisely Higgs boson couplings
to fermions and gauge bosons in order to nd deviations from SM predictions and thus hint
at new degrees of freedom. Another approach is to look directly for exotic decays of the
Higgs boson, taking advantage of the large sample of Higgs bosons produced. A systematic
search is therefore warranted. Exotic decays are predicted by many BSM theories [116, 117],
including extended scalar sectors, SUSY, Higgs or vector portal to dark sector models. The
search takes advantage of the full 4-momentum conservation available at FCC-ee to reduce
backgrounds in € e ! ZH events using the recoil mass. Compared with the reach at the
HL-LHC, the FCC-ee will probe exotic Higgs branching fractions that are one to four orders

of magnitude lower, down to several times 10°, as shown in Fig. 10 from Ref. [118]. The
gain in sensitivity is most pronounced in hadronic nal states (e.g., bb+ ESS). In several

of these there is no sensitivity at the HL-LHC. It should be noted that in this study, only

Z! " decays are used and further gains in sensitivity are possible by exploiting other
Z decay modes.

Traditional solutions (e.g., SUSY and Little Higgs) to the electroweak hierarchy problem
feature the presence of TeV-scale top-quark partners to control quadratic contributions to
the Higgs mass. However, no evidence for supersymmetric or vector-like top quarks has
been found at the LHC so far, up to masses of 1.2 1.6 TeV. This has motivated neutral
naturalness models in which the top partners are neutral under the SM gauge group (or
at least QCD) so that their cross section is small enough to evade searches at the LHC. In
this scenario, partner particles may form scalar bound states that mix with the SM Higgs
boson and thus decay into SM particles. Evidence for such states can be searched for in
egte | ZH events with Z! **° and the Higgs boson decaying into the exotic state,
yielding a displaced hadronic vertex signature in the detector. In the particular case of the
Folded SUSY model, stop masses up to about 800 GeV can be tested [119], a result that well
exceeds indirect constraints from precision Higgs measurement8(H ! ) speci cally).
Other models addressing the EW hierarchy problem like relaxion () models can also be
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Figure 10: Figure 12 from Ref. [118], showing exclusion upper limits on the branching
fraction of Higgs boson decays to di erent nal states. Limits for di erent future accelerator
proéects are compared. The integrated luminosity at the FCC-ee is assumed to be 30 ab
at ' s=240 GeV (5 ab ! is assumed in the CEPC case).

probed at the FCC-ee via the processte ! f f with | bb. While precision Higgs
measurements at the FCC-ee will exclude heavy relaxions down tm 8 GeV, the Tera-Z
run will extend the sensitivity down to about 3 GeV [120, 121].

6.2 Heavy Neutral Leptons

Three mysteries stand after the discovery of the Higgs boson: (i) the origin of the masses of
the neutrinos; (ii) the origin of the baryon asymmetry in the universe; and (iii) the nature

of dark matter. The FCC-ee provides an exciting opportunity to resolve these mysteries
with the discovery of heavy neutral leptons (HNLSs), in particular using the large sample of
Z bosons produced in early running at the Z resonance.

Experimental observations of neutrino avor oscillation show that neutrinos have mass. If
the masses of the neutrinos are at least partly generated by the Higgs mechanism, then
right-hnanded neutrinos must exist. The right-handed neutrino may also have a Majorana
mass termM since it has no weak isospin or charge in the Standard Model. The presence
of both mass terms leads to \seesaw" models that have eigenstates with low masses (the
observed neutrinos) and with heavier masses (heavy neutral leptons). The HNLs allow
generation of the baryon asymmetry, and the lightest HNL is even a candidate for dark
matter. If kinematically allowed, any process that involves \ordinary" neutrinos can
also occur with heavy neutral leptonsN, but suppressed by the mixing U, between the
right-handed neutrino with index a and the left-handed neutrino with index i.

A lepton collider can search for HNLs using a large sample of Z bosons produced resonantly.
The s-channel production of Z!' N followed by the decay of the long-lived heavy neutral
lepton N ! "W leads to a spectacular signature of a displaced vertex with signi cant
mass, which a rst analysis [122] indicated should be essentially background free. Figure 11
shows how such a possible decay &f at a future FCC-ee experiment would look like.

Discovery is possible over a large range of the parameter space of interest, as shown by
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Figure 11: Representation of an event display at an FCC-ee detector of a HNL decay into
an electron and a virtual W decaying hadronically. Courtesy of the FCC collaboration.

Fig. 12 from Ref. [70] where the color scale shows the potential for a large number of events
when the HNL decays inside the detector between 10 m and 1.22 m. The blue line is
the upper bound on the parameters that would explain the BAU from leptogenesis with
two Heavy Neutrinos. The grey bands show the current bounds from previous searches at
LEP and from neutrino oscillations data. Further, the mass of the HNL could be precisely
reconstructed from the mass of the displaced vertex, or, for su cient decay length, from
the time-of- ight, and the avor of the lepton would determine the avor-dependent mixing
U2=U?. The limits from the FCC-ee are complementary to xed target experiments like
SHIP that have sensitivity at lower masses and larger values ofJ. For higher masses, a
direct search is also possible at higher collider energies using thiechannel exchange of a W
boson, though this depends on the size of the coupling to electrondZ,.

The measurement of the invisible width of the Z boson is exquisitely sensitive to HNLs that
have higher masses or do not decay in the detector. Surprisingly, the run at the WW pair
production threshold can exploit the \radiative return" to the Z to obtain an extremely
precise measurement of the number of neutrino species, by taking the ratio of the number
of events with only the ISR photon to the number of events with an ISR photon and a
leptonic Z decay (see Sec. 3.2.3 of Ref. [9]). The excellent overall sensitivity of FCC-ee
compared to other FCC colliders is shown in Figure 12.

An essential prediction from the seesaw models is that the heavy neutrinos are Majorana
particles. The Majorana mass term is in e ect a particle to antiparticle transition, which
is one of the Sakharov conditions for the BAU generation. The processZ N or N is
at rst sight insensitive to such an e ect since both leptonic charges are produced. Closer
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Figure 12: Top left: Figure 11 from Ref. [70], showing the number of expected HNLs in
the Tera-Z run at the FCC-ee with 20 ab ! for parameters consistent with leptogenesis in
models with two HNLs. Results are shown for the normal neutrino mass ordering. Top
right: Figure 13.2 from Ref. [9] showing a summary of HNL search prospects at all FCC
facilities. Solid lines are shown for direct searches and the dashed line denotes the constraint
from EW precision measurements. These limits are taken from Ref. [123] where further
details of the signatures and searches can be found. Bottom: Fig 8.19 from the ESPP 2020
brie ng book [10], showing the FCC-ee sensitivity and complementarity with a compilation

of experiments on neutrino beams, beam dumps, at the LHC, and B factories. The direct
sensitivity curve at FCC-ee is the 95% exclusion limits in case of no observation in a sample
of 10'2 Z decays. The limit from precision measurements extends to high masses, up to
1000 TeV.
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Figure 13: Regions in the Uyi; M) plane where BAU generation can occur from decays into
two and three HNL particles. The contours for 4 events (bold lines) and 1 event (thinner
lines) are shown for the LLP displaced vertex analysis only, and an FCC-ee exposure of
5 10% Z decays. The 4-event lines corresponds to the 95% CL limit in case of no signal
observed. The 1-event line de nes the contour within which there is a better than 63%
chance to see one or more event { which for a background-free signal might constitute a
discovery. Curves are shown for observation at a 1.2 m radius volume. In addition, curves
are also shown for a putative 5 m radius volume as in the HECATE [124] setup, increasing
the sensitivity for the low mass and couplings regions of the parameter space (Fig. from
[106], where more details are given on the BAU limits).

investigation, however, shows that, on a statistical basis, di erences exist that allow di er-
entiation between the two hypotheses; this possibility is discussed in detail in the FCC-LLP
Snowmass white paper [106].

The most sensitive access to this question is obtained when the HNL is long lived, so that
on an event-by-event basis the decay length and the time-of- ight can be determined. This,
thanks to the two-body kinematics of the process, allows determination of both the mass
and the proper decay time. For HNL mass which is well above the tau mass, the inclusive
Z! N branching ratio and the average HNL decay rate are I{r,)oth proportional to the same
combination of light to heavy neutrino couplings, jUy j? e jUnj%. For a given

HNL mass and given the observed production rate, the average HNL lifetime can be thus
be predicted, but is twice shorter for a Majorana HNL than for a Dirac particle, because the

Majorana particle can decay both in the lepton-number conserving and violating channels,
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thus in twice as many nal states.

The Dirac vs. Majorana information can also be retrieved from the spin conservation com-
bined with the intrinsic parity violation in Z production and decay. Both the charge forward-
backward asymmetry and the nal state lepton spectrum (from the HNL spin-polarization)
provide analysis power even in the case of a prompt HNL decay [125]. Also, in the case of
the HNLdecayN ! ~ ° | the interference between the Z- and W-induced decay leads to
observable e ects sensitive to the Dirac or Majorana nature of the HNL [126].

A detailed simulation and reconstruction of the process will be necessary and of great
interest to understand how much statistics will be required, rst to establish the existence
of the new particle, and then to establish the possible existence of a lepton number violating
process (Majorana or Dirac nature). This will also lead to the identi cation of specic
detector requirements to optimize the discovery potential. Compared to the detectors that
have been so far proposed for the Higgs studies, the most straightforward improvement
appears to be an increase in the detector size with an HNL catcher as in the HECATE
proposal [124] taking advantage of the large size of the caverns in provision for the FCC-hh
detectors. The gain in sensitivity is shown in Fig. 13. Another evident requirement will be to
ensure adequate time-of- ight coverage for HNL decays occurring anywhere in the detector,
from the vicinity of the luminosity diamond to deep into the calorimeters or magnetic ux
return volumes. Finally, it will be essential that the data acquisition be trigger-free.

7 QCD physics
Editors: D. d'Enterria, and S. Eno

A precise knowledge of the strong force is a prerequisite to properly interpret all collider
measurements in precision SM studies and BSM searches. From color-connection between
guark-jets in the decays of weak bosons, to form-factors that in uence tests of avor univer-
sality in heavy-quark hadron decays, to virtual loops of quarks (and at higher order, gluons)
a ecting even measurements with only leptons in the initial and nal states, understand-
ing QCD is key to reducing the systematic experimental and theoretical uncertainties on an
enormous variety of observables. And of course, studies of the strong force are interesting in
their own right, QCD being arguably the most dynamically rich and computationally chal-
lenging of the SM forces. As new techniques are developed to further improve the precision
of the theoretical calculations including higher xed-order, log-resummed, and mixed QCD-
EW corrections, increasingly clean and high statistics data sets are required to validate the
predictions. Important questions include: what are con gurations where perturbative calcu-
lations appear to be unexpectedly inadequate; can we improve the understanding of soft and
collinear parton evolution in jet showers, as well as any other multiscale observable a ected
by logarithmic resummation corrections, to a level of precision and accuracy matching those
of the xed-order calculations; is there important physics missing from current phenomeno-
logical hadronization models; can we reduce the uncertainty of the QCD coupling constant
S(mg) well below the O(1%) current precision; can we improve mixed perturbative ex-
pansions in both s and ; are there currently undiscovered stable con gurations of quarks
and gluons; will perturbative QCD factorization continue to be an adequate assumption at
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FCC-eh and FCC-hh energies; and are there other charged heavy stable particles that a ect
the running of s at the very high energy scales probed by FCC-hh (the way the top quark
inuence on g sets the scale of the proton mass [127])7?

The clean environment and huge data samples available at FCC-ee will deeply probe all
theses these questions. The FCC-ee o ers unique possibilities for high-precision studies of
the strong interaction in the clean environment provided by € e collisions, thanks to its
broad span of center-of-mass energies ranging from the Z pole to the top-pair threshold,
and its huge integrated luminosities yielding 132 and 1 jets from Z and W bosons decays,
respectively, as well as 19 pure gluon jets from Higgs boson decays. In this chapter, we sum-
marize studies detailed in e.g. [6, 128, 129, 130, 131] on the impact the FCC-ee will have on
our knowledge of the strong force. The main QCD physics possibilities include: (i) s(m2)
strong coupling extractions with permil uncertainties, (ii) parton radiation and parton-to-
hadron fragmentation functions (splitting functions at NNLO, small- z NNLL resummations,
global FF ts, parton shower MC generators, ...), (iii) jet properties (light-quark{gluon
discrimination, e e event shapes and multijet rates at NNLO+N"LL, jet broadening and
angularities, jet substructure, jet charge determination, € e jet reconstruction algorithms,
etc.), (iii) heavy-quark jets (dead cone e ect, charm-bottom separation, gluon-to-cc; b split-
ting, etc.); and (iv) nonperturbative QCD phenomena (color reconnection, baryon and
strangeness production, Bose-Einstein and Fermi-Dirac nal-state correlations, color string
dynamics: spin e ects, helix hadronization, ...). A few physics cases are just brie y dis-
cussed below.

7.1 Strong coupling constant

The strong coupling constant is one of the fundamental constants of nature. The precision of
all calculations of observables (cross sections, decays,...) that are sensitive, either directly
or virtually, to quarks and gluons depend on its accurate determination. However, the
current uncertainty on s(m%) is 0.85% [2], making it the least well-known of the four SM
interaction couplings (g, g', G, and s). The most precise extraction is that from lattice
QCD [132] (0.1182 0.0008, with a 0.6% uncertainty) where experimental input is used to
set the \physical scale". Scale sources depend on the calculational method used, but various
lattice collaborations have usedf |, f , the proton mass, the mass, quarkonium spectra or
measurements of g from colliders, among others [132]). The value of S(m%) dominates the
parametric uncertainties in the theoretical predictions of electroweak observables, limiting
our ability to probe high energy scales via precision electroweak ts. Table 2 of Ref. [133]
indicates these uncertainties dominate theory uncertainties on the Z width and the ratio of
the bb to total and lepton to total Z hadronic cross sections. Table 5 of this reference also
indicates that uncertainties in s are an important uncertainty in the branching fraction

of Higgs to gluons, and tocc pairs. An precise knowledge of s is also mandatory for an
accurate extraction of the top-quark mass by comparing the experimental threshold cross
sections, é e ! tt, to the theoretical predictions [81].

A circular electron-positron collider running at the Z pole provides the ideal environment
to reduce the s(m2) uncertainty. The strong coupling can be measured to better than
0.1%, with an integrated luminosity of 4:6 10%¢cm 2s ! exploiting three Z-boson hadronic
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pseudo-observables [63] (Fig. 14, left). The theoretical uncertainties can be arbitrarily
reduced by systematically incorporating missing higher-order QCD and mixed QCD+EW
corrections [134, 135, 133], leading to an almost guarantee of unprecedented precision.
The uncertainty can be further reduced by using measurements from the large samples of
hadronic W boson [136, 63] (Fig. 14, right) and -lepton [137] decays, as well as studying
jet production rates and event shapes [138], especially as experimental systematics are
understood and reduced to the level of the FCC-ee statistical uncertainties. Currently the
systematic uncertainty on s [2] extracted from decays is 1.6%, and from hadronic nal
states at electron-positron colliders is 2.6% [2]. The authors of Ref. [131] note that jet
grooming techniques may reduce hadronization and other nonperturbative uncertainties,
although a systematic study of these techniques at FCC-ee energies is needed.

Figure 14: Z2-proles of g(mz) extracted from the expected Z-boson (left) and W-boson
(right) hadronic observables at FCC-ee (blue parabolas) compared to the PDG world av-
erage (orange band). The Z-boson result is centered at its current LEP-based value of

S(m§) =0:1203, whereas the W-boson result is arbitrarily set to the PDG world s(m%)
average. Figs. from Ref. [63].

7.2 Parton showering and nonperturbative QCD

The clean environment of FCC-ee will also provide enormous (multi)jet data samples to
improve our understanding of parton showers, higher-order logarithmic resummations, as
well as hadronization and nonperturbative phenomena. QCD e ects, such as b-quark show-
ering and hadronization, are for example the leading sources of systematic uncertainty
in the measurement of the forward-backward asymmetry of b quarks in €e collisions
at LEP, Af?jb = 0:0992 0:0015 0:0007, which remains today the electroweak preci-
sion observable with the largest disagreement (2.4) with respect to the SM prediction,
(Af?jb)th = 0:1030 0:0002 [1]. Conrmation or resolution of this long-term discrepancy
requires a Tera-Z machine collecting orders-of-magnitude more data at the Z pole to sig-
ni cantly reduce the current statistical and systematic uncertainties [139]. Other examples
discussed in Refs. [128, 136] include measurements of event shape variable, jet multiplici-
ties, particle spectra by particle type, etc. that typically had uncertainties of order 10% at
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LEP.

Non-perturbative uncertainties from nal-state hadronic e ects linked to power-suppressed
infrared phenomena such as color reconnection (CR), hadronization, and multiparticle cor-
relations (in spin, color, space, momenta) | which cannot be currently computed from
rst-principles QCD and often rely on phenomenological Monte Carlo modeling{ will be also
precisely studied at the FCC-ee [129]. In &€e ! tt, as the top quarks decay and hadronize
close to each other, interaction and interference between them, their decay bottom quarks,
and/or any radiated gluons a ect the rearrangement of the color ow and thereby the kine-
matic distributions of the nal hadronic state. Whereas the perturbative radiation in the
process can be in principle theoretically controlled, there is a CR \cross talk" among the
produced hadronic strings that can only be modelled phenomenologically [140]. In the pp
case, such CR e ects can decrease the precision that can be achieved in the extraction of
the top mass, and constitute 20{40% of its uncertainty [141]. Color reconnection can also
impact limits for CP-violation searches in H! W*W hadronic decays [142]. Searches
for such e ects can be optimally studied in the process €e | W*W | 10,037, [142],
where CR can lead to the formation of alternative \ ipped" singlets q 19, and gzg,, and
correspondingly more complicated string topologies [143]. The combination of results from
all four LEP collaborations excluded the no-CR null hypothesis at 99.5% CL [56], but the
size of the WW data sample was too small for any quantitative studies. At the FCC-ee, with
the W mass determined to better than 1 MeV by a threshold scan, the semileptonic WW
measurements (una ected by CR) can be used to probe the impact of CR in the hadronic
WW events [129, 9].

The enormous data sets available at the Tera-Z will certainly lead to negligible statisti-
cal (and improved systematic) uncertainties of such observables, sensitive to the geometric
pattern of soft QCD interference that are instrumental to our understanding of the strong
interaction at all orders. As an example, in Ref. [144] (from 2004), the systematic un-
certainty due to modeling of charged particles was obtained by varying the track quality
selection requirements in the simulated samples until the observed and predicted number
of selected events agreed. Especially, as noted in the section on determination of charged
multiplicity, uncertainties in the tracking e ciency at low momentum were important. How-
ever, even at the LHC, with larger uncertainties on particle production due to underlying
event, multiple parton scattering, etc. and denser and more-forward (and therefore more
challenging to model) track production, the data-simulation agreement for a basic quantity
such as number of selected events is usually better than this. Further improvement in gen-
erators, trackers with less material, higher reconstruction e ciency and wider angular and
momentum acceptance, and improvements in the detector simulation GEANT4 code [145]
will only reduce the systematic uncertainties. State-of-the-art detectors |with advanced
hadron identi cation capabilities (e.g., via timing, d E=dx, and/or d N=dx, see Section 10)|
and modern data analysis methods, e.g., by exploiting the jet substructure and the Lund
plane approaches [146, 147], should further reduce these uncertainties, leading to much
improved tests and understanding of strong force calculations.

In summary, the FCC-ee provides a unique opportunity for reducing the uncertainty of the
strong coupling constant to the permil level, and for improving our theoretical understand-
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ing of all QCD dynamical regimes ( xed-order, resummation, nonperturbative, etc.) to a
similar level of precision. In particular, a ten-times improved determination of the
strong coupling requires a Tera-Z facility. FCC-ee, FCC-hh, and FCC-eh provide a
complementary frontier to studies that probe the high density QCD regime at the future
electron-ion collider (EIC) at Brookhaven National Laboratory. It is hard to imagine a
better set of laboratories for studying the strong force.

8 Flavor physics

Editors: W. Altmannshofer, M. Dam, D. Hill, G. Isidori, G. Landsberg, R. Novotny,
A. Pich

The Z pole run of the FCC-ee will provide unprecedented data samples o®(5 10%?) Z

bosons decaying into 21 b, Z! cc,and Z! * events that will be recorded without
any triggers or prescales. This provides the opportunity to enrich the knowledge of the avor
physics of quarks and leptons both quantitatively and qualitatively. The avor program of

FCC-ee will be a natural continuation of the upgraded LHCb experiment run at the LHC

[148] and the Belle 1l experiment [149]. The anticipated production yields of heavy- avored
particles at FCC-ee are compared to the Belle Il experiment in Table 7.

Table 7: Expected production yields of heavy- avored particles at Belle 11 (50 ab 1) and
FCC-ee (Z pole). TheX=X represents the production of aB -hadron or its charge conjugated
state. The Z branching fractions and hadronization rates are taken from [2].

Particle production (10%) B°=B° B*=B BO=B. B}!=B, =, c °
Belle 11 27.5 27.5 n/a n/a n/a 65 45
FCC-ee 620 620 150 4 130 600 170

8.1 Decays of b- avored hadrons

As shown in Table 7, the Z pole run of the FCC-ee will produceO(10%2) neutral and charged

B mesons, 10 B mesons and |, baryons, as well as few 10° B, mesons. The huge
sample ofb- avored hadrons in an experimentally clean € e environment combined with

the large boost from the decay of the Z boson will enable a ricty decay program at FCC-ee
with unique sensitivities.

Leptonic and semileptonic avor changing neutral current decays: In recent
years, the semileptonic decay®8 ! K()ete and B ! K() *  have attracted con-
siderable attention due to a number of persistent 2 3 tensions between data and SM
expectations, in particular in the lepton avor universality ratios Ry () [150, 151, 152], and
the angular observableP? [153]. With an expected B meson data set that exceeds that
of Belle Il by an order of magnitude, FCC-ee is well-positioned to provide an independent
con rmation of these so-called \B anomalies”, should they indeed be signs of new physics.
If con rmed, the anomalies in the rare B decays establish a generic new physics scale of
35 TeV [154, 155] and thus provide clear targets for direct searches at FCC-hh.
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Figure 15: Left: Reconstructed dimuon invariant mass ofB° ! + and Bg! *
candidates for 5 10'? Z decays (from [156]). Right: Reconstructedk *  invariant mass
of B°! K ©* candidates based on 15 Z decays. The signal component is shown in
green. Backgrounds fromBs ! DD K and B®! DIK ° are in red and pink,
respectively (from [157]).

Of particular interest are tauonic and semitauonic decays, for which FCC-ee has unique
sensitivities. Current bounds on the branching ratios of decays likeBs ! * , BO !

* L,and B! KO) * | are still several orders of magnitude above the SM predic-
tions [158, 159, 160, 161]. Sensitivities will improve at the HL-LHC and at Belle 11 [148, 149]
but cannot reach the SM. Precision measurements of these decays are highly motivated
to complete the studies of lepton avor universality in b! s and b! d— decays.
Many BSM scenarios predict characteristic e ects in the decays with taus in the nal
state [162, 163, 164, 165]. The8 ! K * decay is a particularly rich laboratory to
probe new physics. Using three-prong tau decays and assuming high precision vertex re-
construction, it has been shown that this decay can be fully reconstructed at Z-pole ma-
chines [157, 166]. At the FCC-eeO(10%) cleanly reconstructed SM events can be expected
(Fig. 15, right). Such an event sample will not only allow a precision measurement of the
B! K * branching ratio, but also opens up the possibility of measuring the angular
distribution of the decay [157].

The leptonic decaysBs! * andB°! * have extremely small branching ratios in
the SM of (3:66 0:14) 10 ° and (1:03 0:05) 10 19 respectively [167]. Their well known
tiny branching ratios make them highly sensitive probes of new physics [168, 169, 170].
The Bg ! * decay has been observed at the LHC, but so far only upper bounds
exist for B! *  [171, 172, 173, 174]. Observation oB®! * s in reach of the
HL-LHC [175]. One advantage of FCC-ee over the LHC is the excellent mass resolution
that allows a clear separation of the B and B9 signals in the dimuon invariant mass
spectrum (Fig. 15, left). Starting from 5 102 Z decays, one expects 540 reconstructed
Bs! * eventsand 70 reconstructedB®! *  eventsin the SM [156]. Important
for the the observation of B! *  at FCC-ee will be the control of the B®1 *
background, using particle identi cation techniques such as d&E=dx, time of ight, and
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Cherenkov detectors. With high performance avor tagging, also measurements of CP
asymmetries inBg! ¥ might become possible at FCC-ee.

Decays with missing energy: The FCNC decaysB! K —andB ! K — are well
established probes of new physics [176, 177]. Belle Il is expected to make rst observation
of these decays and measure their branching ratios with an uncertainty of 10% [149].
Given the expected number ofB mesons produced at a Z-pole run, FCC-ee should be able
to further improve these measurements, which is highly motivated given that theses decays
are theoretically well understood. Moreover, FCC-ee has the unigque opportunity to measure
the related decaysBg ! ~ b! —,and evenB.! Dg ~ with comparable precision.
Combining the results from the whole family of b! s decays, i.e. the pseudoscalar to
pseudoscalar transitionsB ! K ~andB.! Dg —, the pseudoscalar to vector transitions
B! K ~andBg! —, and the fermion to fermion transition ! -, will be a

powerful way to probe BSM physics.

B. physics: The B. meson is still largely uncharted territory. While several of its decay
modes have been observed by LHCb, little quantitative information exists about its decay
branching ratios due to the lack of established normalization modes. Very interesting are
the theoretically clean leptonic decaysB ! and B ! that have new physics
sensitivity that complements the well studied decay modesB ! andB! D() . The
ratio B(B ! )=B(B¢! ) is of particular interest in view of the existing anomalies in
the lepton avor universality ratios Ry (). B. mesons are not produced at Belle II, and the
limited nal state information that is available renders a measurement of B ! infeasible
at hadron colliders. FCC-ee is in a unique position to make precision measurements &f;
decays. While theB. was not observed at LEP, one expects as many as fewl®® B, mesons
from the Z-pole run of FCC-ee. Starting from 5 10'? Z decays and assuming the SM

branching ratio of B(B¢ ! )= (1:95 0:09)% [178] one can expect a huge SM signal
yield. Using three-prong tau decays, the study [178] nds that a high purity signal sample
containing  4000B.! decays is achievable. Such a sample would allow thB, !
branching ratio to be determined with a few percent precision. Compared toB. ! , the
branching ratio of B ! is suppressed by a factor m?=m? 3 10 2. Still, one can
expect O(10°) B! events at FCC-ee. A precision measurement oB(B. ! ) will
require good control over the background fromB. ! with !

8.2 Precise CKM and CP-violation parameters studies

The measurement of CKM angles and the CP-violation parameters are of high interest and
since many of the observables in CP-violation studies are very precisely predicted they war-
rant continued experimental attention. All current experimental results exhibit remarkable
agreement with the SM predictions, however, they still leave room for BSM contributions
to CP-violating transitions. The measurements, that become limited by systematic biases
at the LHC, will benet from the cleaner and very di erent environment of the FCC-ee,
especially decay modes involvinds, B or b-baryons with neutral nal state particles. Due
to better particle identi cation, it is expected that avor-tagging e ciency will be signi -
cantly higher than in the LHC era. This will be a large advantage for any time-dependent
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measurement.

The measurement of CP violation parameters in theBy.s meson mixing have been well
established in many b hadron decays. These systems are very sensitive to any new BSM
contribution because the box diagrams that drive the oscillations and carry CP-violating
phases are the neutral entry point for any new BSM particle. To probe deviations from
the SM predictions and test the BSM models, increased precision ojV,j and is required
[179]. Considering the sample size collected at FCC-ee, it will be possible to measure the
relevant observables with similar or better precision to previous experiments [9, 180].

A particular strength of the FCC-ee avor program will be the ability to make very sensitive
studies of decays containing neutral particles. This possibility will enable to measure various
CP-violating asymmetries such as time-dependent CP asymmetry irB%1  © 0 decay or
measurement of CP asymmetry inB | DK (where D indicates a superposition ofD°
and 50) and Bg ! Dé) K . Another benet of the FCC-ee environment will be the
possibility to measure semileptonic CP-violating asymmetries and determinations of the
jVub=Verj performed with B mesons and 1, baryons that are not accessible at current
experiments with enough precision.

All these measurements are sensitive to various parameters of the CKM triangle. It is
expected that FCC-ee will provide precise determination ofjVqyj, and the semileptonic
asymmetries & and &S, that are key parameters for the CKM. It is expected that rst
observation of CP-violation in B mixing will be within reach and the analysis of the BSM
contributions in box mixing processes will provide valuable test of BSM physics. Assuming
the minimum avor violation scenario, where the new avor structures are aligned with the
SM Yukawa couplings, the energy scale up to 20 TeV can be probed.

8.3 Charged-lepton avor violating decays

The unprecedented number of Z bosons (5 10) and a large sample of Higgs bosons
(  10°) expected to be produced at FCC-ee open up a very rich program of searches for
charged-lepton avor violation (CLFV). In the following, we review the expected sensitivity
coming from a number of dedicated studies, as well as a few ideas that have not been
explored in detail yet.

8.3.1 Higgs boson avor violating decays to leptons

The present best direct limits on the branching fractions of the H! e ,H! e, and
H! decays are 6 10 ®[43],22 10 °[181],and 15 10 3[181] at 95% CL, respectively.
Indirect limits from searches for ! e conversion by the MEG experiment [182] can be
interpreted as indirect limits on B(H ! e ) < 10 8. Present indirect limits from analogous

I e or ! decays on the corresponding branching fractions of CLFV Higgs boson
decays are 10%, i.e. weaker than the direct limits. While the direct limits will continue
improving as (HL-)LHC accumulates more data, the improvement will be less than an order
of magnitude.

With about one million Higgs bosons produced in association with the Z boson at FCC-ee,
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about the same sensitivity in the e channel and about a factor of two better sensitivity in
the other two channels as after full HL-LHC running can be obtained: 12 10 °, 1.6 10 4,
and 1:4 10 *, respectively [183]. In these studies, only the dominant Z( ) decay channel
was considered, which is not background-free in the channels. In addition, the decay
is reconstructed only in the muonic (electronic) channel for the H! e (H ! ) decay,
which corresponds to only 17% branching fraction. Considering other decay channels of the

lepton, in particularly hadronic decay mode, as well as cleaner decay modes of the Z boson,
may result in a further improvement of the FCC-ee sensitivity to these LFV processes.

8.3.2 Z boson charged-lepton avor violating decays

The improvement compared to the HL-LHC is expected to be signi cantly better for the

LFV Z boson decays. The most stringent limits on the branching fractions of the Z! e |,

Z! e,andZ! to date come from the LHC experiments and amountto 75 10 7 [184],

5.0 10 ©[185], and 85 10 © [185] at 95% CL, respectively. The sensitivity is expected
to improve to 10 7 (10 ©) level in the e (* ) channels at the HL-LHC.

With 5 10 Z bosons produced at FCC-ee, the sensitivity to the branching fractions of
theZ! e and Z! decays is expected to reach 1@ level [186], while for the Z! e
decay it is expected to be in the range 10 to 10 8, depending on to which degree the
major background from Z! decays with a muon being misreconstructed as an electron
can be controlled (e.g., using &=dx information) [186]. This corresponds to up to three
orders of magnitude improvement achievable at FCC-ee.

8.3.3 Decays of the tau to three muons and to a muon and a photon

The current best limit on B( ! 3 ) comes from Belle [187] and is 4 10 & at 90%
CL. The LHCb experiment set a limit of 4:6 10 & using leptons copiously produced
in B and D meson decays, based on an integrated luminosity of 3 fid at 7{8 TeV [188].
Given that the upgraded LHCb detector at HL-LHC is expected to record about 100 times
that amount of data, and at a higher production cross section at 14 TeV, the sensitivity
is expected to improve by only about an order of magnitude (as in the Belle case, there is
sizable background). The CMS measurement [189] using both heavy- avor and W
channels based on 36 fb* of data at 13 TeV set a limit of 8:0 10 & at 90% CL on this
branching fraction. With full HL-LHC data set, an improvement by about an order of
magnitude is expected, similar to that in LHCb.

Projected sensitivity from Belle Il on this branching fraction will reach 3:3 10 10 [149].
Given that the number of leptons produced at Belle Il is about 4 times less than in the
Z! * atFCC-ee (as shown in Table 7), FCC-ee is expected to reach sensitivity 10 1°
to this branching fraction [186], which is a few times better than the expected sensitivity
at Belle 1.

The sensitivity to the ! decay branching fraction at FCC-ee is expected to reach about

2 10 °[186]. Preliminary studies done for Belle Il expect about 5 times better sensitivity,
thanks to the beam energy constraint that helps eliminating the dominante'e ! *
background [190, 149]. Nevertheless, subsequent FCC-ee studies [191] suggested that the
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2 10 ° sensitivity may be a conservative estimate, thus bringing FCC-ee and Belle Il
sensitivities closer.

A number of other CLFV tau decays can be studied at FCC-ee, similar to what has been
achieved by the B factories. Particle identi cation, which will be available in the FCC-ee
detectors, should make these measurements highly competitive with the ultimate precision
achievable in Belle II.

8.3.4 Other measurements with tau leptons

Finally, the large  samples expected at FCC-ee, should allow to measure the lepton
lifetime to an absolute precision of 0.04 fs (10* relative precision) and leptonic branching
fractions to an absolute precision of 3 10 ° (2 10 “ relative precision) [186]. This
would allow to measure the Fermi constant in decays to a similar or even higher precision
(potentially as good as 10 ° if the systematic uncertainties can be kept at the same level
as the statistical ones). Comparing this number with the canonicalGg measurement based
on the muon lifetime [2], o ers another way of probing new physics possibly responsible for
non- avor-universal couplings, as shown in Fig. 16 [186].

Figure 16: Branching fractionof ! e vs. lepton lifetime. The current world averages
of the direct measurements are indicated with the blue ellipse, while the projected FCC-ee
accuracy is given by the yellow ellipse (from Ref. [186]). The red line corresponds to the
prediction based on lepton universality given the present world-average value lepton mass,
which may be further improved by the current and proposed charm factories in the future.

Another direct test of lepton favor universality can be achieved at FCC-ee by the precision
simultaneous measurement of the branching fractions of the ! — and ! e,
decays. The present 2 10 3 precision [2] in these branching fractions is still unchallenged
since the LEP times, where it was possible to control the systematic uncertainties very well.
The FCC-ee will be able to achieve the statistical precision of 10 ° in these branching
fraction measurements [191]. Detailed studies are needed to demonstrate that the system-
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atic uncertainties in the ratio of the two branching fractions can be kept under control.
This might require not just the experimental improvements, but also full understanding of
radiative corrections to leptonic tau decays. These studies will be continued in the future,
and have a potential to provide most stringent lepton universality tests achievable.

Several other important measurements in the tau sector, presently dominated by the LEP
data, will be signi cantly improved at the FCC-ee, e.g., the measurement of the spectral
functions needed to determine the strong coupling s and the Cabibbo mixing Vs from
hadronic tau decays. These would allow precision tests of QCD at a qualitatively new level
of accuracy.

9 FCC-hh and FCC-ep physics

Editors: E. Barberis, R. Harris, M. Mangano, M. Selvaggi, and L.-T. Wang

The FCC project begins with an exploration of the precision frontier at FCC-ee and cul-
minates with the deepest possible probe of the energy frontier at FCC-hh [7]. A 100 TeV
proton-proton collider, within the tunnel built for FCC-ee, is a pragmatic and familiar
plan to attain a machine with the highest discovery potential. The crucial motivations of
FCC-hh are outlined below, but rst we point out that that these two stages of FCC are
coherent. FCC-hh builds on the precision Higgs measurements of FCC-ee, complementing
and extending them. The FCC-hh would be needed to understand the nature of any new
physics indirectly observed at FCC-ee, providing many additional channels for measurement
and discovery and a broad program of physics, resulting from the many types of partons of
varying momentum within colliding protons, interacting both strongly and weakly.

9.1 FCC-hh

The experimental motivation for FCC-hh is the exploration of the energy frontier. By
virtue of the increased collision energy compared to LHC, with su cient integrated lumi-
nosity [192] FCC-hh can proportionally extend the mass reach for discovery of many new
phenomena. For example, Fig. 17 taken from Ref. [193] shows the sensitivity to a dijet
resonance, typically the earliest search for new physics conducted at hadron colliders, and
demonstrates that the mass reach of FCC-hh with 30 ab! is roughly six times that of
HL-LHC with 3 ab 1. The advantage of energy is realized soon after turning on FCC-hh,
as shown in Fig. 18 by the huge ratio of parton-luminosities compared to HL-LHC, for nal
states with large masses for HL-LHC which are relatively small masses for FCC-hh. With
just 10 fb ! of integrated luminosity, accumulated during the rst year of data taking, the
mass reach for strongly produced objects like a coloron or an excited quark, is already three
times that of HL-LHC with a full 3 ab !, and well beyond the HL-LHC total collision
energy. A modest additional mass reach beyond the baseline can be reached by running
at higher luminosity. For this phenomena, with 100 ab ! at FCC-hh, a factor of seven in-
crease in mass reach is achieved over HL-LHC, fully proportional to the increase in collision
energy.

FCC-hh will help to address some of the most important outstanding questions in particle
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Figure 17: Comparison of the sensitivity of HL-LHC and FCC-hh for models of new physics.
Left: The 5 discovery sensitivity for dijet resonances as a function of integrated luminosity
from Ref. [193]. Right: The 5 discovery and 95% CL exclusion sensitivities at baseline
integrated luminosity for dijet resonances and for a top squark from Ref. [193, 9, 194, 68].

physics and cosmology, such as the mechanism of electroweak symmetry breaking and the
nature of dark matter. Additional particles are needed to extend the standard model to
answer these questions. The 100 TeV collision energy of FCC-hh not only increases the
sensitive mass range for the discovery of such new patrticles, but it is necessary and su cient
to give clear answers in critical areas. For example, the nature of the Higgs potential, and
whether thermal weakly interacting massive particles (WIMPSs) are the dark matter.

FCC-hh will measure the properties of the Higgs boson with unprecedented precision. With
30 ab 1 it will produce over 20 billion Higgs particles, and over 30 million Higgs pairs, more
than a hundred times the HL-LHC. This will allow the measurement of Higgs couplings
within 1% as tabulated in Table 8. The large center-of-mass energy of the FCC-hh will also
enable the precise measurement of the di erential cross section of Higgs bosons produced
with large transverse momentum, pr. These measurements could reach a precision of up
to 10%, for pt values in excess of 1 TeV, allowing FCC-hh to probe new physics via the
presence of higher-dimension operators within an EFT framework.

FCC-hh will explore the electroweak phase transition (EWPT) that occurred in the early
universe and created the mass of the Higgs boson (for a review see Ref. [195]). At the
FCC-hh the measurement of the Higgs self-coupling =  will not be limited by statistics.
Depending on the assumed detector performance and systematic uncertainties, the Higgs
self-coupling will be measured with a precision in the range 3.4{7.8% at 68% con dence
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Figure 18: Ratio of partonic luminosities at 100 and 14 TeV, as a function of partonic
center-of-mass energys/Mor di erent partonic initial states. From Ref. [192].

level [196]. For these estimates, the detector performance was de ned by scenarios rang-
ing from established LHC Run 2 (optimistic), to HL-LHC performance projected using
today's algorithms (pessimistic). The 10% precision threshold could be achieved already
with 3 ab 1, assuming the expected systematics can be achieved during this early phase of
data taking. The self-coupling is related to the nature of the EWPT, and the possibility

in BSM scenarios that it is strongly of rst order, and then may have played a role in the
matter/antimatter asymmetry of the universe. The expected precision of the FCC-hh mea-
surement of the self-coupling, together with its discovery reach for new particles in BSM
scenarios, have the potential to conclusively test scenarios leading to a strong rst-order
EWPT.

There is both complementarity and synergy between FCC-hh and FCC-ee in Higgs physics.
First, FCC-ee provides the absolute and most precise measurement of the Higgs coupling
to the Z boson and of the total Higgs width, as well as of the largest rate decays. It has the
greatest sensitivity to elusive SM hadronic decays, suchas H ggand H! cc, and others
within some BSM scenarios [118, 116]. Then, following the FCC-ee, the FCC-hh provides
the most precision for the rare SM decays H , ., Z ,as well as the ttH coupling
and the important Higgs self-coupling. The critical synergy between the two colliders is
that FCC-ee input is essential to reduce the parametric systematics of the aforementioned
FCC-hh measurements. For example, Table 8 shows that for the rare SM decays H :

, Z , FCC-hh measures precisely the ratio (R) of branching fractions B) in each channel
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(xx) relative to the branching fraction into four leptons, B(H ! xx)=B(H ! 4l). The
absolute determination of the branching fractions for these rare SM decays then relies on
the precise measurement oB(H ! 4l) at FCC-ee. Similarly, the extraction of ttH comes
from the measuremBnt of the ratio ttH/ttZ at FCC-hh and the precision measurement of
ttZ at FCC-ee with = s = 365 GeV. This joint measurement of ttH by FCC-hh facilitated
by FCC-ee, in turns allows a precision extraction of the Higgs self-coupling, , from HH
production at FCC-hh. This is because the box and triangle diagrams for HH production
involve the top quark in the loop, which interfere and enter with di erent powers of the ttH
coupling. Precise measurements of the ttZ coupling at FCC-ee allow us to avoid theoretical
uncertainties in that coupling when extracting both ttH and the crucial Higgs self-coupling
from measurements at FCC-hh.

One of the central open questions in the Standard Model is the origin of the electroweak
scale. Any potential underlying mechanism would have to explain the vast di erence be-
tween the EW scale and other fundamental scales, such as the Planck scale. Many solutions
of this so-called hierarchy problem point to the presence of new physics not too far beyond
the TeV scale. Such new physics will continue to be a main physics target at the HL-LHC.
FCC-hh will signi cantly enhance the reach, and provide a much more stringent test of
these ideas. In the unlikely case that a discovery is not made, the FCC-hh would force a
dramatic rethinking, and signi cantly alter the direction of the quest for an explanation of
the weak scale.

Table 8: Target precision for the parameters relative to the measurement of various Higgs
decays and ratios thereof [7], and of the Higgs self-coupling with 30 ab * at FCC-hh [196].
Notice that Lagrangian couplings have a precision that is typically half that of what is shown
here, since all rates and branching ratios depend quadratically on the couplings. The range
given for 's precision refers to the three scenarios mentioned in the text.

Observable Parameter | Precision Precision
(stat) (stat+syst+lumi)
= (HB (H ) 0.1% 1.45%
(H) B (H! ) = 0.28% 1.22%
(H B (H! 4) = 0.18% 1.85%
= (H) B (H! ) = 0.55% 1.61%
R = B(H! )=B(H! 4) R=R 0.33% 1.3%
R = B(H! )=B(H! 2e2) R=R 0.17% 0.8%
R = B(H! Yy=B(H! 2) R=R 0.29% 1.38%
R = B(H! )=B(H! ) R=R 0.58% 1.82%
R= (ttH) B (H! bb)/ (ttZ) B (Z! bb) R=R 1.05% 1.9%
B(H! invisible) B@95%CL| 1 10 4 25 10 4
HH production = 3.0{5.6% 3.4{7.8%

Thermal WIMPs are an important class of models of dark mater (DM) that could explain the
large scale structure of the universe. Their mass is somewhere between a GeV and TeV.
Any discovery or exclusion by the many planned direct or indirect detection experiments, in
underground and/or space-based facilities, would require con rmation and detailed study
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by accelerator-based measurements to be conclusive, and these experiments do not cover
all the possibilities. The LHC and prior accelerators covered a fraction of the mass range
for thermal WIMPs. Also, dark matter searches for a broad range of models, in particular
Higgs to invisible decays, can cover and in some cases go beyond the sensitivity of direct
detection experiments past the neutrino oor. A 100 TeV FCC-hh facility is necessary to
test several of the most compelling benchmark scenarios [7]. In particular, in the simplest
and most predictive scenario, DM is part of an electroweak multiplet and it interacts with

the SM through the weak interaction. The obvious examples of this class are an electroweak
doublet or a Majorana electroweak triplet. These are the Higgsino and wino in the context

of SUSY, although they can be perfect dark matter candidates without SUSY. FCC-hh
energies are required to cover these cases. For example, wino DM has a thermal relic mass
of 2.8 TeV, and only the FCC-hh is sensitive to masses this high. Further, many other
weakly-interacting DM models would only be discovered at FCC-hh, such as for example,
\Higgsinos", \bino-winos", and \co-annihilated singlets”, which contain two DM particles

with di erent interaction strengths and masses.

Within the discovery reach of the FCC-hh for BSM, there is also the possibility of detecting
signs of lepton avor violation, e.g., through the production of leptoquark (LQ) particles
coupling to leptons and quarks of di erent generation. These LQ models can explain the
anomalies currently observed by avor experiments (e.g., LHCb and muong 2). Both the
FCC-hh and the FCC-ep will signi cantly extend the reach of the LHC and HL-LHC, and
explore LQ masses in the multi-TeV range [7].

9.2 FCC-ep

A FCC-ep [197] machine will realize Deep Inelastic Scattering with unprecedented kinematic
reach, allowing for the high precision study of the strong coupling constant s, and the
the parton distribution functions (PDFs) in the proton for all individual quarks and the
gluon. High-precision determinations of the proton parton densities in the midQ? range
are, rst, critical to warrant the calculation of the corresponding p-p cross sections for W,
Z, and Higgs bosons and top quarks at FCC-hh, with reduced theoretical uncertainties.
Second, measurements of PDFs at higlQ? (up to 10° GeV?) will improve the precision
of jet production cross sections at the FCC-hh, at the highest energies, improving the
sensitivity to possible new contact interactions, or quark-substructure. Last but not least,
measurements of the PDFs forx down to 10 ’, where gluon saturation and deviations
from DGLAP QCD evolution equations can be tested. Beyond QCD studies, the FCC-ep
machine will enable unique measurements of EW parameters, such as the e ective weak
mixing angle, and of the Wtb vertex in single top quark production, e.g., the measurement
of the CKM matrix element Vi, with a precision < 1%.

In BSM physics, leptoquark searches are a particularly strong aspect of the FCC-ep pro-
gram [7]. Contact interactions and a lepton/quark substructure, up to scales in the 100 TeV
range can also be tested with at a FCC-ep machine.

Last but not least, and in analogy to the LHC, the hadron collider complex opens the door to
a varied and diverse physics program, ranging from the study of heavy ion collisions [9, 198],
to avor physics, to the use of the injector complex for xed-target experiments [199].
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