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The FCC-ee phase of a Future Circular Collider is generating great interest due to its versatility,
allowing the study of various electroweak thresholds: Z, WW, ZH, and 7. Electroweak precision
physics is complemented by flavour physics measurements based on the unprecedented statistics
attainable at the Z pole, and benefiting from the low-background experimental environment
(similar to Belle II), and from the production of the full spectrum of hadron species together with
large boosts (similar to LHCb). A wide range of measurements is possible, spanning a rich variety
of physics cases in both quark and lepton flavour physics sectors. Other electroweak thresholds
can also be considered in this endeavour. A commensurate effort from the theory community will
be needed to interpret future measurements. I present an overview of the broad potential of the
FCC-ee flavour physics program.
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Flavour at FCC-ee Luiz Vale Silva

Flavour physics played a crucial role in building the Standard Model (SM) of particle physics.
Moreover, the study of quark and lepton processes permits further testing fundamental properties
of the SM such as: the structure of couplings of flavour-changing charged currents, the absence of
Flavour-Changing Neutral Currents (FCNCs) at the tree level and its loop-generated dynamics, the
universality of lepton couplings across generations (LFU), and the huge suppression of charged-
Lepton Flavour Violation (cLFV), to give examples aligned with these notes. In testing the SM,
one can focus on the comparison of precise experimental measurements and theoretical predictions,
which then sets constraints on possible New Physics (NP) contamination; one can also consider
cases in which the SM prediction is very much below the experimental sensitivity, and in which
there remains a lot of room for NP contributions; etc.

There is a growing effort to evaluate physics cases for FCC-ee, the electron-positron phase of
the Future Circular Collider [1-3], thus strengthening the motivation to build it. In this document
we focus on the scope of flavour applications. FCC-ee has a huge potential for flavour physics,
since in particular it can produce all sorts of heavy flavours (B mesons, By mesons, B, mesons,
b-baryons, apart from all sorts of charmed hadrons and 7 leptons) from the production and decay
of on-shell ~ 6 x 10'? Z bosons.! As we will see, there are also flavour physics cases associated
with W, H, and top-quark production and decay. FCC-ee accumulates many other interesting
properties for the study of different flavour processes, such as high boost, negligible trigger losses,
high geometrical acceptance, low backgrounds, flavour-tagging power, initial energy constraint,
and production of polarized baryons [6—11]. In the following we review some applications of
FCC-ee given its evolving specifications, and point out its qualities according to different processes
of physical interest.

We start with studies of the CKM matrix. In the quark sector there is a single phase that
must account for CP violating phenomena in different flavour sectors and categories of observables.
The present overall consistent picture [12, 13] has only been possible thanks to very precise
measurements and theoretical predictions. In particular, one must have a good control over the
QCD dynamics, which is ubiquitous when dealing with quark physics. Increasing the experimental
precision will require a commensurate effort from the theory community, e.g., in addressing QCD,
and also QED, effects.

Of foremost importance, the redundancy of observables offers complementary tests of the
CKM matrix in the SM. One has to consider FCC-ee in the context of expected improvements from
LHCb upgrades and Belle II. The extraction of some angles of the unitarity triangle is expected to
improve by a modest but important factor of 2 compared to projections from LHCb 300/fb and Belle
I 50/ab [14]. With increasing experimental precision comes the need to worry about sub-leading
theoretical uncertainties. This is the case of penguin pollution in the extraction of 8 (¢;) from the
so-called golden mode B — J/¢Kg, which is in fact already a pressing issue. Furthermore, the
extraction of the angle @ (¢,) is based on an isospin analysis relating different isospin modes of
Bs to nrs and ps; FCC-ee can address in particular the mode with neutral pions, and by looking at
modes with 7s and 1’s it may be possible to have a better control over isospin breaking corrections

IThe full list of particles which trigger the interest of particle physicists also includes exotic states, whose production
remains to be estimated in the context of FCC-ee. It also remains to be seen its potential impact on the study of strange
physics, e.g., K — u*u~ and hyperons [4]. See Ref. [5] for discussions in the context of CEPC.
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Figure 1: Bounds on the relative sizes of NP with respect to the SM (for which #; = hy = 0) in the B, and
B meson systems. Current bounds reach ~ 20%. Phase I (~ 2030’s) corresponds to Belle II 10/ab & LHCb
50/fb; Phase II (~ 2040’s) to Belle II 50/ab & LHCb 300/fb; and Phase III (~ 2050’s) corresponds to Phase
II, together with improvements from FCC-ee. The different observables used in these fits are considered to
perfectly agree.

[15]. Other angles are also expected to have an increased experimental precision, such as Sy and
else [16-20].

Shifting to CKM magnitudes, from the ~ 3 x 10% W-pair dataset one can envisage extractions
of |Vep| and |V [21, 22]. This relies on a good tagging efficiency of the boosted quark flavours.
With tagging efficiency uncertainties as low as 1% the uncertainty in the extraction of |V,;| could
be as low as 0.5% [21]. Although more studies will assess further expected uncertainties attached
to this extraction, these are certainly good news, since this measurement does not rely on the usual
semi-leptonic B decay modes, which are presently difficult to control with such a low uncertainty,
and in any case the extraction of |V,;| based on W — bc consists of an orthogonal measurement.
With a tagging efficiency uncertainty of about 1% a sub-percent uncertainty is also expected in the
case of |V.s| [21], which is comparable to projections from the Super 7-Charm Facility (STCF)
based on leptonic decays [23]. Let us also point out that the analysis of B, — 7v, does not offer
a precise extraction of |V, | due to uncertainties in the hadronization fraction;> conversely, given
|Veo|, the B, leptonic decay mode could be used in the determination of this hadronic quantity.
Using a similar strategy, no improvement is expected for |V,,5|, which is more than 10 smaller than
|Ven|. The extraction of |V;g| is also on the horizon [24].

In global CKM matrix fits, processes at the quantum level play a major role. Such processes
often set very strong constraints on NP, pushing its characteristic scale to very high energies. To
give an example, consider NP in processes that change flavour by two units, which in the SM are
mediated by the usual box diagrams. We parameterize NP contributions with two parameters per
neutral meson system: £ gives the relative size of NP compared to the SM, while o allows for
new CP-violating phases. We consider that NP is heavy with respect to the mass scale of the
neutral meson, and thus one possible way of introducing NP is through |AF| = 2 effective contact
interactions of dimension-6. Since so many precision observables are available, one can consider
extracting the Wolfenstein parameters of the CKM matrix altogether with the allowed level of NP
contamination. As of now, one observes a substantial degrading in precision in the extraction of

2The use of the semi-leptonic decay B, — J/y{v, as a normalization mode would cancel the dependence on |V, |.
On the other hand, the branching ratio of the mode B, — D )¢ ve scales with |V,,p|?, and so has a much lower statistics.
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the Wolfenstein parameters, and a sizable room for NP [25]. As seen from Fig. 1, the constraints
on the relative sizes of NP steadily improve when moving into future projections. To achieve
progress beyond these expectations, two key sets of quantities are QCD inputs and |V, |. It is worth
mentioning that although semi-leptonic asymmetries do not play an important role in this study,
they are expected to improve substantially with FCC-ee [25, 26], which would have an interesting
effect in constraining well-motivated NP extensions [27]. Improvements in the kaon sector also
depend on QCD inputs and the value of |V,p]|.

Starting with bottom physics, let us now discuss decays mediated by FCNCs, which are rare
in the SM due to both GIM and CKM suppressions. Since the bottom quark belongs to the third
generation, it is generally expected that this sector is more sensitive to NP [28]. A key flavour
physics case for FCC-ee is b — st [29], which thus also involves leptons of the third generation,
further enhancing the sensitivity to NP manifesting in the third generation. There are currently
orders of magnitude separating SM predictions and experimental measurements. With an excellent
vertexing system, the kinematics of the B decay can be reconstructed, and the sensitivity goes close
to performing measurements of SM rates [30, 31]. With a statistics higher than currently projected,
one can perform the determination of observables beyond the total branching fraction, such as
angular observables and observables based on the reconstructed polarizations of the 7s [29].

A general class of measurements that FCC-ee can improve consists of processes carrying
invisible particles in the final states, such as the neutrinos from the decays of 7 leptons in the last
paragraph. There are plenty of other interesting b-decay modes that FCC-ee can analyze. This is
the case for modes mediated by contact interactions having neutrinos such as those carrying the
flavours (bs)(viv2) [32, 33], which are relevant for model building since left-handed neutrinos
can be related to charged leptons via weak-isospin symmetry. The precision in branching ratios is
expected to be substantially better than Belle II can achieve. In the case of light charged leptons
in the final state, FCC-ee can improve in particular the electron mode, which is crucial for further
improving tests of lepton universality [34]. With high statistics one can study CP violation based
on time-dependent observables [35]. Bottom baryon decays can also be used to test the SM and
look for the presence of NP [36, 37].

Apart from rare decay modes, FCC-ee can look at B(.) — 7V, transitions. Here as well
invisible particles are present, and FCC-ee can perform measurements based on the reconstruction
of the full event, using information from the companion bottom quark and the vertexing system
[38, 39]. This is, e.g., important in view of the long-standing LFU tension in the b — ¢ category
of decays [40].

Let us now quickly move to charm physics. The number of produced charm quarks is com-
parable to bottom quarks, which means a large statistical sample also applies. We point out two
categories of observables, namely, direct CP violation and rare charm-meson decays. Direct CP
violation was discovered by LHCb in AAcp = Acp(D? — K~ K*) — Acp(D? — 7~ 7%) [41] (see
also Ref. [42]), which will further improve substantially the uncertainty attached to AAcp in the
future [14]. However, it is very difficult to predict this observable in the SM due to non-perturbative
QCD effects [43, 44]. It is then fundamental to perform measurements of related modes to draw a
clearer picture of the underlying mechanism producing CP violation in branching ratio asymmetries.
Since its production asymmetry is not at the same level of a proton-proton collider, FCC-ee could
provide an important additional measurement for such a suppressed quantity as AAcp. Moreover,
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it can measure neutral srs in the final state, which are related to the measurement by LHCb via
isospin. There is an ongoing effort to establish FCC-ee capabilities [45]; for instance, an O (1072%)
sensitivity to the CP asymmetry in D® — 797 is currently estimated. Other related modes, such
as multi-body and D — vy decays are also of theoretical interest [46, 47]. In the case of rare
decays, similarly to the bottom sector, FCC-ee can address electron and neutrino modes. It can

also measure 7°

s in the final state, which would help better understanding the non-perturbative
dynamics underlying processes with two charged pions in the final state [48], for which LHCb has
provided plenty of data for charm-meson muonic decays [49]. The set of physics cases also includes
di-neutrino modes. To give a concrete example, the bound on the mode D — 7%v¥ [50] is expected
to improve by as much as a factor of 100 based on a naive rescaling of the luminosity [51]. A
very recent analysis of D — 7y establishes a sensitivity to the branching ratio of O(10~7) [52].
There are also interesting physics cases for baryon decay modes, such as A, — pl*¢~, € = e, u,
see Ref. [52].

Moving to tau physics, large yields are again expected. As illustrated by LEP, which provides
measurements that are still relevant today, an electron-positron machine can provide outstanding
measurements based on highly boosted taus, due to a better control of the hadronic background, a
better use of 7-pair production, and a better control of the kinematics [53—55]. From the theoretical
side, as previously mentioned the 7 is interesting for the study of third generation lepton dynamics,
but also as a laboratory for QCD, via the study of inclusive and exclusive branching ratios [54].
Moreover, FCC-ee can improve the determination of 7 properties such as its mass, lifetime, and
branching ratios. This has a huge impact on the study of lepton-universality tests such as g = g,
as illustrated by the expression

(g_T)ZOCB(T—)€V17) .T,umfl, )

8u B — evv) t.m3

i.e., to study universality in lepton couplings one needs to know very well not only the 7 — evv
branching ratio, but also the mass m, and lifetime 7.

Finally, plenty of tests of cLFV will be pushed to higher sensitivity. These processes are
virtually absent in the SM, and thus they set essential tests of its leptonic sector. In the case of
T decays, one can benefit from the absence of neutrinos in the final state in some possible decay
modes to reconstruct candidate events. A substantially higher sensitivity is expected compared to
other machines. There are various other possible tests in Z, Higgs and heavy quark decays, see,
e.g., Refs. [56, 57]. In the case of Z — ue, a crucial aspect setting the sensitivity is the control of
the background stemming from muons being misidentified as electrons [53]. In the case of bottom
quark decays, an easier reconstruction is expected due to a smaller number of invisible particles in
the final state, such as in the case of b — s7¢, £ = e, u, if compared to the di-tau decay mode [58].
The decay D — te could also be investigated. Flavour changing neutral Higgs decays to bs or
cu can generally be probed better with e*e™ — ZH than via indirect searches [59, 60]. High-pr
searches for e*e™ into different quark and lepton flavours can also be considered in testing FCNCs
[61-63]. The reach of tests of baryon number violation such as in 7 decays remains to be estimated.

In conclusion, we attempted to convince the reader that FCC-ee has a lot to offer to flavour
physics, both quark and lepton sectors. The specific projections depend on the detecting properties,
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and flavour physics sets requirements that must be taken into account. In both sectors, very important
tests of SM aspects can be performed, and especially in the case of quark flavour physics (but also
tau physics) to match the experimental accuracy theoretical progress will be needed, part of which
will be experimentally driven. The previous subset of physics cases is by no means exhaustive.
Further work is needed in order to draw a more comprehensive picture of FCC-ee capabilities in
addressing flavour physics observables.
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