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Abstract

This article surveys the important questions attached to unitarity tests of the
Cabibbo-Kobayashi-Maskawa matrix, with a focus on the direct determinations
of the magnitude of CKM matrix elements. The current CKM anomalies are dis-
cussed and the clear-cut prospects at LHCb and Belle II envisaged. The anticipated
precision on CP -conserving and CP -violating observables at the projected upgrades
of the LHCb and Belle II experiments is examined from the point of view of the
search for New Physics in B-meson mixing, addressing the bottlenecks in precision
for the interpretation of the measurements for future experiments and highlighting
the related theoretical and experimental challenges. The vibrant prospects at future
e+e− colliders running at the Z0 pole and W+W− are eventually discussed.
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1 Motivation and State of the Art

1.1 Flavour Physics in / for the SM

Measurements in flavour physics such as decays and mixing amplitudes were instrumental
in the elaboration of the Standard Model (SM). The smallness of the branching fraction
of the K0

L dimuonic decay triggered the GIM mechanism and the prediction of the charm
quark [1], the existence of a third generation [2] was suggested from the first observation
of CP violation, measurements of B0 − B0 oscillations hinted at a very massive top
quark [3], to cite few of the building blocks bringing the SM to some completeness. Flavour
observables are sensitive to amplitudes (modulus and phases) involving heavy virtual
particles, in a similar and complementary way as electroweak precision observables. This
makes Flavour Physics a tool for discovery as potential new heavy states can contribute
to these loops in such a way that the Beyond Standard Model (BSM) energy scale probed
by the Flavour and Electroweak observables exceeds by far that achievable with direct
searches.

1.2 Importance of CKM profile: a pillar of SM

Though the attention is understandably attracted these days by hints of violations of
lepton universality in both penguin-mediated processes and in tree decays mostly reported
by the LHCb, Belle and BaBar experiments (a companion white paper is addressing this
question - [4], see also [5]), the discovery power of flavour physics lies, still and as well,
in CP -conserving and CP -violating observables used to constrain the CKM matrix profile
and the subsequent null-tests originating from these predictions. Figure 1 displays the
state-of-the-art of the SM CKM profile.

The remarkable (and intriguing) consistency of flavour observables within the SM
framework constitutes a pillar of the SM and even provided an indication that TeV-scale
BSM physics would not be observed at the LHC. Despite this overall agreement, some
anomalies within the CKM profile arise and will be discussed in this paper.

1.3 New Physics in mixing : a figure of merit for the experi-
ments sensitivities

As mentioned above, the mixing of neutral mesons has been playing a crucial role in the
SM foundations and furthermore enables to access higher scales for BSM physics than
the ones probed directly at LHC. The constraints on BSM Physics contributions to Bd

and Bs mixing can then be used as a benchmark to evaluate the respective sensitivities
of the future experiments. We’ll follow here the methodology and results provided in a
contributing white paper [7]. This work acknowledges the prospective studies elaborated
by the LHCb [8] and Belle II [9] collaborations and in the FCC-ee [10] white papers. We’ll
discuss in this paper more specifically the CP -conserving observables contributing to the
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Figure 1: Unitarity Triangle nowadays [6]

metrology of the CKM profiles. A companion white paper will focus on the CP -violating
observables.

Let’s set the scene. Assuming the unitarity of the CKM matrix is preserved (valid in a
large class of BSM models), and that the most significant BSM effects occur in observables
that vanish at tree level in the SM [11–14] 1, the possible effects of heavy particles in each
neutral meson system can be accounted for by two real parameters,

M q
12 =

(

M q
12

)

SM
×

(

1 + hq e
2iσq

)

, (1)

where M q
12 encodes the time evolution of the two-state neutral meson system. The deter-

mination of new physics (NP) contributions to meson mixing requires a precise knowledge
of the CKM elements. This is achieved by constraining the unitarity triangle (UT) apex

1BSM effects at tree-level are clearly not ruled out by experiment and the potential size of such effects
in non-leptonic b-decay channels was determined in [15, 16]. The allowed regions can lead to interesting
effects like sizable shifts in the determination of the CKM angle γ [15] or modifications of rare b → s

transitions via charm-loops [17, 18].
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Figure 2: Exclusion curves to hd − hs in Bd and Bs mixing as of [7]. The SM point is
at the origin. The black dot indicates the best-fit point, and the dotted curve shows the
99.7%CL (3σ) exclusion contour.

with BSM contribution-free γ, |Vub| and |Vcb| measurements, under the adopted hypothe-
ses above. The parameterisation in Eq. (1) is particularly convenient since the bounds
on the magnitude and the phase of the BSM contributions are straightforward read off
from a fit encompassing the effect many of the relevant CKM Flavour observables (any
BSM contribution to M12 is additive with respect to the SM amplitude). Fig. 2 displays
the status of these BSM constraints from the diverse set of observables and hadronic pa-
rameters 2 selected in [7]. If the SM (origin point) passes successfully the test, one sees
that BSM contributions can still be as large as 20 − 30% that of the SM. They can be
unraveled in the coming years. It is convenient though to assume the SM and check how
the bounds are improved in the future projects. Of course this approach does not exhaust
the possibilities nor opportunities offered by the experiments under scrutiny but it can
serve as a useful global figure of merit of their performance.

2 A foreseeable experimental landscape of Flavour

Physics in the next decades

2020s decade: Several experiments with beauty quark physics in their program are in
operation or planned for the 2020s decade. The LHCb collaboration has just started the
operation of its first upgrade [22] during the third Run of the Large Hadron Collider

2New lattice values from HPQCD group [19] and sum rules results [20,21] would yield results in even
better agreement with the SM hypothesis.
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(LHC) machine. ATLAS and CMS will continue to contribute significantly to the LHC
flavour program in some selected areas, such as the search for the decay B0 → µ+µ− or
the measurement of the B0

s weak mixing phase φs. The Belle II experiment is already up
and running and should integrate around 50 ab−1 at the horizon of the late 2020s. The
LHCb detector will have recorded during the same period an integrated luminosity of
50 fb−1. The physics cases and the experimental commitments are fully established and
we won’t touch them for this prospective exercise beyond the anticipated reference point
they provide.

2030s decade: Both experiments (LHCb and Belle II) are actively discussing further
steps and upgraded detectors (see [23] for instance), to record about 6 and 5 times
larger samples during the 2030s decade, respectively, shaping the field in this timeline.
Most of the CP -violating observables contributing to the study of the CKM profiles are
theoretically pristine and will greatly benefit from those upgrades. For instance, the γ
angle measurement in B− → DK− decays is free from theory uncertainty within the
SM (smaller than 10−6 relative [24]), which ensures a continued relevance for their mea-
surements throughout the coming decades; this will be developed in a companion white
paper [25]. This is by contrast not the case for many CP -conserving observables. There,
hadronic parameters (modelling strong interaction amplitudes) do limit the precision of
the predictions and their improved determination is required if one wants to maximally
benefit of the increase of integrated luminosity. We will touch in this article the pre-
cision that has been anticipated by the theory community (in particular for the lattice
computations) on sensitive parameters for the electroweak interpretation.

2040s decade: The emergence of e+e− circular collider projects to accurately study the
Brout-Englert-Higgs boson properties as well as the other relevant electroweak thresholds
(Z,WW , tt) opens a new appealing perspective for Flavour Physics at large and b-physics
in particular. The statistics of Z decays foreseen to be collected with the global CERN-
hosted FCC-ee machine project provides about 15 times more B mesons than the Belle II
experiment at completion. As for the LHCb experiment, all b-flavoured particles will be
(abundantly) produced and will experience a significant boost (they are produced from
a Z decay), which can be decisive to measure rare processes such as b-hadron decays
involving τ leptons in the final state [4]. An e+e− circular collider project running at
the Z pole (but also at and above WW threshold) gathers many of the virtues of LHCb
and Belle II experimental environments and therefore provides a natural perspective for
the Flavour program. A similar project (CEPC) is studied in China. Since the Flavour
program was embodied in the FCC project from the origin and that the luminosity target
at the Z pole is superior yet, we’ll consider the FCC projections in this paper.
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3 Direct determination of CKM matrix elements and

discussion of CKM anomalies

3.1 Vcb

Semileptonic b-hadron decays enable in principle a clean and direct determination of Vcb
and Vub. Using data for inclusive semileptonic B → Xclν decays from BaBar and Belle [26]
one can extract Vcb [27] using the framework of the heavy quark expansion [28] as

|Vcb|
incl.,PDG = (42.2± 0.8) · 10−3 . (2)

Including the recently calculated NNNLO-QCD corrections [29]to the free quark decay and
NLO-QCD corrections to the Darwin term [30] one finds [31] even smaller uncertainties

|Vcb|
incl.,2022 = (42.16± 0.51) · 10−3 . (3)

Exclusive semileptonic decays measured in the decay channels B → Dℓν, B → D∗ℓν and
Bs → D∗

sℓν, at Babar, Belle, CLEO and LHCb [32] yield in combination with lattice
results and sum rule determinations of the arising form factors typically smaller values
for Vcb:

|Vcb|
excl.,PDG = (39.5± 0.9) · 10−3 . (4)

In contrast to the inclusive extraction, where only one group is performing the fit, many
more theory groups are working on exlcusive decays, leading to a larger spread in the
corresponding Vcb determinations; recent lattice results (FNAL/MILC [19], HPQCD [33]),
combinations [34] of lattice [35] and unitarity and sum rule determinations (LCSR1 [36],
LCSR2 [37]) yield in combination with data from BaBar, Belle and LHCb e.g.

|Vcb|
excl. =































(38.40± 0.74) · 10−3 FNAL/MILC,BaBar,Belle B → D∗ℓν ,
(40.3± 0.8) · 10−3 LCSR2 and lattice,BaBar,Belle B → D(∗)ℓν ,
(40.3± 1.7) · 10−3 LCSR1,BaBar B → Dℓν ,
(41.0± 1.3) · 10−3 LCSR1,Belle B → Dℓν ,
(41.0± 1.2) · 10−3 lattice + unitarity,Belle B → Dℓν ,
(42.2± 2.3) · 10−3 HPQCD,LHCb Bs → D∗

sℓν .

(5)

More details about the exclusive vs. inclusive puzzle, in particular a discussion of different
parameterisations of the form factors used for the extraction, can be found in [38].

The Vcbelement represents a crucial input parameter for the determination of the CKM
matrix assuming unitarity and many SM predictions are very sensitive to the quoted
precision of Vcb. Within the SM one can e.g. fix the CKM elements Vtx from |Vus|, |Vcb|,
|Vub| and γ via the exact relations:

VtbV
∗

ts = −c12

√

1− |Vub|2 − V 2
cb

√

1− |Vub|2
Vcb − s12

1− |Vub|
2 − V 2

cb
√

1− |Vub|2
Vub , (6)
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V ∗

td

V ∗

ts

=
s12Vcb − c12

√

1− |Vub|2 − V 2
cbVub

−c12Vcb − s12
√

1− |Vub|2 − V 2
cbVub

(7)

with

s12 =
Vus

Vud
√

1 + V 2
us

V 2

ud

, c12 =
1

√

1 + V 2
us

V 2

ud

, Vub = |Vub|e
−iγ (8)

and thus predict quantities like the mass difference of neutral B mesons, ∆Mq or rare
penguin decays like Bq → µµ. This strategy can also be turned around and the loop
induced constraints can be used to constrain Vcb, see e.g. [39–41], to find

|Vcb|
∆Mq = (41.6± 0.7) · 10−3 , (9)

|Vcb|
Mesonmixing = (42.6± 0.5) · 10−3 , (10)

|Vcb|
rare decays = (37.3± 1.0) · 10−3 , (11)

where meson mixing clearly favours the inclusive value, while rare decays shows a tendency
for the low exclusive results, albeit the latter extraction is not really conclusive, since low
q2 data prefer very small values of Vcb, large q2 data intermediate values and decays
like b → sγ prefer larger values. The high precision in Eq.(9) and Eq.(10) is triggered
by some recent improvement on the non-perturbative input for meson mixing stemming
from lattice [42–44] and sum rules [20, 21, 45], with averages of both methods presented
in [41]. The current and foreseen programs at LHCb and Belle II, in conjunction with
more accurate predictions for hadronic parameters shall hopefully shed light on this puzzle.
In a further future at e+e− circular colliders, one could imagine to determine |Vcb| thanks
to the decay B+

c → τ+ν [46, 47]. That determination requires however the knowledge of
the production fraction of the Bc meson at the Z pole, which can be a limiting factor. A
more promising avenue avenue using on-shell W decays is explored in the last section of
this paper.

3.2 Vub

A similar problem arises in the determination of Vub. PDG [27] quotes again quite different
values for the inclusive (see [48–50]) and exclusive (e.g. [51–54]) determination based on
data from Babar and Belle [32]:

|Vub|
incl.,PDG = (4.13± 0.26) · 10−3 , (12)

|Vub|
excl.,2022 = (3.70± 0.16) · 10−3 . (13)

However, now the effect on quantities like ∆Mq arising from this difference is minor
[40] compared to the ambiguities arising from different values of |Vcb|, therefore will not
discuss the current determinations in more detail. Moreover the inclusive determination
is now disturbed by large b→ c backgrounds which neccesitates the introduction of shape
functions [55, 56]. An improvement in the precision of the inclusive determination of Vub
might be achievable by an experimental determination of the shape functions, see e.g.
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Ref. [57]. The exclusive determination relies again on the non-perturbative calculation of
form factors via lattice QCD and/or LCSR. Interestingly different b→ u transitions (like
B+ → τ+ντ , B

0 → π−l+ν, B → Xulν and Λb → pµ−ν̄ ) are affected differently by e.g.
right-handed currents stemming from BSM contributions, see e.g. Ref. [58].

The ratio |Vub/Vcb| can also be determined from Bs → Klν/Bs → Dslν using input
from lattice [33, 52, 59, 60] or sum rules [61]. Further information on that ratio can be
gained from baryonic decays like Λb → pµν̄ and Λb → Λcµν̄ [62] combined with lattice
evaluations [63].

A determination of |Vub| from B+ → τ+ν depending only on the decay constant fB
yields larger uncertainties [27]

|Vub|
τν = (4.13± 0.26) · 10−3 . (14)

As for Vcb, significant progress is expected from the LHCb [8] and Belle II [9] current and
future programs. Prospects at future e+e− colliders must be quantitatively assessed but a
measurement at the percent level of the B+ → τ+ν decay seems a plausible and promising
avenue.

3.3 Cabibbo Anomaly

Due to unitarity the elements of the first row of the CKM matrix obey the relation

|Vud|
2 + |Vus|

2 + |Vub|
2 = 1 . (15)

The CKM element Vud is determined precisely from super allowed nuclear beta decay,
neutron decay, and pion beta decay and one obtains [27] (see also [64])

Vud = 0.97373(31) , (16)

where the dominant uncertainty stems from the nuclear structure. The CKM element Vus
can be determined from kaon decays, hyperon decays, and tau decays and one obtains [27]
a weighted average of Kl3 and Kµ2 decays of

Vus = 0.2243(4) . (17)

Note that the results of Kl3 and Kµ2 differ by 3 standard deviations, see e.g. [65]. For
testing unitarity of the first row the uncertainties in Vub are irrelevant. PDG finds [27]
with a conservative error estimate

|Vud|
2 + |Vus|

2 + |Vub|
2 = 0.9985(6)(4) , (18)

which indicates a two sigma deviation from unitarity, while other studies [66–69] find
deviations of the order of four sigma. The origin of such a discrepancy could be rooted
in an underestimation of the uncertainties in nuclear decays, in the lattice determination
of the kaon form factors or in new physics. Continued efforts in the strengthening of the
hadronic predictions are definitely desirable.
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3.4 Vcd and Vcs

Corresponding tests of unitarity via the second row of the CKM matrix

|Vcd|
2 + |Vcs|

2 + |Vcb|
2 = 1 . (19)

turn out to be inconclusive due to the larger uncertainties in the large CKM elements Vcd
and Vcs. These elements are currently determined from semi-leptonic decays D → πlµ,
D → Klν and leptonic decays D+ → µν, D+

s → µν and D+
s → τν, to obtain [27]

|Vcd| = 0.221(4) , |Vcs| = 0.987(11) . (20)

The extraction from semi-leptonic decays requires the knowledge of form-factors, while
the extraction from leptonic decays requires the very well-known decay constants - thus
the latter decays will provide precise values with continuing experimental progress and
finally enable more stringent unitarity tests of the second row. Future lattice studies
aiming to achieve a higher precision will have to include also QED correction, see e.g.
the discussion in Ref. [70]. A very precise determination of Vcs using lattice QCD and
incorporating QED effects was recently presented by the HPQCD collaboration [71]

|Vcs| = 0.9663(79) . (21)

The experimental precision in the determination of Vcd and Vcs will be considerably in-
creased at a future super-tau-charm-factory, see e.g. the white paper of the Chinese
project [72]. For the further future, on-shell W -boson decays at e+e− circular colliders
shall provide the ultimate precision on the determination of the |Vcs| matrix element [10].

3.5 Direct determination of Vtx

Combinations of CKM elements of the last row can be determined from loop processes,
see e.g. [40,44], while direct information of an individual top-CKM element is so far only
available from single-top production, yielding [27]

|Vtb| = 1.013(30) . (22)

Continued improvement on the |Vtx| matrix element precision is expected at HL-LHC [73].
The operation of FCC-ee at the top-pair production threshold provides as well desirable
opportunities in this area.

4 Projected sensitivities for NP in mixing in the next

two decades

Some comments are in order about the key observables at play in these global analyses
and the corresponding experimental sensitivities. We discuss in this section the LHCb
and Belle II prospects and will dedicate a section about the future e+e− circular colliders
related prospects.
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Figure 3: Sensitivities to the magnitude of BSM contributions in Bd and Bs mixing. From
left to right, one finds the current sensitivity, the anticipated constraints after LHCb
Upgrade I and Belle II operations and finally those after the foreseen upgrades of Belle
II and LHCb experiments. Dotted curves show the 99.7% C.L. (3σ) contours, assuming
SM hd = hs = 0. Taken from Ref. [7].

• The CKM matrix elements |Vub| and |Vcb| are important ingredients to determine the
UT apex. They shall be determined with a precision of 1.2% and 1.4%, respectively,
in exclusive semi-leptonic decays by the Belle II experiment with 50 1/ab [9,74]. The
presence of the neutrino is more difficult to constrain in the LHCb spectrometer but
the unique study of the semileptonic decays of Bs and Λb particles brings additional
information [8, 23]. The ratio of matrix elements |Vub|/|Vcb| is expected to be ulti-
mately measured at 3% and 1% precision with 50 1/fb and 300 1/fb, respectively.
The possibility to collect several 108 W decays at FCC-ee offers the opportunity to
measure |Vcb| from on-shellW+ → cb̄ decays ( [75] and references therein). The total
uncertainty in the latter quantity is estimated to be better than the one extracted
from the future upgrade of Belle II.

• In order to interpret the B-meson mixing measurements, non-perturbative hadronic
parameters must be determined with lattice QCD computations. These are planned
to be computed with a precision better than 1% [73, 74]. Those projections will be
addressed in a dedicated section.

• Eventually, the CP -violating CKM angles α, β, βs, γ, described in a companion white
paper [25], shall all be measured with a subdegree uncertainty [8–10, 23, 73, 74, 76].

The complete set of expected bounds on the energy scale of BSM operators, assuming
consistency with the SM, can be found in [7]. We report here instead in Fig. 3 the evolution
of the constraints on the magnitudes of the potential BSM contributions at the different
timescales of the future projects. We take note that the constraints on the magnitudes of
the BSM amplitudes do improve by a factor larger than 3 w.r.t. the state of the art when
considering the 2030s decade. By contrast, the bounds are not improving along with the
luminosity at the horizon of 2040s decade. Two bottlenecks have been identified in [7]:
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• the precision anticipated for the computations of the hadronic parameters of the
oscillation frequencies (namely decay constants, bag parameters, and perturbative
QCD corrections) are limiting the global fit precision. As in the case of leptonic
decays the inclusion of QED corrections will be mandatory to further improve the
precision [70, 77].

• maybe less expectedly, the knowledge of the matrix element |Vcb| becomes a limiting
factor when considering the LHCb and Belle II ultimate upgrades. The reason is
that |Vcb| controls the normalisation of all the sides of the UT.

It is therefore necessary in order to maximally benefit from the anticipated precision at
the future upgrades of LHCb and Belle II, in particular for the CP -violating observables,
to improve on the accuracy of the relevant lattice QCD parameters and the magnitude
of the CKM matrix element |Vcb|, beyond what has been anticipating. In this analysis,
the central values of the different observables are shifted to match the SM expectation;
it is useful to provide quantitative assignments and identify the bottlenecks. Obviously,
this is a conservative approach and BSM contributions can be unraveled all the way long,
alleviating the conclusions about LQCD parameters and |Vcb|.

5 Theory challenges

Potential improvements in theory predictions can be obtained in several fields:

• Perturbative corrections: Perturbative QCD made huge progress in recent years, see
as an example the NNNLO-QCD corrections to inclusive semileptonic b decays [29].
Future higher-order corrections will increase the precision of more observables, e.g.
NNLO-QCD corrections to the mass difference of neutral mesons. Besides ”simply”
adding more loops, there are, however, conceptual issues, like an appropriate defini-
tion of quark masses, that require further investigations and that will reduce theory
uncertainties.

• Non-perturbative determinations of decay constants: these parameters are currently
very well determined via lattice simulations, see [69]. For further reduction of the-
oretical uncertainties, QED corrections will have to be taken into account properly.
Nevertheless one can study ratios like Br(Bs → µµ)/∆Ms or Br(B+ → τν)/∆Md

where the dependence on the decay constants (and in the case of the first ratio the
CKM elements dependence) cancels out within the SM. As stated above for the
study of leptonic decays and mixing a further improvement in precision requires the
incorporation of QED effects, see Ref. [70, 77].

• Non-perturbative determinations of form factors can be done via LCSR and lattice
simulations, which still can be systematically improved, see e.g. the lattice white
paper contributions [70, 77, 78]. In case of neutral current transitions there are
in addition sizable non-local contributions, where we need some new conceptual
developments in order to drastically improve the precision.
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• Non-perturbative determinations of mixing matrix elements were for quite some time
mostly available from lattice QCD. Here the two most recent ones from FNAL/MILC
[42] (2+1) and HPQCD [44] (2+1+1) differ quite visibly. FLAG quotes [69]

fBs

√

B̂ = 274(8)MeV (Nf = 2 + 1) , (23)

fBs

√

B̂ = 256.1(5.7)MeV (Nf = 2 + 1 + 1) . (24)

A further convergence of the lattice results is mandatory in order to achieve the
planned future relative precision of 1% [73,74]; an independent lattice determination
of the ratios of Bs and Bd mixing was presented in [43]. Sum rules provide a
completely different method for determining the Bag parameter contributing to the
mixing matrix elements. Bd mixing was studied with HQET sum rules in [21,45,79,
80], while Bs mixing was studied in the same framework in [20]. Averages of lattice
and HQET sum rules were presented in [41]. The sum rules estimates can also
be further improved by determining 1/mb corrections to the strict HQET limit, by
determining NNLO-QCD corrections to the QCD-HQET matching or by considering
the sum rule in full QCD.

A very interesting new theory development is the determination of inclusive semileptonic
decays directly on the lattice: [81–86], which could provide further insights in the precise
value of the crucial parameter Vcb.

6 A possible future for Flavour Physics – e+e− future

circular colliders.

Flavour-physics experiments using e+e− → Υ(4S) → bb, such as Belle II, benefit from
experimentally clean final-state events and fully efficient trigger over a large geometrical
acceptance. A pp → bbX experiment, such as LHCb, produces all species of heavy-
flavoured hadrons with a high boost. Experiments relying on e+e− → Z0 → bb production,
as would be the case at FCC-ee or CEPC, are combining these advantages. The invincibly
large bb production cross-section at LHC is partially mitigated by the high luminosity that
is foreseen in particular at FCC-ee and the characteristics of the Z0 environment allows
for studies that are complementary to (or more sensitive than) those foreseen at LHCb
and its upgrades. Table 1 gives the produced yields in 5×1012 Z0 decays for each b-hadron
species, as well as those for charm and τ particles. Yields of B0 and B+ are therefore
around fifteen times larger than those expected at the completion of Belle II. A further
discussion about the advantages of the Z0 environment and a review of flavour physics
opportunities including those sketched in this article are provided in [75].

Flavour possibilities are not restricted to the Z0 pole physics. Several 108 W -boson
decays can be registered at and above the W+W− threshold at FCC-ee and thanks to
excellent vertexing capabilities, one could select events with high-purity b-tagged and c-
tagged jets [87]. It is then conceivable to improve the knowledge of |Vcb| up to an order
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of magnitude with respect to the expected precision at the completion of the LHCb and
Belle II upgrades operations. Very precise measurements of |Vcs| are as well at reach
using on-shell W decays. Closing on the figure of merit defined from BSM contributions
in mixing, the future e+e− circular colliders can therefore improve significantly on the
anticipated bounds at the previous generation of machines, as soon as their luminosity at
the Z0 pole and W+W− equates or exceeds the one targeted at FCC-ee. An assessment
of the precision that could be reached at this horizon in the prediction of the hadronic
parameters will concurrently be desirable. Most of the measurements will remain statis-
tically limited and the flavour program at large would benefit of larger samples. About
a factor of two more events can be recorded if the design of the FCC-ee would comprise
four interaction-points layout as is currently studied.

Particle species B0 B+ B0
s Λb B+

c cc τ−τ+

Yield (×109) 310 310 75 65 1.5 600 170

Table 1: Yields of heavy-flavoured particles produced at FCC-ee for 5 × 1012 Z0 decays.
Production fractions at the Z0 pole are taken from [27, 32]. Identical rates are obtained
for charge conjugate states.

7 Executive summary

The study of the rare decays of b-flavoured hadrons occupies nowadays the front scene
but the continued effort to accurately test the KM paradigm, one of the pillars of the
SM, will remain in the future a must do of the flavour physics experimental program
and shall conserve the attention of the community. We touched in this survey article the
vibrant experimental projects that will shape the field in the next decades. The Belle II
and LHCb upgrades programs, and in a farer and desirable future, the experiments at a
high-energy e+e− circular collider, shall bring the precision on CP -violating observables
to unprecedented levels. The anticipated subdegree accuracy on the CKM angles makes
one illustration. The completeness of the study the CKM profiles requires that similar
progresses are achieved on the CP -conserving quantities that this article focused on. In
that respect, to make full use of the future experimental facilities precision, theoretical
progress is mandatory both in perturbative and non-perturbative corrections. Since ob-
servables are typically products of short distance coefficients and long distance matrix
elements, uncertainties have to be reduced in both factors. Such a progress in theory is
very challenging but doable if there are enough resources provided.

Acknowledgment

The authors would like to thank Matthew Kirk and Oliver Witzel for helpful discussions.

12



References

[1] S. L. Glashow, J. Iliopoulos, and L. Maiani, Weak interactions with lepton-hadron
symmetry, Phys. Rev. D 2 (1970) 1285.

[2] M. Kobayashi and T. Maskawa, CP -violation in the renormalizable theory of weak
interaction, Prog. Theor. Phys. 49 (1973) 652.

[3] H. Albrecht et al., Observation of B0-B̄0 mixing, Phys. Lett. B 192 (1987) 245.

[4] D. Guadagnoli and P. Koppenburg, Lepton-flavor violation and lepton-flavor-
universality violation in b and c decays, in 2022 Snowmass Summer Study, 7, 2022,
arXiv:2207.01851.

[5] W. Altmannshofer and F. Archilli, Rare decays of b and c hadrons, in 2022 Snowmass
Summer Study, 6, 2022, arXiv:2206.11331.

[6] CKMfitter group, J. Charles et al., Current status of the Stan-
dard Model CKM fit and constraints on ∆F = 2 new physics,
Phys. Rev. D91 (2015) 073007, arXiv:1501.05013, updated results and plots
available at http://ckmfitter.in2p3.fr/.

[7] J. Charles et al., New physics in B meson mixing: future sensitivity and limitations,
Phys. Rev. D 102 (2020) 056023, arXiv:2006.04824.

[8] LHCb, Future physics potential of LHCb, in 2022 Snowmass Summer Study, 2022.

[9] Belle-II, L. Aggarwal et al., Snowmass White Paper: Belle II physics reach and plans
for the next decade and beyond, arXiv:2207.06307.

[10] G. Bernardi et al., The Future Circular Collider: a Summary for the US 2021 Snow-
mass Process, arXiv:2203.06520.

[11] J. M. Soares and L. Wolfenstein, CP violation in the decays B0 → ψKS and B0 →
π+π−: A Probe for new physics, Phys. Rev. D47 (1993) 1021.

[12] T. Goto, N. Kitazawa, Y. Okada, and M. Tanaka, Model independent analy-
sis of BB̄ mixing and CP violation in B decays, Phys. Rev. D53 (1996) 6662,
arXiv:hep-ph/9506311.

[13] J. P. Silva and L. Wolfenstein, Detecting new physics from CP violating phase mea-
surements in B decays, Phys. Rev. D55 (1997) 5331, arXiv:hep-ph/9610208.

[14] Y. Grossman, Y. Nir, and M. P. Worah, A Model independent construction of the
unitarity triangle, Phys. Lett. B407 (1997) 307, arXiv:hep-ph/9704287.

13

https://doi.org/10.1103/PhysRevD.2.1285
https://doi.org/10.1143/PTP.49.652
https://doi.org/https://doi.org/10.1016/0370-2693(87)91177-4
http://arxiv.org/abs/2207.01851
http://arxiv.org/abs/2206.11331
https://doi.org/10.1103/PhysRevD.91.073007
http://arxiv.org/abs/1501.05013
http://ckmfitter.in2p3.fr/
https://doi.org/10.1103/PhysRevD.102.056023
http://arxiv.org/abs/2006.04824
http://arxiv.org/abs/2207.06307
http://arxiv.org/abs/2203.06520
https://doi.org/10.1103/PhysRevD.47.1021
https://doi.org/10.1103/PhysRevD.53.6662
http://arxiv.org/abs/hep-ph/9506311
https://doi.org/10.1103/PhysRevD.55.5331
http://arxiv.org/abs/hep-ph/9610208
https://doi.org/10.1016/S0370-2693(97)00675-8
http://arxiv.org/abs/hep-ph/9704287


[15] J. Brod, A. Lenz, G. Tetlalmatzi-Xolocotzi, and M. Wiebusch, New physics effects
in tree-level decays and the precision in the determination of the quark mixing angle
γ, Phys. Rev. D 92 (2015) 033002, arXiv:1412.1446.

[16] A. Lenz and G. Tetlalmatzi-Xolocotzi, Model-independent bounds on new
physics effects in non-leptonic tree-level decays of B-mesons, JHEP 07 (2020) 177,
arXiv:1912.07621.
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