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Abstract

The exceptional opportunities offered by the FCC programme in the search for physics beyond the Stan-
dard Model are reviewed. Uniquely to FCC, all frontiers on which the search for new physics must
continue are significantly pushed back: Flavour, Intensity, Higgs, Dark, Electroweak and High Energy.
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No Stone Unturned: The FCC Project

The Standard Model (SM) cannot be the fundamental theory. This statement follows from evidence and
hints for physics beyond the SM (BSM), including compelling astrophysical and cosmological evidence
for dark matter, neutrino masses, the baryon asymmetry, the strong-CP problem, the flavour puzzle, and
the mysterious origins of the Higgs sector. The variety of possible explanations to these unanswered
questions provides little guidance on how to maximise the chances of discovering the more fundamen-
tal theory. As a result, the most effective strategy will be to ensure that future generations of particle
physicists are equipped with the broadest exploration tools possible, such that they can leave no stone
unturned. The contrary; betting on a particular production channel or sector of the SM, risks to leave
fundamental physics in the dark.

Six (unranked) key areas for exploration are identified, each playing an indispensable role in par-
ticle physics:

— Intensity Frontier - The evidence for dark matter reveals the existence of at least one sector very
weakly coupled to the SM. Based on experience with the SM it is likely that hidden sectors may
contain both stable DM and unstable weakly interacting particles. A future project must be able to
probe new hidden sectors with depth and breadth inaccessible to near-term facilities.

— Flavour Frontier - Flavour physics comes with a glaring puzzle to be resolved and one of the
most powerful means by which to probe the microscopic origins of the SM. A future project must
offer significant advances in flavour physics.

— Higgs Frontier - The lynchpin of the SM, a future collider must probe the quantum nature of the
Higgs boson and its interactions, well beyond the typical scale of SM quantum corrections.

— Electroweak Frontier - As a sensitive probe of the common thread linking the quarks, leptons
and the Higgs, a significantly deeper exploration of the electroweak sector is required.

— Dark Frontier - The SM accounts for less than 20% of all matter in the Universe. A future project
must be capable of making progress towards uncovering the nature of the dark matter.

— Energy Frontier - There is no alternative to direct exploration of the microscopic world; a lesson
well learned at the LHC. A future machine must be capable of directly exploring significantly
beyond the scales reached by the HL-LHC and must not be biased towards any particular sector of
the SM, colliding a wide variety of initial states to explore with the greatest possible breadth.

In the remaining pages, the unique capacity of the integrated FCC project to make significant advances
in all of these areas is detailed. For FCC-ee, most of the results shown here were obtained in the con-
text of the FCC Feasibility Study, and complement what is documented in Volume 1 of the Feasibility
Study Report (FSR [1]). For FCC-hh, the extensive study of its BSM reach was carried out towards the
Conceptual Design Report. This work is documented in the CDR [2] and, in more detail, in two reports,
covering Higgs-specific [3] BSM frameworks and beyond [4]. These early studies remain today a valid
reference to assess the power of FCC-hh to cover a broad and diverse landscape of BSM scenarios.” We
shall make only brief reference to some of these FCC-hh results in the following, addressing the bench-
marks proposed by the Preparatory Group, but encourage the readers to further explore the extraordinary
discovery potential discussed in those documents.

FCC: Intensity Frontier

The intensity frontier aims to access new physics by increasing the luminosity rather than the energy of
colliders. The first stage of the FCC integrated program, FCC-ee, with 6 x 102 Z bosons, will push that
frontier substantially. With a clean environment and large acceptance, FCC-ee would directly access the
O(1-100) GeV mass range of new, feebly interacting particles.

Hidden sectors typically include a stable particle, fundamental or composite, that could be a DM
candidate, and one or more mediator particles coupled to the SM. The spin of the mediator defines the
portal: vector (e.g. dark photon), fermion (e.g. sterile neutrino), pseudoscalar (e.g. Axion), or scalar (e.g.

These results were evaluated for v/'S = 100 TeV. For most cases, the extrapolation to the new FCC-hh baseline configura-
tion (v/'S = 84 TeV [5]) is a straight forward rescaling by the beam energy ratio. See [6] for more details.



[Uunl?

PrimEx

%, 10 & BaBar LEP land Il CDF
£
o 1 Bete

% /
3., LHC prompt v

LHC PbPb.
(yr-a -yy)

LHC
10 (PP)

Beam Dump FCC-PbPb 4
5 FCCeeZ-pole  (Y1=28-11)
10 (ra—3y) heT
FCCee rr—>a-yy)
Cry=a=yr)

1073 i
J— _— FCC-pp {5=100TeV, L, =30 ab”
107 recer
FCC-PbPb Vs = 39.0 TeV, LM= 110.0 nb™
2 5 10 50 100
-5 el vl vl v el vl 3l
My, [GeV 10
. [GeV] 10° 102 107" 1 10 102 10° 10* _ 10°

m, (GeV)

Fig. 1: Left: HNL discovery potential in the my1 — |Uy ~|? plane. The red (green) line represents the
prompt (long-lived) HNL decay channel to a muon and two jets. The blue line shows the reach for the
dimuon plus a neutrino analysis. The dashed green line indicates where three HNL decay events are
observed within the FCC-ee detector. The pink band represents the classic see-saw parameter region.
Existing LHC limits are shown in turquoise, and future long-baseline experiment potentials are shown
in green. Right: Projected sensitivity for ALPs in the photon coupling vs. ALP mass plane from the
three following processes at FCC-ee: ete™ — ~va — 37 [20], photon-fusion vy — a — 2y [21],
and ete™ — ya — ~ + INV. Existing limits (in grey) are adapted from Refs. [22,23]. Also shown
are projected exclusion limits at 95% C.L. on the ALP-photon coupling as a function of the ALP mass
expected from searches for vy — a — ~y7y in pp (violet), pPb (dark pink), and PbPb (orange) collisions
at FCC-hh [24].

dark Higgs). At FCC-ee it will be possible to probe each of these portals, providing complementary
information to e.g. beam dump experiments.

Benchmark: Heavy Neutral Leptons. Searches for Heavy Neutral Leptons (HNLs) could provide
clues not only to the question of neutrino masses, but also to the baryon asymmetry of the universe [7],
and even provide a DM candidate [8]. Very low couplings to the existing neutrinos can be exploited in
displaced signatures with little to no background [9] complementarily to prompt searches. As shown in
the left panel of Fig. 1, searches performed at the Tera-Z run of FCC-ee will cover a wide unconstrained
parameter space [10], unreachable by collider options past and present. The FCC-ee discovery potential
for HNLs extends down to mixing values of O(10~!!) in the mass range of 20 to 80 GeV and to O(10~?)
for larger masses [11-19].

Beyond the simplest models that incorporate HNLs, FCC-ee could explore e.g. models with two
majorana neutrinos [25] compatible with neutrino oscillations [26]; or the ‘Symmetry Protected See-
Saw Scenario’ [27, 28], that adds two right-chiral neutrinos [29, 30]. The main signature of the latter
are lepton flavour violating final states [18, 19]. For HNL masses below 35 GeV, for favourable ratios
of the HNL width and of the mass difference between the two pseudo-Dirac states, a striking oscillation
signal would allow for the measurement of the mass difference [31]. A large fraction of the parameter
space consistent with symmetry-enhanced neutrino mass [32—-34] models, would be probed. For masses
around 40 GeV, the FCC-ee sensitivity would reach the smallest value of the mixing angle, close to
the see-saw limit. The HNL decay branching ratios could be measured with per-cent accuracy [35];
many parameters of the model could be constrained [36, 37]; the leptogenesis hypothesis [35] tested;
and underlying flavour and CP symmetries [38] could be probed. The number of HNL events and the
measurement of the HNL lifetime can reveal information about the violation of lepton number [10, 14].
Finally, the angular distribution and the energy spectrum of the HNL decay products can provide further
information regarding lepton number violation [36].



On the FCC-hh side, recent results [39, 40] indicate that the FCC-hh could potentially discover
signs of lepton number violation for HNL masses exceeding the W mass scale down to squared active-
sterile mixing angles of nearly O(10~°) for HNL mass splittings above about 10 eV.

Benchmark: Axion-like particles. Other feebly-interacting particles within reach at FCC-ee are axion-
like particles (ALPs), generically expected in many BSM extensions, most famously in QCD axion
models originally introduced to tackle the strong CP problem [41]. At FCC-ee, ALPs will be accessi-
ble [22,42-46] via ete™ — ay [41] and eTe™ -2 (ete™)a [21], with the ALP a decaying as a — 7.
Searches at the Tera-Z run of FCC-ee will have sensitivity in the m, range from 0.1 to 100 GeV, extend-
ing current limits by more than two orders of magnitude [20,47]. A summary is displayed in the right
panel of Fig. 1, alongside projections for FCC-hh, discussed later.

Benchmark: Dark photons. Dark photons can be searched for in ete™ — A’y production, where the
dark photon A’ decays to ptu~. Small coupling values, around ~ 2 x 10~4 for m / ranging from 10 to
80 GeV [48], can be reached at FCC-ee. Alternatively, dark photons or dark Z’ bosons can be investigated
via ete™ — A’H or Z'H production at the WW threshold or above [49]. Recent sensitivity estimates
can be found in Ref. [50]. The associated production of a neutrino and a dark sector fermion can also
be searched for at FCC-ee in mono-photon signatures [51], with sensitivity up to mass values in excess
of 1 TeV. Other searches, such as Z boson decays to an invisible dark photon [52] can also be exploited.
Searches for dark photons in FCC-hh are documented in [53].

Benchmark: Exotic Higgs and Z decays. The large Higgs boson event sample and clean environment at
FCC-ee will provide opportunities for direct searches for exotic decays of the Higgs boson. Exotic decays
are predicted by a variety of BSM theories [54-57], including extended scalar sectors, SUSY, and dark
sector models with Higgs or vector portals. Higgs branching ratios up to four orders of magnitude lower
than the expected HL-LHC reach can be probed at FCC-ee, giving access to entirely new channels [58].

Searches for exotic Z decays can also be carried out at FCC-ee during the Z pole run. In models
of R-parity-violating supersymmetry [59], the FCC-ee sensitivity to long-lived light neutralinos in Z
decays exceeds that of hadron colliders and of future dedicated experiments by three orders of magnitude.
Comparable gains in sensitivity can be obtained e.g. in searches of Z decays into hidden mesons [60].

The available parameter space for new SM-neutral vector bosons (Z’) that couple exclusively to
leptons could be significantly extended, offering the best performance of all future collider projects in
the kinematically allowed mass range (from 5 to 360 GeV) [61].

In summary, taking full advantage of the large Higgs and Tera-Z event samples, the programme
at FCC-ee extends intensity-frontier discovery potential significantly. It provides access to very-weakly-
interacting dark-sectors with couplings so small that they are usually considered typical of beam-dump
experiments, but in a mass range complementary to other intensity-frontier experiments. Given that
there is no preferred mass range for such states, this mass-range extension by more than two orders of
magnitude provides unique scientific opportunities in particle physics unavailable elsewhere.

FCC: Flavour Frontier
Two key aspects of flavour are important for BSM searches at FCC-ee:

1) Flavour programme at Tera-Z. The FCC-ee flavour programme stands to cover significantly greater
BSM territory than currently approved flavour physics experiments, both at HL-LHC and at lower-energy
ete™ colliders (in particular Belle II at Super KEKB). The key features of the flavour physics programme
during the Z-pole run at FCC-ee can be summarised as follows.

— Clean environment (as in B-factories), with exceptional momentum and tagging efficiency of the
pair-produced b’s, ¢’s, and 1’s from Z decays, and with ~ 10 times more bb and c¢, and ~ 5 times
more 77 pairs, than the total collected by Belle II (as shown in Table 6 of Ref. [1]).

— Boosted b’s and t’s, leading to a significant efficiency for modes with missing energy (especially
multiple-v modes) and inclusive modes, as well as smaller uncertainties in lepton ID efficiencies.

Consequently, FCC-ee opens up new frontiers for precision flavour tests of BSM. For example:



(i) new physics in b — s77 transitions, which is not directly accessible with current experiments un-
less enhanced over the SM by orders of magnitude, can be discovered at FCC-ee by measuring e.g.
B(B — K*rt77) at close to the SM rate [62]; or (ii) similarly, B. — 7v decays can be observed only
at FCC-ee, thanks to the clean environment and running above the B, threshold; a few per-cent precision
has been demonstrated [63, 64]. Both these offer unprecedented opportunities to test third-generation-
philic BSM models, such as leptoquarks capable of explaining current tensions in Rp.) [65-67]. In ad-
dition to establishing these new frontiers, FCC-ee can make great strides in processes for which current
experiments are specialised. For example, new physics in b — svv [68] could be probed to per-cent pre-
cision [69] via measuring e.g. B(B? — K% 1), an order-of-magnitude improvement on what is possible
at Belle II (similarly for measurements of LFUV and exotic 7 decays [70,71]). The clean environment
plus high statistics provides excellent prospects to increase precision in b — séf (¢ € {e, u}) processes
such as B — K*¢/*/~, currently best measured at the LHC (see Fig. 2 of [72]). These processes, be-
ing rare in the SM, are sensitive to new physics weakly coupled to muons and third generation quarks.
Finally, prospects for probing rare flavour-violating Z decays are discussed in [73].

2) Flavour-Precision Electroweak Interplay. It is well known that any new physics at nearby energy
scales must have a flavour structure. Compatibility with both flavour and LHC data hints at new physics
coupled universally to the light families, while it may have a larger coupling to the third generation, a
scenario described by U(2)" flavour symmetries. This configuration naturally results in a strong synergy
between the flavour and precision EW programmes, as third-generation new physics typically leads to
3 — 2,1 flavour-changing processes as well as large running effects in precision observables.

In Ref. [74], it was reported that new physics with an approximate U(2)° flavour symmetry could
exist at the TeV scale whilst remaining consistent with all constraints, if dominantly coupled to the
third family. The high energy states in such a scenario necessarily give rise to modifications of the
SM, captured by families of dimension-6 SMEFT operators. Their coefficients are shown in Fig. 16 of
Ref. [1], alongside present-day constraints from flavour, precision EW, and high-energy collider probes,
as well as future projections for a Tera-Z programme at FCC-ee. Not only is the sensitivity of operators
that enter the Z pole at tree level enhanced to the ten TeV scale, but many more third generation operators
are strongly constrained at loop level via RG evolution. The synergy with flavour-changing 3 — 2,1
processes at Tera-Z is illustrated in Fig. 9 of Ref. [67], showing complementary sensitivity and probing
the flavour alignment. Similar conclusions hold about the sensitivity of Tera-Z to all BSM mediators
coupling linearly to the SM [75-77], making FCC-ee an almost inescapable probe of heavy new physics
at the TeV scale and beyond.

In this contribution, only a summary of BSM implications is presented, with a particular focus on
those scenarios which are called for in the context of the ESPPU BSM benchmarks.

Benchmark: Scalar and vector leptoquarks with third generation specificities. In Refs. [64,67], the
FCC-ee flavour prospects for a scalar (S7) and a vector (U;) leptoquark scenario were studied. Both leave
their imprint in By — 7v transitions. Figs. 12 and 13 of Ref. [64] present current and future indirect
reach on these models from B(B:r — 1) decays. In these figures, the C' parameters are the Wilson
coefficients, with normalisation provided in Ref. [64], and S is a relative phase between a vector and
scalar Wilson coefficient. Future FCC-ee reach is impressive, being barely visible in both plots. This
work has recently been extended and updated in Ref. [67].

Leptoquarks also contribute to eTe™ — ff processes above the Z pole, as well as inducing sizable
one-loop corrections to Z-pole observables and 7 decays [78, 79]. Via these effects combined with
improvements in flavour tagging, FCC-ee can probe the entire parameter space favoured by the B-meson
anomalies in scalar (S3) and vector (U ) leptoquark models [80].

Benchmark: Compositeness (indirectly from EFT fits). Composite Higgs models are a class of sce-
narios in which the Higgs boson is a composite bound state of a new strongly-coupled dynamics at the
TeV scale. The magnitude of the top quark Yukawa coupling naturally points toward a scenario where
the left and/or right-handed top quarks are also partially composite. This observation brings flavour



considerations to the fore when attempting to understand the origins of the Higgs sector.

Via an EFT analysis, Ref. [81] considers the role that an FCC-ee precision EW programme would
play in probing the possibility of Higgs/top quark compositeness. Strong dynamics respecting custodial
symmetry is typically assumed of such models to evade current electroweak precision bounds from the T’
parameter. However, RG effects lead to SM-induced custodial violations, including a two-loop double-
log contribution of four-top operators to the 1" parameter. These effects render swathes of parameter
space accessible to FCC-ee, as shown in Fig. 17 of Ref. [1], where FCC-ee projections are compared
to nearer-term HL-LHC and flavour projections. A significant increase in projected reach is observed,
testing Higgs/top compositeness to scales of 25 TeV.

Benchmark: New gauge forces. Flavour deconstruction at FCC-ee. To give an example of concrete
scenarios explored through a combination of the unprecedented precision on Z-pole and W W-threshold
observables with excellent capabilities as a flavour factory, a special class of theories based on ‘flavour
deconstruction’ [82] is considered, whereby part of the EW gauge symmetry is extended into three
generation-specific copies G; (with the Higgs coupled to G3). This symmetry, which arises, e.g. from
gauge-flavour unification [83] or from extra-dimensions [84], is broken to the SM in two steps that
generate hierarchical fermion masses and mixings, resulting in new TeV-mass gauge bosons coupling
mostly to the third generation.

These electroweakly-charged and flavour non-universal gauge bosons give rise to a rich phe-
nomenology across flavour, electroweak, and LHC measurements, as quantified by considering decon-
structed hypercharge [85] and deconstructed SU(2), [86,87]. As shown in Table 5 of Ref. [1], FCC-ee
is an optimal machine for probing theories of flavour deconstruction because it achieves comparable sen-
sitivity across diverse measurements traditionally separated into ‘electroweak’ and ‘flavour’ categories.

FCC: Higgs Frontier

Benchmark: Single Higgs Couplings. At FCC-ee, a sub-percent precision on single Higgs couplings
can be achieved with the runs at 240 and 365 GeV in less than ten years [88]. Contrary to the precision
on the Higgs couplings reachable at the HL-LHC, where the impact of the current knowledge of EPWO
from LEP and SLC is not significant, in the case of the achievable precision at FCC-ee, the current
(experimental and theoretical) precision on electroweak quantities would become a limitation without
the Z-pole run of FCC-ee, which is instrumental in avoiding contamination from electroweak coupling
uncertainties in the Higgs boson characterisation. Improved precision in the Electroweak sector allows
dependencies between the Electroweak and Higgs couplings to be removed in the case of an interpretation
via SMEFT (Figs. 4 and 6 of Ref. [1]).

Origins of the Higgs Sector. Determining the origins of the Higgs sector and EW scale is of upmost
importance in high energy physics, suggestive of new physics close to the EW scale. The precision
previously outlined is necessary to provide sensitivity to several concrete BSM models which could ex-
plain these origins, including Supersymmetry and Composite Higgs scenarios. Sec. 9 of [2] and included
references discuss FCC prospects in detail (see also Tab. 5 of Ref. [89] and associated references).

Benchmark: Higgs self-coupling from single-Higgs measurements via SMEFT fit In e e~ collisions
there is sensitivity to the Higgs self-coupling, ), via 1-loop radiative corrections to single-Higgs produc-
tion cross sections [90]. These corrections depend on the centre-of-mass energy, making measurements
at 240 and 365 GeV sufficient to disentangle the effect of new physics in the HZZ coupling and «, al-
lowing for a determination of ) with a precision of 27%, as shown in Fig. 13 (left) of Ref. [1]. Moreover,
a recent study has shown that under reasonable assumptions, FCC-ee can complement HL-LHC sensi-
tivity even when taking into account all possible new physics contributions at the 1-loop level in a global
SMEFT analysis [91]. The fully marginalised FCC-ee sensitivity is shown in Fig. 1 of Ref. [91], under
the assumption of several well-motivated flavour symmetries. If new physics is dominantly coupled to the
Higgs and 3rd-generation fermions, as is the case for many well-motivated models addressing the flavour
and/or EW hierarchy problems, the expected global sensitivity is estimated there to be dx) < 33%.



Benchmark: Higgs Portal. The clean environment of FCC-ee and its potential precise measurement
of the total Higgs cross section and width in a model-independent fashion through the so-called recoil-
mass method, allows a greater sensitivity to possible decays of the Higgs boson to invisible non-SM
particles, such as dark matter candidates or additional scalars [58]. A preliminary study shows that when
accounting for the possibility of exotic decays, branching fractions lower than 0.07% can be excluded at
the 95% CL or a 5o observation can be obtained if greater than 0.18% [92,93]. The study of jet+missing
E7 at FCC-hh provides sensitivity to BR(H—invisible) at the level of few x 10~ [94].

In addition, direct searches for long-lived particles (LLPs) arising from Higgs decays provide
another avenue for Higgs portal sensitivity. If the Higgs couples to a light scalar that decays with a
displaced vertex, the clean environment of FCC-ee, combined with its high-granularity detectors, allows
for efficient detection of such signatures. Sensitivity to long-lived scalars with decay lengths of order
1 mm to 10 m, is achieved, with the peak sensitivity for decay lengths around 0.3 m, as shown in Fig. 31
of Ref. [1]. This search channel is relevant in scenarios where the new scalar is weakly coupled, leading
to macroscopic lifetimes [95]. Additional scalars can also be searched for directly at FCC-ee, as in
Ref. [96]. If vacuum metastability is related to a solution to the hierarchy problem [97, 98], natural
regions of parameter space with a light ALP in the O(10) GeV range can be discovered or excluded at
FCC-ee [99].

Benchmark: Minimal real scalar sector giving first order EW phase transition. The SM extended
by a real singlet scalar ¢ with a Z> symmetry is the minimal scenario to realise a first-order EW phase
transition [100, 101]. The only interaction with the SM is the Higgs portal k¢?|H |2, allowing for the
so-called ‘loryon’ scenario wherein ¢ can get most of its mass from the Higgs [102]. The leading
phenomenology consists of one-loop modifications of the Higgs kinetic term [103] and self-coupling,
making the model notoriously difficult to probe. However these effects may be tested at FCC-ee, where
they modify the ZH cross section and Z-pole observables as shown in the right panel of Fig. 25 in Ref. [1].
In particular, FCC-ee will be able to probe all of the viable parameter space for a first-order EW phase
transition [104].

FCC: Electroweak Frontier

EFT interpretation of EWK precision measurements. An impressive number of electroweak precision
observables (EWPOs) will be measured by FCC-ee, with accuracies ranging from a factor 50 (e.g. for
the W mass) to a factor 1000 (e.g. for Ry) better than today [1]. Interpreting SMEFT as a low-energy
effective realisation (EFT) of a higher scale UV complete theory, the FCC-ee EWPO precision allows
sensitivity to Wilson coefficients to be improved by one to several order(s) of magnitude. The current
status of the global SMEFT fit is shown in Fig. 3 of Ref. [1]. In this figure, the results of the fit for
the different dimension-six operators affecting electroweak processes at tree-level (including anomalous
triple gauge couplings aTGCs, and boson-fermion couplings) or Higgs processes, or both simultaneously,
are projected onto a physically meaningful set of effective couplings capturing the effects of new physics.

Precision Top properties measurements (Mass and Couplings). Proposed solutions to important open
questions motivate couplings of BSM physics to the third generation, which also happens to be among
the least constrained sectors of the SM. Therefore, the precise measurements of the top quark mass and
other top quark characteristics such as its electroweak couplings [105] are crucial for BSM precision
exploration. An improvement by more than an order of magnitude in the top mass measurement can be
achieved at FCC-ee [106], especially given the improvement in the determination of the strong coupling
constant [107] which represents one of the relevant parametric uncertainties in the top mass measurement.
For studies of top properties of relevance to BSM scenarios (rare and forbidden decays, anomalous
couplings), see [108] and Section 6 of the CDR [2].

Benchmark: BSM Sensitivity in EW Couplings The complementarity between the Tera-Z and the
higher-energy runs is illustrated in Fig. 1 of Ref. [109], which shows the sensitivity (in terms of the ef-
fective new physics scale A) to dimension-6 SMEFT operators entering directly in four-fermion, gauge,
and Higgs observables in the higher-energy (denoted ‘above-pole’) runs compared to indirect loop con-
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Fig. 2: Projected 95% CL sensitivities at FCC-ee to electroweak n-plet Dirac fermion and complex scalar
WIMPs with zero hypercharge [109], compared to expected sensitivity at HL-LHC (hatched) [113].
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Fig. 3: Projected 95% CL sensitivities at FCC-hh to electroweak n-plet WIMPs in neutral- and charged-
current Drell-Yan processes. Taken from Ref. [113].

tributions to Z-pole observables [75-77]. Besides often being stronger, the on-pole bounds also constrain
different directions in the SMEFT parameter space. This remark illustrates the importance of combining
results from the Tera-Z programme with those of the higher-energy runs in order to lift flat directions and
maximise the new physics reach of FCC-ee. This complementarity is illustrated by the W and Y oblique
parameters, as shown in [80]. The running of the EW coupling up to the multi-TeV scale at FCC-hh is
a further indirect probe of BSM weakly-coupled particles, as discussed in [110,111].

FCC: Dark Frontier

Uncovering the unknown nature of dark matter, whose candidates span a tremendously wide range of
BSM models of varying masses and couplings, requires an open-ended exploration of dark sectors across
a variety of dedicated and general-purpose experiments. In this major scientific endeavour, FCC has a
unique role to play in covering regions of dark matter parameter space inaccessible by other means. The
search for DM at FCC-hh is amply documented, covering multiple scenarios and signatures, in [112].

Benchmark: Minimal DM. The minimal dark matter paradigm consists of new electroweakly charged
states of all viable representations, assumed to interact only via gauge interactions [114]. While the
larger representations are typically very heavy and cannot be directly produced at colliders, the lead-
ing indirect probe comes from 1-loop, energy-enhanced corrections to EW gauge boson propagators,
the so-called W, Y parameters [115]. FCC-ee is sensitive to TV, Y at the 10> level in both precision
EW measurements at the Z pole as well as in higher energy ete™ — ff processes [80, 109], with a
combined sensitivity to WIMPs with mass in the TeV range as shown in Fig. 2. Ultimately, FCC-hh



sensitivity to W, Y in high-energy Drell-Yan tails is better, probing the thermal relic mass for some
EW representations [113, 116] (Fig. 3). FCC-hh has direct search capabilities for a variety of minimal
DM scenarios [117], covering in particular the entire mass range for Higgsino and Wino thermal relics
(see [118] and the updates for alternative energy scenarios in Fig. 43 of [1] and in Table 4 of [6]).

Benchmark: Heavy DM. Leptophilic WIMP dark matter in the O(10 — 100) GeV range is an ideal
target for FCC-ee, for example in mono-photon or missing energy plus dilepton channels, that can probe
further beyond the parameter space excluded by HL-LHC for thermal relic dark matter and its associated
mediator [119, 120]. Asymmetric DM is one motivated model in this mass range where the FCC-ee
sensitivity to its leptophilic couplings can be an order of magnitude greater than at the LHC [121]. An-
nihilating TeV-scale WIMPs could also lead to indirect detection at gamma ray telescopes and scattering
at direct detection experiments. The experimental exploration of TeV-scale WIMPs at colliders comple-
ments and is synergistic to these indirect observational searches for their astrophysical and cosmological
signatures. Further details on DM searches at FCC, including for simplified models, are available in
the FCC CDR [2] and in [112], with extensive references to recent FCC-ee work contained in the FCC
FSR [1].

Benchmark: Light DM. Simple models of light dark matter with spin 0, 1/2, or 1, that evade all current
direct detection, indirect detection and collider bounds, can be probed at FCC-ee, potentially with the
possibility of disentangling their spin [122].

Dark matter may also be naturally light if realised as a pseudo-Nambu-Goldstone boson (pNGB)
of some global symmetry, e.g. in composite Higgs models. Depending on the stability of the dark matter,
it may be searched for at FCC-hh via the derivative Higgs portal [123], or in some constructions via
direct production of extra states to which it couples [124].

Benchmark: Dark Showers. Hidden Valley [125, 126] and dark sector models of dark matter from a
strongly coupled confining sector can lead to novel phenomenological signatures of dark showers [127,
128]. These have been extensively studied at the LHC but the low energy scales in the O(1 — 100) GeV
range of the hidden sector and dark matter candidates in these scenarios make them ideal candidates to
target at flavour factories and lepton colliders [129] such as FCC-ee.

FCC: Energy Frontier

The FCC-hh would expand the energy horizon significantly beyond any other proposed future collider.
Fig. 39 of Ref. [1], and its discussion there, demonstrates that for a wide variety of initial states nu-
merous new resonance production events could be observed at a CM energy significantly above 10 TeV.
Alternative proposed high-energy colliders can only access such energy scales indirectly, masking the
identity of associated phenomena. This expectation is confirmed in the context of specific models, such
as those detailed in Table 9 of Ref. [1]. In general, the FCC-hh discovery reach at high mass covers areas
going well beyond the themes proposed in the ESPPU benchmarks, such as for example the exploration
of BSM Higgs sectors (e.g. 2HDM) for scalar states with masses up to and above 10 TeV [130]. We
focus here on just some examples relevant to the benchmarks, and recommend the consultation of [3, 4]
for a broader perspective on BSM physics at FCC-hh.

Benchmark: New Gauge Forces and Compositeness. Just as the electroweak interactions emerge
above the weak scale from an extended gauge sector, so too may there be an extended gauge sector at
energies above the weak scale. To unambiguously discover such interactions requires directly viewing
such resonances. Reference [131] recently performed a comprehensive study of such a possibility.® Fig.
4, taken from Ref. [131], shows the FCC-hh reach for right-handed new gauge forces for the case of a
U(1) g1, force and two more examples described in Ref. [131]. For a sequential U(1)y and an SU(2),
HVT force, we refer to the previous European Strategy Briefing Book [132]. Fig. 5 shows the reach for
a right-handed HVT and for the kind expected to arise in composite Higgs scenarios. There is also a
significant interplay between flavour and compositeness which cannot be overlooked, for which FCC-

3Reference [2] gives a compilation of previous studies.
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Fig. 5: Reach projections for a right-handed HVT (left, ‘Model D’) and a HVT expected to arise in composite
Higgs models (right, ‘Model E’). For all details, the reader is referred to Ref. [131].

hh would play an integral role [133]. Further studies of high-mass resonance searches, motivated by a
broad variety of BSM models, were presented in [134]. The discovery reach for a selection of s-channel
resonances in FCC-hh is presented in [135] and the general impact of non-baseline energy/luminosity
scenarios for high-mass searches is discussed in [6]. In summary, the general direct reach of FCC-hh for
new gauge forces and vector resonances extends considerably beyond the 10 TeV scale.

Benchmark: Leptoquarks. In Ref. [136], leptoquark models were considered for various future col-
liders in the context of the B-physics anomalies. As depicted in Fig. 6, FCC-hh has considerable direct
reach, through a combination of pair production and t-channel single lepto-quark contributions to pu
final states. It is important to note that, as emphasised in Ref. [136], FCC-hh offers to directly discover
the leptoquarks, as opposed to indirectly constrain them.

Benchmark: EW Phase Transition. Probing BSM modifications of the nature of the EW phase transi-
tion, through measurements of the Higgs self-coupling, is an important component of an energy frontier
programme. Fig. 15 of Ref. [1], adapted from Ref. [137], shows the reach for a real singlet scalar model
(without a Z-symmetry), wherein all orange points have a first-order phase transition (FOPT), the vast
majority of which are within the reach of FCC through the fractional change in the Higgs coupling to a
pair of Z bosons relative to its SM value (‘hZZ coupling’) vs. the triple-Higgs coupling normalised to its
SM value (‘hhh coupling’). The region outside the two FCC-hh lines and above the FCC-ee line can be
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I's,/Mg, < 0.25 is violated in the grey region. The discoverable region is on the side of the line
where the corresponding label is. Further details may be found in Ref. [136].

covered at those facilities. For the prospects of direct discovery of new particles predicted in models of
FOPT, see [138].

Benchmark: Supersymmetry. Supersymmetry remains a key benchmark when considering the reach
of a future high energy facility to explore wide-ranging phenomena coupled to EW and QCD gauge
forces. Fig. 41 of Ref. [1] demonstrates the capacity for FCC-hh to probe EW-charged states up to 5 TeV
and QCD charged states up to mass scales as high as 20TeV, well beyond the 5TeV reach limit for
pair-production of sparticles at any collider limited to 10 TeV CM energy. An extensive discussion of
FCC-hh discovery reach and post-discovery measurements, for several Supersymmetry models including
and beyond the minimal one, is contained in [139].

Benchmark: ALPs. The exclusive photon-fusion production of ‘photophilic’ ALPs decaying into a pair
of photons, vy — a — 7, studied for FCC-ee (Fig. 1, right), has been considered also for ‘ultraperiph-
eral’ pp, pPb and PbPb collisions at the FCC-hh [24]. Parametrized FCC-hh detector simulations based
on a dual readout electromagnetic calorimeter [140] are used to evaluate the impact of the  acceptance
and reconstruction efficiencies. Event selection criteria are applied to identify a resonant diphoton excess
on top of the light-by-light vy — ~7y, continuum background [141]. Upper limits at 95% confidence
level (CL) on the ALP-photon coupling g, are obtained as a function of ALP mass (Fig. 1). The results
indicate that pp collisions at the FCC-hh (violet area) will be able to search for ALPs with couplings
as low as g,y ~ 1073-10"1 TeV~! over m, =~ 0.2-30TeV, improving the current LHC limits (up to
mg =~ 2.5 TeV) by more than one order-of-magnitude, and probing the very heavy ALPs region for the
first time. For lighter masses (m, < 0.2 TeV), the large pileup will likely preclude any observation in pp
collisions, and the limits from FCC-ee and FCC-hh PbPb collisions will be the most competitive.

FCC: Further Reading

This concludes this 10-page submission. In addition to the material contained here, the FCC FSR [1] and
CDR [2], including their extensive references, contain a great deal of important additional information
and benchmark analyses.
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