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Scope of Flavour Physics
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• Flavour is one of most puzzling aspects of SM 


• strong suppression of flavor changing processes within SM           
⇒ allows to probe deep UV dynamics
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Scope of Flavour Physics @ FCC(-ee)
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• Flavour physics reach with O(1013) Z decays (108 W, 106 Higgs, top)

• rare decays of c- and b-hadrons and CP violation in the heavy-

quark sector

• rare (τ) lepton decays

• rare Z, (W, h, t) decays


• In the context of ultimate potential of the LHCb upgrade and Belle II 
experiments.

Flavours @ FCC-ee 5

2) Executive summary — Flavours at FCC-ee

1) Heavy Flavours Production — Comparison w/ Belle II 

2) Flavour anomalies — b → s!! yields and  B0 → K*0�τ+τ-. 
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Figure 7.1: Invariant mass reconstruction of B̄
0 ! K

⇤0
(892)t+t� candidates (green line), where

t!3pn⌧ and K⇤ !K+p�, allowing to reconstruct the decay vertices. The two dominant backgrounds
are included: B̄s ! D

+
s D

�

s K
⇤0

(892) (red) and B̄
0 ! D

+
s K̄

⇤0
(892)t�n⌧ (pink).

B̄
0 ! K

⇤0
(892)t+t� are therefore obvious candidates to study. The excellent knowledge of the de-

cay vertices, thanks to the multibody hadronic t decays, allows to fully solve the decay kinematics in
spite of the final-state neutrino. The decay B̄

0 ! K
⇤0

(892)t+t� has been studied using Monte Carlo
events propagated through a fast simulation featuring a parametric FCC-ee detector, with tracking and
vertexing performance inspired from the ILD detector design [191].

Figure 7.1 shows the reconstructed invariant mass distribution of simulated SM signal and back-
ground events corresponding to 5 ⇥ 10

12 Z-bosons. More than a thousand reconstructed events can be
expected at the FCC-ee, opening the way to measurements of the angular properties of the decay [192].
Table 7.1 compares the (anticipated) reconstructed yields for these decay modes, at the Belle II, LHCb
upgrade and FCC-ee experiments.

Table 7.1: Comparison of orders of magnitude for expected reconstructed yields of a selection of
electroweak penguin and pure dileptonic decay modes in Belle II, LHCb upgrade and FCC-ee exper-
iments. Standard model branching fractions are assumed. The yields for the electroweak penguin decay
B̄

0 ! K
⇤0

(892)e+e� are given in the low q2 region.

Decay mode B
0 ! K

⇤
(892)e

+
e
�

B
0 ! K

⇤
(892)t+t� Bs(B

0
) !µ+µ�

Belle II ⇠ 2 000 ⇠ 10 n/a (5)
LHCb Run I 150 - ⇠ 15 (–)

LHCb Upgrade ⇠ 5000 - ⇠ 500 (50)
FCC-ee ⇠ 200000 ⇠ 1000 ⇠1000 (100)

Similar decays, such as L0
b !L⇤(1520)t+t�, benefit from the same topological reconstruction

advantages. Likewise, in view of completing the LFUV tests, the study of the decay B
0 ! K

⇤
(892)e

+
e
�

can be performed with unrivalled statistics.
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Figure 7.1: Invariant mass reconstruction of B̄
0 ! K

⇤0
(892)t+t� candidates (green line), where

t!3pn⌧ and K⇤ !K+p�, allowing the decay vertices to be reconstructed. The two dominant back-
grounds are included: B̄s ! D

+
s D

�

s K
⇤0

(892) (red) and B̄
0 ! D

+
s K̄

⇤0
(892)t�n⌧ (pink).

in spite of the final-state neutrino. The decay B̄
0 ! K

⇤0
(892)t+t� has been studied using Monte Carlo

events propagated through a fast simulation featuring a parametric FCC-ee detector, with tracking and
vertexing performance inspired from the ILD detector design [191].

Figure 7.1 shows the reconstructed invariant mass distribution of simulated SM signal and back-
ground events corresponding to 5 ⇥ 10

12 Z-bosons. More than a thousand reconstructed events can be
expected at the FCC-ee, opening the way to measurements of the angular properties of the decay [192].
Table 7.2 compares the (anticipated) reconstructed yields for these decay modes, at the Belle II, LHCb
upgrade and FCC-ee experiments.

Table 7.2: Comparison of orders of magnitude for expected reconstructed yields of a selection of
electroweak penguin and pure dileptonic decay modes in Belle II, LHCb upgrade and FCC-ee exper-
iments. Standard model branching fractions are assumed. The yields for the electroweak penguin decay
B̄

0 ! K
⇤0

(892)e+e� are given in the low q2 region.

Decay mode B
0 ! K

⇤
(892)e

+
e
�

B
0 ! K

⇤
(892)t+t� Bs(B

0
) !µ+µ�

Belle II ⇠ 2 000 ⇠ 10 n/a (5)
LHCb Run I 150 - ⇠ 15 (–)

LHCb Upgrade ⇠ 5000 - ⇠ 500 (50)
FCC-ee ⇠ 200000 ⇠ 1000 ⇠1000 (100)

Similar decays, such as L0
b !L⇤(1520)t+t�, benefit from the same topological reconstruction

advantages. Likewise, in view of completing the LFUV tests, the study of the decay B
0 ! K

⇤
(892)e

+
e
�

can be performed with unrivalled statistics.
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Working point Lumi. / IP [1034 cm�2.s�1] Total lumi. (2 IPs) Run time Physics goal

Z first phase 100 26 ab�1 /year 2
Z second phase 200 52 ab�1 /year 2 150 ab�1

Particle production (109) B0 B� B0
s ⇤b cc ⌧�⌧+

Belle II 27.5 27.5 n/a n/a 65 45
FCC-ee 400 400 100 100 800 220

S. Monteil, FCC PED Week 2023

Flavours @ FCC

A- Particle production at the Z pole: 

• About 15 times the nominal Belle II anticipated statistics for B0 and B+.
• All species of b-hadrons are produced. 
• Expect ~4.109  Bc-mesons assuming 

   

4S. Monteil

1) FCC-ee ABCD specifics for Flavour Physics.

Working point Lumi. / IP [1034 cm�2.s�1] Total lumi. (2 IPs) Run time Physics goal

Z first phase 100 26 ab�1 /year 2
Z second phase 200 52 ab�1 /year 2 150 ab�1

fBc/(fBu + fBd) ⇠ 3.7 · 10�3

Particle production (109) B0 / B
0

B+ / B� B0
s / B

0
s ⇤b / ⇤b cc ⌧�/⌧+

Belle II 27.5 27.5 n/a n/a 65 45
FCC-ee 300 300 80 80 600 150
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Future flavor physics landscape: possible scenarios
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Mandate of Flavour Physics Group
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• identify key topics and observables                                      
(extensive and focused primarily on FCC-ee)


• propose new benchmark measurements                                
(interface with exp. groups - detector requirements, exp. reach)


• project requirements and feasibility of precision calculations           
(i.e. EM/EW corrections, lattice QCD)


Interface with other working groups:

• Flavor of Higgs interactions (               , CPV, …)

• top-quark as a probe of flavor (Vtx, CPV, LFU)


• Flavor at high pT (CKM from W decays, FCNC Z decays, …)

with Gino Isidori
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h ! f̄f 0

with Gino Isidori
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1 Leptonic and semileptonic b decays

2 Rare leptonic and semileptonic b decays 

3 CPV in b decays and mixing 

5 Charm physics  

4 Tau physics

6 Flavour @ high-pT  
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1 Leptonic and semileptonic b decays

10

• Traditionally focused on CKM (|Vcb| & |Vub|) extraction


• Ultimate |Vub| precision possible with B→πlν and Bs→Klν


• Projected statistics @ FCC-ee motivate precision tests of LFU

• Leptonic decays (Bu,c→µν,τν) theoretically cleaner compared to 

exclusive semileptonic decays


• Differential LFU tests with inclusive semileptonic decays (B→Xc µν,τν) 

see also

Amhis et al., 2105.13330

Zheng et al., 2007.08234

|Vub| preclude us from providing a confident and precise numerical prediction of the
branching ratio within the SM. Instead, taking into account other subleading sources
of uncertainty in the B ! ⌧⌫ mode – the B

� lifetime and electromagnetic corrections
– which contribute around 1% to the error on the branching ratio, we obtain the
following precise parametric estimate

Br(B�
! ⌧

�
⌫̄(�))SM = 1.13(1)⇥ 10�4

✓
fB

0.2GeV

◆2 ✓
|Vub|

4⇥ 10�3

◆2

. (2)

In addition, neglecting for the moment the di↵erences in EM corrections between the
di↵erent charged lepton modes, the lepton universality ratios can also be precisely
predicted

Br(B�

! µ
�
⌫̄)

Br(B� ! ⌧�⌫̄)

�

SM⇤
= 4.49⇥ 10�3

,


Br(B�

! e
�
⌫̄)

Br(B� ! ⌧�⌫̄)

�

SM⇤
= 1.05⇥ 10�7

, (3)

where the asterisk denotes that EM corrections have been neglected or subtracted as
will be discussed shortly.

Within the SM, the two main sources of uncertainty in the Br(B ! ⌧⌫) due to
fB and |Vub| are in fact reducible by combining information on �mBd

and the CKM
unitarity triangle angles in the ratio Br(B�

! ⌧
�
⌫̄)/�mBd

[9]. The virtue of this
ratio is that quadratic sensitivity to a dimensionful hadronic quantity (fB) is replaced
by a linear dependence on the dimensionless bag parameter B̂Bd

, which is presently
known at 9% precision from Lattice QCD computations [6]. In addition, the CKM
parametric dependence is modified compared to eq. (1) and can be rewritten intirely
in terms of unitarity triangle angles �CKM and �CKM. Using the results of a global
CKM fit [8] without the leptonic B decay included, this leads to an uncertainty in
the ratio of 11%. Unfortunately, tensions in such a fit at present again preclude us
from stating a reliable and precise SM prediction⇤.

Considering again the muon and electron final states, it is well known that the
emission of an additional photon in B ! `⌫ can lift helicity suppression [11]. The
inner bremsstrahlung (IB) photons originating from point-like sources can be com-
puted exactly using Low’s theorem. However, they are still helicity suppressed and
thus cancel in ratios between the three lepton flavor final states in eq. (3). Helicity
suppression is lifted by additional structure dependent (SD) contributions which can
thus give relevant contributions to light lepton final states. In general, the radiative
leptonic decay rate spectrum due to SD terms can be written in terms of two hadronic
form factors [11], which parametrize the hadronic matrix element h�|b̄�µ(1��5)u|Bi .
It has been pointed out recently [12], that these contributions may be resonantly en-
hanced due to the presence of the nearby B

⇤ pole. Experiments impose finite cuts on
final state photon (E� < E

cut
�
⇠ O(200 MeV)) and lepton (E` > E

cut
`
⇠ O(2.4 GeV))

⇤For a recent discussion on possible new physics implications of these tensions c.f. [8, 10].

2


�(B+ ! ⌧+⌫)

�(B+
c ! ⌧+⌫)

�

SM⇤
= 0.782

����
VubfB
VcbfBc
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• Rare b-hadron decays to taus 

• Partly motived by current intriguing exp. situation in rare & 

semitauonic B decays

• Possibly large NP effects predicted in motivated BSM models

• FCC-ee (unique) probe of SM predictions for B → [K(*)] τ+τ−


• Complete kinematical reconstruction yields access to angular 
observables, tau polarization


• FCC statistics allow to contemplate time-dependent (CPV) studies 
with rare (semi)leptonic decays - unique new window to CPV 

J.F.K. et al., 1705.11106 

see Fleisher et al., 2212.09575, 1709.04735, 1303.3820

	 	 	 	 	 Descotes-Genon, Novoa-Brunet, Vos,  2008.08000

see e.g. Li & Liu, 2012.00665
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see e.g. 

Capdevilla et al., 1712.01919
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• Rare b-hadron decays to neutrinos 

• Belle II expected to measure SM rates of B → K(*)νν 


• FCC-ee statistics could allow for unique probes into CP nature of 
these decays via (time dependent/integrated) CP asymmetries


• Example: time-integrated decay CP asymmetry
Descotes-Genon, et al., 2208.10880

Figure 1: hACPiincoherent (bottom) and s0/(�+ �̄) (top) for the B! KS ⌫⌫̄ decay
as a function of the complex phase �NP of the NP Wilson coe�cient C⌫µ,NP

L =

e�i�NP
����C
⌫µ,NP
L

���� for
����C
⌫µ,NP
L

���� =
����C⌫,SM

L

���� /4 (C⌫,NP
R = 0 is assumed). The NP Wilson

coe�cients for the other lepton flavours carry the same phase but are rescaled
according to scenarios with the 1) simplest, 2) democratic, 3) anomaly-free
assignment, 4) hierarchical lepton structures described in Section 4.1, leading
to the variations shown in yellow, green, purple and orange respectively. The
SM prediction is shown in blue. The 3 gray bands correspond, from the widest
to the narrrowest, to the expected experimental uncertainties given in Table 1
for N=200, N=2000, and N=20000 events.

vanish exactly in the SM, in particular for B0
s ! �⌫⌫̄ where

the weak phases in mixing and decay cancel. The phase of Vcs
is neglected in our analysis (Im[Vcs] ⇠ �6 ⇠ 10�5) leading to
the vanishing uncertainties of s1c/J1c and h1c/J1c. Finally, the
direct CP asymmetries (J1s � J̄1s)/(� + �̄) vanish since we as-
sume that there are no NP mechanisms for generating a strong
phase.

In Figs. 1, 2 and 3, we show the variation of some of these
observables with �NP, the global weak phase involved in all
three Wilson coe�cients C⌫↵,NP

L , under the NP scenario
����C
⌫µ,NP
L

���� =
C⌫,SM

L /4. The plots show the SM prediction as well as the val-
ues for the four di↵erent hypotheses for the lepton couplings
(allowing one to derive the NP contributions to the C⌫e,NP

L and
C⌫⌧,NP

L ), as well as the projected experimental statistical uncer-
tainty for 200, 2000 and 20000 events.

We see that the observables vary significantly with the CP-
violating phase �NP, in particular for scenarios leading to large
⌧ couplings, whereas they reduce back to the SM values when
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Figure 2: Same as Fig. 1 for the hAFL iincoherent/hFLiincoherent (top) hABiincoherent
(center) and s1c/(J1c + J̄1c) (bottom) observables of the B! K⇤⌫⌫̄ mode.

�NP vanishes. We show here a selection of observables or ra-
tios of observables which exhibit small theoretical uncertainties
and large variations with the NP phase. From these one can
conclude that even experimental measurements based on lim-
ited numbers of events could discriminate among the scenarios
considered. We stress again that we take into account only sta-
tistical uncertainties here, and additional systematics related to
specific experimental environments should also be eventually
considered in a more detailed dedicated experimental study .

Naturally, these observables can be combined with the branch-
ing ratios (and K⇤ polarisations) discussed in Sec.2, the latter
providing constraints on the modulus, and the former probing
the phase of the NP contribution, respectively. For the branch-
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which can be combined into clean ratios without hadronic un-
certainties

hAFLiincoherent

hFLiincoherent
=

1 � y2

1 + x2
�x
P
⌫ s1cP

⌫(J1c + J̄1c � y h1c)

=
1 � y2

1 + x2

�x Im[ei�(VtbV⇤ts)2P
⌫(C⌫L �C⌫R)2]

P
⌫{|VtbV⇤ts|2|C⌫L �C⌫R|2 � yRe[ei�(VtbV⇤ts)2(C⌫L �C⌫R)2]}

=
1 � y2

1 + x2 ⇥
�x
P
⌫ sin(� � 2�s + 2↵⌫LR)

1 � y
P
⌫ cos(� � 2�s + 2↵⌫LR)

, (32)

where ↵⌫LR is the argument of C⌫L �C⌫R.
Given the di↵erent values of the mixing parameters for the

two neutral mesons, we see that

• for Bd ! K⇤(! KS ⇡0)⌫⌫̄, the only relevant e↵ects are on
the CP asymetries through AFL (or equivalently

P
⌫ s⌫1c)

constraining Im[e�2i�(VtbV⇤ts)2(C⌫L�C⌫R)2] and through AB
(or equivalently

P
⌫ 3s⌫1c + 4s⌫1s) which corresponds to a

less clean combination of Im[e�2i�(VtbV⇤ts)2P
⌫(C⌫L�C⌫R)2]

and Im[e�2i�(VtbV⇤ts)2P
⌫(C⌫L +C⌫R)2], involving form fac-

tors.

• for Bs ! �⌫⌫̄, CP-averaged quantities are also accessi-
ble, so that FL could yield a constraint on Re[

P
⌫(C⌫L �

C⌫R)2], while B would yield a less clean constrain on a
combination of Re[

P
⌫(C⌫L�C⌫R)2] and Re[

P
⌫(C⌫L+C⌫R)2],

which depends on the form factors.

This above discussion assumes that there is no NP in mixing,
but it can be easily extended if there is an addition NP phase
contributing to �.

3.3. Summary
If we consider a b ! s⌫⌫̄ transition corresponding to a

B-meson decaying into a meson M, we can get new observ-
ables by considering the time dependence of CP-asymmetries
(for Bd ! M⌫⌫̄ and Bs ! M⌫⌫̄) and CP-averaged observ-
ables (for Bs ! M⌫⌫̄ only). These can be studied through the
time dependence after a coherent bb̄ production at B-factories,
but also through time-integrated observables after an incoher-
ent bb̄ production at hadronic machines or Z-factories : the CP-
asymmetries are non-vanishing (contrary to B factories) whereas
the CP-averaged quantities deviate from the B-factory values.
In all cases, one can build ratios of angular observables where
form factor dependencies cancel, providing unique clean probes
of NP phases in the Wilson coe�cients responsible for CP-
violation in b! s⌫⌫̄, even in absence of right-handed currents.

4. Numerical study of NP sensitivity and projections

In the following we present a brief numerical study, to illus-
trate the possible size of NP e↵ects in the observables discussed
above and the sensitivity that could be potentially reached by
future experiments.

4.1. NP benchmark
For illustration purposes, we consider a subset of relevant

SMEFT operators, considered previously in Ref. [39], focusing
on the case where NP involves only left-handed fields. Possible
heavy NP contributions should be written in terms of SM gauge
invariant operators [26, 40, 41]:

Le↵. = LSM �
1
v2 �

q
i j�
`
↵� (33)
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CT
⇣
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⌘
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µL�L
⌘ i
,

where we choose to write the operators in the down-quark and
charged-lepton mass basis Qi

L = (VCKM⇤
ji u j

L, d
i
L)T and L↵L =

(UPMNS
↵� ⌫�L, `

↵
L)T . Following Refs. [41–43] we assume that the

same flavour structure encoded in (hermitian) �q
i j and �`↵� ma-

trices holds for both operators, while CS ,T are real.
For the quarks only �q

23,32 elements contribute to b ! s
transitions in this basis. In the lepton sector, we consider here
only (SM-like) left-handed neutrinos and in addition assume
an approximate U(1)3

` symmetry (broken only by the neutrino
masses). This yields �`i, j ' 0 in agreement with the strin-
gent experimental limits on lepton flavour violation. Current
(LFU) NP hints in b ! s`` decays only indicate significant
non-standard e↵ects in muonic final states, whereas a slightly
smaller e↵ect in electrons is not excluded. Tauonic transitions
are at present only poorly constrained and could in principle ex-
hibit even much larger deviations than those observed in RK(⇤) [44].
We may thus assume various ratios of U(1)3

` charges [39]: 1) the
simplest case �`ee = �

`
⌧⌧ = 0; 2) the democratic scenario �`ee =

�`µµ = �
`
⌧⌧; 3) the anomaly-free assignment �`µµ = ��`⌧⌧ and

�`ee = 0; 4) the hierarchical charge scenario �`↵↵/�`µµ = m↵/mµ.
It is easy to work out the values of the Wilson coe�cients

for the e↵ective theories [39] for b! s`` and b! s⌫⌫̄:

Cµ,NP
9 = � ⇡

↵emVtbV⇤ts
�q

23�
`
µµ[CT +CS ] , (34)

Cµ,NP
10 = � ⇡

↵emVtbV⇤ts
�q

23�
`
µµ[�CT �CS ] , (35)

wheras other b ! s`` Wilson coe�cients do not receive any
NP contributions, and

C⌫↵,NP
L = � ⇡

↵emVtbV⇤ts
�q

23�
`
↵↵[CS �CT ] , (36)

C⌫↵,NP
R = 0 , (37)

with ↵ = e, µ, ⌧.5 Notice that in this setup, the three neu-
trino flavours receive a NP contribution C⌫↵,NP

L with the same
CP-violating phase relative to the SM �NP = arg(�q

23/VtbV⇤ts),
whereas C⌫↵,NP

R vanishes 6 .

5We neglect tiny neutrino mass e↵ects, setting e↵ectively UPMNS
↵� = �↵� and

identifying neutrinos by the corresponding charged lepton flavor.
6Similar common flavour structures (and weak phase) naturally arise also

in specifci flavour models, for instance those based on minimally broken U(2)
flavour symmetry respecting General Minimal Flavour Violation [45], as can
be seen from the discussion in Ref. [39].
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where ↵⌫LR is the argument of C⌫L �C⌫R.
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• for Bs ! �⌫⌫̄, CP-averaged quantities are also accessi-
ble, so that FL could yield a constraint on Re[
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C⌫R)2], while B would yield a less clean constrain on a
combination of Re[

P
⌫(C⌫L�C⌫R)2] and Re[
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which depends on the form factors.

This above discussion assumes that there is no NP in mixing,
but it can be easily extended if there is an addition NP phase
contributing to �.

3.3. Summary
If we consider a b ! s⌫⌫̄ transition corresponding to a

B-meson decaying into a meson M, we can get new observ-
ables by considering the time dependence of CP-asymmetries
(for Bd ! M⌫⌫̄ and Bs ! M⌫⌫̄) and CP-averaged observ-
ables (for Bs ! M⌫⌫̄ only). These can be studied through the
time dependence after a coherent bb̄ production at B-factories,
but also through time-integrated observables after an incoher-
ent bb̄ production at hadronic machines or Z-factories : the CP-
asymmetries are non-vanishing (contrary to B factories) whereas
the CP-averaged quantities deviate from the B-factory values.
In all cases, one can build ratios of angular observables where
form factor dependencies cancel, providing unique clean probes
of NP phases in the Wilson coe�cients responsible for CP-
violation in b! s⌫⌫̄, even in absence of right-handed currents.

4. Numerical study of NP sensitivity and projections

In the following we present a brief numerical study, to illus-
trate the possible size of NP e↵ects in the observables discussed
above and the sensitivity that could be potentially reached by
future experiments.

4.1. NP benchmark
For illustration purposes, we consider a subset of relevant

SMEFT operators, considered previously in Ref. [39], focusing
on the case where NP involves only left-handed fields. Possible
heavy NP contributions should be written in terms of SM gauge
invariant operators [26, 40, 41]:
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trices holds for both operators, while CS ,T are real.
For the quarks only �q

23,32 elements contribute to b ! s
transitions in this basis. In the lepton sector, we consider here
only (SM-like) left-handed neutrinos and in addition assume
an approximate U(1)3

` symmetry (broken only by the neutrino
masses). This yields �`i, j ' 0 in agreement with the strin-
gent experimental limits on lepton flavour violation. Current
(LFU) NP hints in b ! s`` decays only indicate significant
non-standard e↵ects in muonic final states, whereas a slightly
smaller e↵ect in electrons is not excluded. Tauonic transitions
are at present only poorly constrained and could in principle ex-
hibit even much larger deviations than those observed in RK(⇤) [44].
We may thus assume various ratios of U(1)3
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23/VtbV⇤ts),
whereas C⌫↵,NP

R vanishes 6 .

5We neglect tiny neutrino mass e↵ects, setting e↵ectively UPMNS
↵� = �↵� and

identifying neutrinos by the corresponding charged lepton flavor.
6Similar common flavour structures (and weak phase) naturally arise also

in specifci flavour models, for instance those based on minimally broken U(2)
flavour symmetry respecting General Minimal Flavour Violation [45], as can
be seen from the discussion in Ref. [39].
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in specifci flavour models, for instance those based on minimally broken U(2)
flavour symmetry respecting General Minimal Flavour Violation [45], as can
be seen from the discussion in Ref. [39].
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which can be combined into clean ratios without hadronic un-
certainties

hAFLiincoherent

hFLiincoherent
=

1 � y2

1 + x2
�x
P
⌫ s1cP

⌫(J1c + J̄1c � y h1c)

=
1 � y2

1 + x2

�x Im[ei�(VtbV⇤ts)2P
⌫(C⌫L �C⌫R)2]

P
⌫{|VtbV⇤ts|2|C⌫L �C⌫R|2 � yRe[ei�(VtbV⇤ts)2(C⌫L �C⌫R)2]}

=
1 � y2

1 + x2 ⇥
�x
P
⌫ sin(� � 2�s + 2↵⌫LR)

1 � y
P
⌫ cos(� � 2�s + 2↵⌫LR)

, (32)

where ↵⌫LR is the argument of C⌫L �C⌫R.
Given the di↵erent values of the mixing parameters for the

two neutral mesons, we see that

• for Bd ! K⇤(! KS ⇡0)⌫⌫̄, the only relevant e↵ects are on
the CP asymetries through AFL (or equivalently

P
⌫ s⌫1c)

constraining Im[e�2i�(VtbV⇤ts)2(C⌫L�C⌫R)2] and through AB
(or equivalently

P
⌫ 3s⌫1c + 4s⌫1s) which corresponds to a

less clean combination of Im[e�2i�(VtbV⇤ts)2P
⌫(C⌫L�C⌫R)2]

and Im[e�2i�(VtbV⇤ts)2P
⌫(C⌫L +C⌫R)2], involving form fac-

tors.

• for Bs ! �⌫⌫̄, CP-averaged quantities are also accessi-
ble, so that FL could yield a constraint on Re[

P
⌫(C⌫L �

C⌫R)2], while B would yield a less clean constrain on a
combination of Re[

P
⌫(C⌫L�C⌫R)2] and Re[

P
⌫(C⌫L+C⌫R)2],

which depends on the form factors.

This above discussion assumes that there is no NP in mixing,
but it can be easily extended if there is an addition NP phase
contributing to �.

3.3. Summary
If we consider a b ! s⌫⌫̄ transition corresponding to a

B-meson decaying into a meson M, we can get new observ-
ables by considering the time dependence of CP-asymmetries
(for Bd ! M⌫⌫̄ and Bs ! M⌫⌫̄) and CP-averaged observ-
ables (for Bs ! M⌫⌫̄ only). These can be studied through the
time dependence after a coherent bb̄ production at B-factories,
but also through time-integrated observables after an incoher-
ent bb̄ production at hadronic machines or Z-factories : the CP-
asymmetries are non-vanishing (contrary to B factories) whereas
the CP-averaged quantities deviate from the B-factory values.
In all cases, one can build ratios of angular observables where
form factor dependencies cancel, providing unique clean probes
of NP phases in the Wilson coe�cients responsible for CP-
violation in b! s⌫⌫̄, even in absence of right-handed currents.

4. Numerical study of NP sensitivity and projections

In the following we present a brief numerical study, to illus-
trate the possible size of NP e↵ects in the observables discussed
above and the sensitivity that could be potentially reached by
future experiments.

4.1. NP benchmark
For illustration purposes, we consider a subset of relevant

SMEFT operators, considered previously in Ref. [39], focusing
on the case where NP involves only left-handed fields. Possible
heavy NP contributions should be written in terms of SM gauge
invariant operators [26, 40, 41]:

Le↵. = LSM �
1
v2 �

q
i j�
`
↵� (33)

⇥
h
CT
⇣
Q̄i

L�µ�
aQi

L

⌘ ⇣
L̄↵L�

µ�aL�L
⌘
+CS

⇣
Q̄i

L�µQ
i
L

⌘ ⇣
L̄↵L�

µL�L
⌘ i
,

where we choose to write the operators in the down-quark and
charged-lepton mass basis Qi

L = (VCKM⇤
ji u j

L, d
i
L)T and L↵L =

(UPMNS
↵� ⌫�L, `

↵
L)T . Following Refs. [41–43] we assume that the

same flavour structure encoded in (hermitian) �q
i j and �`↵� ma-

trices holds for both operators, while CS ,T are real.
For the quarks only �q

23,32 elements contribute to b ! s
transitions in this basis. In the lepton sector, we consider here
only (SM-like) left-handed neutrinos and in addition assume
an approximate U(1)3

` symmetry (broken only by the neutrino
masses). This yields �`i, j ' 0 in agreement with the strin-
gent experimental limits on lepton flavour violation. Current
(LFU) NP hints in b ! s`` decays only indicate significant
non-standard e↵ects in muonic final states, whereas a slightly
smaller e↵ect in electrons is not excluded. Tauonic transitions
are at present only poorly constrained and could in principle ex-
hibit even much larger deviations than those observed in RK(⇤) [44].
We may thus assume various ratios of U(1)3

` charges [39]: 1) the
simplest case �`ee = �

`
⌧⌧ = 0; 2) the democratic scenario �`ee =

�`µµ = �
`
⌧⌧; 3) the anomaly-free assignment �`µµ = ��`⌧⌧ and

�`ee = 0; 4) the hierarchical charge scenario �`↵↵/�`µµ = m↵/mµ.
It is easy to work out the values of the Wilson coe�cients

for the e↵ective theories [39] for b! s`` and b! s⌫⌫̄:

Cµ,NP
9 = � ⇡

↵emVtbV⇤ts
�q

23�
`
µµ[CT +CS ] , (34)

Cµ,NP
10 = � ⇡

↵emVtbV⇤ts
�q

23�
`
µµ[�CT �CS ] , (35)

wheras other b ! s`` Wilson coe�cients do not receive any
NP contributions, and

C⌫↵,NP
L = � ⇡

↵emVtbV⇤ts
�q

23�
`
↵↵[CS �CT ] , (36)

C⌫↵,NP
R = 0 , (37)

with ↵ = e, µ, ⌧.5 Notice that in this setup, the three neu-
trino flavours receive a NP contribution C⌫↵,NP

L with the same
CP-violating phase relative to the SM �NP = arg(�q

23/VtbV⇤ts),
whereas C⌫↵,NP

R vanishes 6 .

5We neglect tiny neutrino mass e↵ects, setting e↵ectively UPMNS
↵� = �↵� and

identifying neutrinos by the corresponding charged lepton flavor.
6Similar common flavour structures (and weak phase) naturally arise also

in specifci flavour models, for instance those based on minimally broken U(2)
flavour symmetry respecting General Minimal Flavour Violation [45], as can
be seen from the discussion in Ref. [39].
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2 Rare leptonic and semileptonic b decays 
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• Rare b-hadron decays to neutrinos 

• Belle II expected to measure SM rates of B → K(*)νν 


• FCC-ee statistics could allow for unique probes into CP nature of 
these decays via (time dependent/integrated) CP asymmetries


• Rare (semi)leptonic b → d transitions B → [π,ρ] [l+l−,τ+τ−]


• Challenging backgrounds (even from other rare B decays)

• LFV B decays will remain statistics dominated SM null-probes


• Special theoretical interest in semi-taunic modes B → [h] l+ τ− 



Outline
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3 CPV in b decays and mixing 
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• Determination of CKM phase angle γ from B → D K decays


• Tiny theoretical uncertainty in SM


• Measurements of φs  from studies of Bs  → φψ, Bs → φφ, etc. could 
challenge current theory uncertainties


• Potentially interesting new CPV probes: Bs → Ds K decays


• Theoretical x-checks needed


• Mixing induced semileptonic charge asymmetries


• Can experimental sensitivity reach SM theory predictions?

Brod and Zupan, 1308.5663

The ultimate theoretical error on � from B ! DK decays

Joachim Brod1, ⇤ and Jure Zupan1, †

1
Department of Physics, University of Cincinnati, Cincinnati, Ohio 45221,USA

Abstract

The angle � of the standard CKM unitarity triangle can be determined from B ! DK decays with

a very small irreducible theoretical error, which is only due to second-order electroweak corrections.

We study these contributions and estimate that their impact on the � determination is to introduce

a shift |��| . O(10�7), well below any present or planned future experiment.
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3) Search for CP violation in B mixing

• Setting the scene: CP violation in mixing can be measured by looking at 
flavour-specific decays and the CP-violating observable defined by:  

• The SM predictions reads:

• Focus here on Bs (in for a penny…) 

• The state of the art is at the level 
    of few per mil precision.  

afs =
�(B̄0

q ! B0
q ! f)� �(B0

q ! B̄0
q ! f̄)

�(B̄0
q ! B0

q ! f) + �(B0
q ! B̄0

q ! f̄)

adsl = �(4.7± 0.6)⇥ 10�4 ,

assl = +(2.22± 0.27)⇥ 10�5.

)0(BSLA
-0.02 -0.01 0 0.01 0.02

) s0
(B

SL
A

-0.02

-0.01

0

0.01

HFLAV
PDG 2018

B factory
average

LHCb
Xµ(*)

(s) D→ 0
(s)B

0D
Xµ(*)

(s) D→ 0
(s)B

0D
muons

0D
average

 10×Theory 

World average

 = 12χ∆
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Quantity Source Channel result (ps)

1/�s

L

LHCb(Aaij et al., 2014a) B0
s ! K+K� 1.407± 0.016± 0.007

LHCb(Aaij et al., 2014b) B0
s ! D+

s D
�
s 1.379± 0.026± 0.017

1/�s

H

CDF (Aaltonen et al., 2011) B0
s ! J/ f0(980) 1.70+0.12

�0.11 ± 0.03

LHCb (Aaij et al., 2012d) B0
s ! J/ f0(980) 1.700± 0.040± 0.026

LHCb(Aaij et al., 2013g) B0
s ! J/ K0

s 1.75± 0.12± 0.07

LHCb(Aaij et al., 2013f) B0
s ! J/ ⇡+⇡� 1.652±0.024±0.024

TABLE III The B0
s width di↵erence can be extracted from lifetime measurements in di↵erent channels with a definite CP

quantum number.

the following properties:

• The decays B̄0

s ! f and B0

s ! f̄ are forbidden.
This reads in our notation

Āf = 0 = Af̄ (109)

and thus

�f = 0 =
1

� f̄
. (110)

Hence the time evolution of these decays is quite
simple, compared to the general case.

• No direct CP violation arises in the decay, i.e.
|hf |Heff |B0

s i| = |hf̄ |Heff |B̄0

s i|, which again reads
in our notation

|Af | = |Āf̄ | . (111)

Examples for such decays are e.g. B0

s ! D�
s ⇡

+ or
B0

s ! Xl⌫ - therefore the corresponding asymmetries
in semileptonic decays are also called semileptonic CP
asymmetries. The CP asymmetry for flavour specific de-
cays is defined as

as
fs
=

�
�
B̄0

s (t) ! f
�

� �
�
B0

s (t) ! f̄
�

�
�
B̄0

s (t) ! f
�
+ �

�
B0

s (t) ! f̄
� ⌘ as

sl
. (112)

Inserting the time evolution of the B0

s mesons - given in
Eq.(33) and Eq.(36) - the flavour specific CP asymmetry
as
fs
can be further simplified14 as

as
fs
= �2

✓����
q

p

���� � 1

◆

= =
✓

�s
12

Ms
12

◆
=

����
�s
12

Ms
12

���� sin�
s
12

. (113)

For the SM prediction of the flavour specific asymmetries
we can now simply use our determination of the ratio
of the matrix elements Ms

12
and �s

12
from the previous

14 This result was already used in Eq.(15).

section, in particular we need only the coe�cient a (b
gives only a small correction) defined in Eq.(78) to get:

asfs ⇡ =
✓
�u

�t

◆
· a · 10�4 . (114)

The coe�cient a was given given by the di↵erence of
the internal charm-charm loop and the internal up-charm
loop. Using the exact expression for = (�s

12
/Ms

12
) the

Standard Model prediction of as
fs
was given by (Lenz and

Nierste, 2011)

as,SM,2011
fs

= (1.9 ± 0.3) · 10�5 . (115)

With the most recent numerical inputs (GF , MW , MBs

and mb from the PDG (Olive et al., 2014), the top
quark mass from (ATLAS and Collaborations, 2014), the
non-perturbative parameters from FLAG (web-update of
(Aoki et al., 2014) in Summer 2015) and B̃S/B, BR0 ,
BR1 and BR̃1

from (Becirevic et al., 2002), (Bouchard
et al., 2011), (Carrasco et al., 2014) and (Dowdall et al.,
2014) and CKM elements from CKMfitter (web-update
of (Charles et al., 2005) in Summer 2015) ( similar values
can be taken from UTfit (Bona et al., 2006b) ) we pre-
dict the flavour specific CP asymmetries of the neutral
B0

s mesons to be

as,SM,2015
fs

= (2.22 ± 0.27) · 10�5 . (116)

The dominant uncertainty stems from the renormalisa-
tion scale dependence, with 9%, followed by the CKM
dependence with 5% and the charm quark mass depen-
dence with 4%. A detailed discussion of the uncertain-
ties is given in Appendix B. Because of this small value
and the proven validity of the HQE, the flavour specific
asymmetries represent a nice null test, as any sizable ex-
perimental deviation from the prediction in Eq.(116) is a
clear indication for new physics, see (Jubb et al., 2016)
for a more detailed discussion of this point.
In addition we obtain the SM prediction for the mixing
phase �s

12
:

�s,SM,2015
12

= (4.6 ± 1.2) · 10�3 rad (117)

= 0.26� ± 0.07� . (118)

18

In the discussion of the dimuon asymmetry below we also
need the semileptonic CP asymmetry from the B0 sector.
Its calculation within the SM is analogous to the one
of as

sl
. We update the predictions given in (Lenz and

Nierste, 2011), by using the same input parameters as
for the B0

s -system, except using MB0 , md and B̃S/B.
We get as new Standard Model values

ad,SM,2015
fs

= (�4.7 ± 0.6) · 10�4 , (119)

�d,SM,2015
12

= (�0.096 ± 0.025) rad

= �5.5� ± 1.4� . (120)

A more detailed analysis of the uncertainties can be found
in Appendix B. Measurements of the dimuon asymmetry
triggered a lot of interest in B0 and B0

s mixing, because
early measurements seemed to indicate large new physics
e↵ects (Abazov et al., 2010a,b, 2011, 2014). Originally,
the dimuon asymmetry ACP was considered to be given
by a linear combination of the semileptonic CP asym-
metries in the B0 and the B0

s system (see e.g. (Abazov
et al., 2010a,b, 2011))

ACP = Cda
d
sl
+ Csa

s
sl
, (121)

with Cd and Cs being roughly equal. The large deviation
of the measured value of ACP from the calculated values
of the linear combination of ad

sl
and as

sl
seemed to be a

hint for large new physics e↵ects in the semileptonic CP
asymmetries. In 2013 Borissov and Hoeneisen (Borissov
and Hoeneisen, 2013) found that there is actually also
an additional contribution from indirect CP violation.
This led to the following new interpretation (also used in
(Abazov et al., 2014))

ACP = Cda
d
sl
+ Csa

s
sl
+ C��d

��d

�d
. (122)

Because of the small value of ��d in the SM, see Eq.(92)
and Eq.(93) the additional term did not solve the dis-
crepancy. It was pointed out (Nierste, 2014), that the
relation should be further modified to

ACP = Cda
d
sl
+ Csa

s
sl
+ ↵C��d

��d

�d
, (123)

where ↵  1/2. An interesting feature of this new in-
terpretation is that a large enhancement of ��d by new
physics e↵ects could explain the experimental value of
the dimuon asymmetry, while huge enhancements of the
semileptonic CP asymmetries are disfavoured by direct
measurements, see next section. The investigation of
(Bobeth et al., 2014) has further shown that enhance-
ments of ��d by several hundred per cent are not ex-
cluded by any other experimental constraint - such an en-
hancement could bring the dimuon asymmetry in agree-
ment with experiment. One possible enhancement mech-
anism would be e.g. new bd⌧⌧ transitions. Since two
tau leptons are lighter than a B0 meson such a new op-
erator could contribute to �d

12
. This possibility can be

tested by investigating bd⌧⌧ transitions directly. In Fig.
8 we show the possible enhancement of ��d due to new
scalar (l.h.s.) and due to new vector (r.h.s.) bd⌧⌧ opera-
tors. Currently enhancements within the yellow regions
are allowed. In the case of vector operators ��d can be
enhanced to about 3.5 the SM value of ��d. The con-
nection between a direct measurement of or a bound on
B0 ! ⌧+⌧� is given by the red line. From Fig. 8 one
can read o↵ that a bound on B0 ! ⌧+⌧� of the order of
10�3 would limit the enhancement of ��d to about 15%
of the SM value in the case of scalar new physics oper-
ators and to about 50% of the SM value in the case of
scalar new physics operators. Similar relations between
a possible enhancement of ��d and a direct search for
B0 ! Xd⌧+⌧� and B+ ! ⇡+⌧+⌧� are indicated by the
blue line and the green line.
Another enhancement mechanism would be new physics
e↵ects in tree-level decays, which are typically neglected.
Such studies were performed systematically in (Bobeth
et al., 2015, 2014; Brod et al., 2015) and could also lead
to sizable enhancements of ��d. Here a more precise
measurement of ��d would of course be very helpful.

B. Experiment: Semi-leptonic asymmetries as

sl and ad

sl, the
di-muon asymmetry

The measurement of the flavour-specific charge asym-
metry is conceptually simple. Essentially, it is given by
the asymmetry between flavour-specific decays B0

s ! f
and B̄0

s ! f̄ . As the expected value of the asymmetry is
tiny, great care needs to be taken to assess any potential
source of asymmetry, for example, production dynamics,
background sources, or detection asymmetry. The final
state typically used for this measurement is the semi-

leptonic decay B0

s ! D(⇤)�
s µ+⌫ where the notation (⇤)

denotes the production of either D�
s , D

⇤�
s , or DsJ states.

The published results consider only the decay Ds ! �⇡
with � ! K+K�. The initial flavor of the B0

s meson is
not determined and the measured quantity is

Ameas =
N(D�

s µ
+) � N(D+

s µ
�)

N(D�
s µ+) +N(D+

s µ�)
, (124)

where N(f) (f = D�
s µ

+ or D+

s µ
�) is the number of

reconstructed events in the final state f . It can be ex-
pressed as

N(f) /
Z

+1

0

[�(B0

s )�(B
0

s (t) ! f) +

�(B̄0

s )�(B̄
0

s (t) ! f)]✏(f, t)dt. (125)

This expression takes into account the absence of the ini-
tial flavour tagging, the possible di↵erence in the produc-
tion cross-sections �(B0

s ) and �(B̄0

s ), and time dependent
reconstruction e�ciency ✏(f, t) of the final state f . The

Artuso, Borissov & Lenz, 1511.09466



3 CPV in b decays and mixing 

• Projections of NP reach - Bd,s mixing 
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New physics in B meson mixing: future sensitivity and limitations
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The mixing of neutral mesons is sensitive to some of the highest scales probed in laboratory
experiments. In light of the planned LHCb Upgrade II, a possible upgrade of Belle II, and the broad
interest in flavor physics in the tera-Z phase of the proposed FCC-ee program, we study constraints
on new physics contributions to Bd and Bs mixings which can be obtained in these benchmark
scenarios. We explore the limitations of this program, and identify the measurement of |Vcb| as
one of the key ingredients in which progress beyond current expectations is necessary to maximize
future sensitivity. We speculate on possible solutions to this bottleneck. Given the current tension
with the standard model (SM) in semileptonic B decays, we explore how its resolution may impact
the search for new physics in mixing. Even if new physics has the same CKM and loop suppressions
of flavor changing processes as the SM, the sensitivity will reach 2TeV, and it can be much higher
if any SM suppressions are lifted. We illustrate the discovery potential of this program.

I. INTRODUCTION

The mixing of neutral mesons has provided severe con-
straints on new degrees of freedom at high energies: since
measurements of mixing and CP violation in neutral
kaons in the 1960s, it has provided precious information
on charm and top quarks before their discovery. The
hypothesis of Kobayashi–Maskawa for the origin of CP
violation [1] observed in kaons was only tested experi-
mentally when BaBar and Belle around 2003–2004 estab-
lished CP violation in good agreement with the predic-
tions of the standard model (SM) [2, 3]. These B-factory
results showed that the standard model (SM) source of
CP violation in the flavor sector was the dominant part.
However, even after BaBar and Belle, and the LHCb re-
sults of the last decade, new physics (NP) is still allowed
to contribute at the 20–30% level, compared to the SM,
in flavor-changing neutral current (FCNC) processes.
Since neutral-meson mixings are FCNC processes

which are suppressed in the SM, they provide strong con-
straints on new physics. This led to the development
of numerous mechanisms to suppress such contributions,
should NP exist at the TeV scale. Low-energy supersym-
metry is one example, where the ansatz of degeneracy or
alignment were both motivated by constraints from neu-
tral meson mixing and other FCNC processes. In a large
class of NP models the unitarity of the CKM matrix is
maintained, and the most significant NP effects occur in
observables that vanish at tree level in the SM [4–7]. In
such scenarios, which encompass a large class of models,
possible effects of heavy particles in each neutral meson
system can be described by two real parameters,

M12 =
(

M12

)

SM
×
(

1 + hd,s e
2iσd,s

)

, (1)

where M12 relates to the time evolution of the two-state

neutral meson system (for a review, see [8]). However,
the extraction of NP contribution to meson mixing is en-
tangled with the determination of the SM parameters,
namely the CKM elements. It is not enough to mea-
sure the mixing amplitude itself, only the combination
of many measurements can reveal a deviation from the
SM. In the SM CKM fit [2, 9], the constraints come
from ∆F = 1 processes dominated by tree-level charged-
current interactions, and ∆F = 2 meson mixing pro-
cesses, which first arise at one-loop level. We can modify
the CKM fit to constrain new physics in ∆F = 2 pro-
cesses, under the assumption that it does not significantly
affect the SM tree-level charged-current interactions.
The parameterization in Eq. (1) is convenient because

any NP contribution to M12 is additive, so it is easy to
read off from a fit the bounds on the magnitude and the
phase of the NP contribution, or to convert the result to
bounds on SMEFT operators [10, 11]. In particular, for
the NP contribution to the mixing of a meson with qiq̄j
flavor quantum numbers, due to the operator

C2
ij

Λ2

(

q̄i,Lγµqj,L
)2

, (2)

where Cij is related to the flavour dependence and Λ to
the NP energy scale, one finds [12]

h " 1.5
|Cij |2

|λt
ij |2

(4π)2

GFΛ2
"

|Cij |2

|λt
ij |2

(

4.5TeV

Λ

)2

,

σ = arg
(

Cij λ
t∗
ij

)

, (3)

where λt
ij = V ∗

ti Vtj and V is the CKM matrix. Operators
of different chiralities have conversion factors differing
by O(1) factors [13]. Minimal flavor violation (MFV),
where the NP contributions are aligned with the SM ones,
correspond to σ = 0 (mod π/2).
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FIG. 2. Current (top left), Phase I (top right), Phase II (bottom left), and Phase III (bottom right) sensitivities to hd − hs in
Bd and Bs mixings, resulting from the data shown in Table I (where central values for the different inputs have been adjusted).
The dotted curves show the 99.7%CL (3σ) contours.

Fit description (Phase I)
Sensitivities at 1σ

hd hs

main fit [0, 0.040] (100%) [0, 0.036] (100%)

no {fBs , fBs/fBd
, BBs , BBs/BBd

} uncertainties [0, 0.036] (90%) [0, 0.033] (92%)

no ηB uncertainty [0, 0.035] (88%) [0, 0.031] (86%)

no {fBs , fBs/fBd
, BBs , BBs/BBd

, ηB} uncertainties [0, 0.032] (80%) [0, 0.029] (81%)

TABLE II. The role of input uncertainties in the Phase I results, for LHCb with 50/fb and Belle II with 50/ab. The displayed
hd,s ranges are at 1σ, and percentages correspond to the relative uncertainty with respect to the main fit.

mixing, as seen from the top right plot in Fig. 2, which as-
sumes that future measurements remain consistent with
the SM. These results are similar to the “Stage II” sce-
nario shown in Ref. [12], which corresponded to the same
projected LHCb and Belle II integrated luminosities.

Table II illustrates the effects of reducing the uncer-

tainties of the nonperturbative and perturbative theo-
retical inputs involved in the predictions of the mass
differences ∆md and ∆ms, where we explored the con-
sequences of eliminating their uncertainties. This table
shows that setting to zero the uncertainties of the nonper-
turbative or the perturbative theoretical inputs have sim-

Now LHCb 50/fb, 

Belle II 50/ab

LHCb 300/fb, 

Belle II 250/ab FCC-ee ( )

Charles et al., 2006.04824
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4 Tau physics  

19

• Partially motivated also by current flavour anomalies


• Charged current mediated leptonic decays

• Expect ultimate exp. precision on LFU ratio

• Theoretical work needed to go beyond 10-3 relative precision


• Charged current mediated semi-leptonic modes (|Vus|, αs)


• Potentially interesting inclusive τ → X ν measurement                  
+ hadronic moments


• LFV τ decays will remain statistics dominated SM null-probes

<latexit sha1_base64="VUmFjLx5JwsdEUhKHiXEwKMN0rI="></latexit>
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Allwicher, Isidori & Selimovic, 2109.03833 

Feruglio, Paradisi & Pattori, 1705.00929 
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• CPV in radiative charm decays

• theoretically related to ΔACP (currently only measurement of CPV 

in charm sector)

• Study of rare D → [π, ρ] νν


• complementary to rare semileptonic K decays

• Purely radiative D → γγ decay


• needed for SM prediction of D → µµ

5 Charm physics  

21

see e.g.

Isidori and J. F. K., 1205.3164 

see e.g.

Fajfer et al., 2305.13851 

D

µ

µ
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1 Leptonic and semileptonic b decays

2 Rare leptonic and semileptonic b decays 

3 CPV in b decays and mixing 

5 Charm physics  

4 Tau physics

6 Flavour @ high-pT  



• Exploiting large statistics of Z, W, h @ FCC-ee

• Measurement of |Vcb| at 0.4% precision from W → jbjc


• Direct probes of Z and h FCNCs


• Non-vanishing in SM


• could probe SM Z-FCNCs

• complementary to rare b-decays

6 Flavour @ high-pT  

23

M.-H. Schune, FCC PE Workshop 2020
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FIG. 2. Top: Expected 95% CL upper bounds on B(h ! bq)
as a function of the b-tagger efficiencies, neglecting systematic
uncertainties. Bottom: Expected 95% CL upper bounds on
B(h ! bs) as a function of TPR and FPR. Solid (dashed) lines
and colors are with default (no) systematic uncertainties. The
Medium Working Point is based on the taggers introduced in
Refs. [20, 21]. See main text for details.

point of the b- and s-taggers introduced in Refs. [20, 21],
and assuming a 1% systematic uncertainty (the taggers
in [20, 21] still need to be calibrated). This limit, which
does not consider other backgrounds such as Drell-Yan,
WW, ZZ, qq̄ (expected to be small), is competitive with
indirect measurements and represents a complementary
direct probe. We use this as a benchmark expected ex-
clusion in our exploration of the impact on new physics
searches below.

In Fig. 2 (bottom) the relative uncertainties on the
eight tagger parameters ✏

↵
� are taken to be 1% (the un-

certainties are treated as independent, while the central
values are common TPR, FPR). The 1% uncertainty is
currently below the calibrated scale factors in the LHC
analyses [22, 23]. However, given the high statistics
environment at the FCC-ee, it is reasonable to expect
that a dedicated calibration for high precision taggers
could reach such relatively low uncertainties. For 1%
systematic uncertainties the expected upper bounds on
B(h ! bs) are statistics limited, except for very large
FPR. Incidentally, this also justifies the neglect of sys-
tematics in Fig. 2 (top).

A similar analysis can be performed to arrive at the
expected FCC-ee sensitivity to B(h ! cu). The main
difference is that the sensitivity is determined just by

0.2 0.4 0.6 0.8
TPR

10�5

10�4

10�3

F
P

R

95% Upper limits on B(Z ! bs)

10�8

10
�

7

10
�5

10�6

10�7

10
�6

10�7

10�8

1% Syst

0.1% Syst

Stat. only

10�7

3 ⇥ 10�7

10�6

3 ⇥ 10�6

10�5

3 ⇥ 10�5

10�4

1%
Sy

st

FIG. 3. Expected 95% CL upper bound on B(Z ! bs) as a
function of TPR and FPR. Solid (dashed, dotted) lines and
colors are with default 1% (0.1%, no) systematic uncertain-
ties.

the performance of the c-tagger (there is no efficient “u-
tagger”). Using the loose (medium) working point for the
c-tagger [20, 21] leads to the 95% CL expected bound
for B(h ! cu) < 2.9(2.5) ⇥ 10�3. Further details are
relegated to supplemental material, Sec. S3 B.

We move next to the case of Z ! bs decays. As be-
fore, we perform a scan over tagger efficiencies, taking
the same TPR for b- and s-taggers, ✏

b
b = ✏

s
s, and simi-

larly for the FPR, ✏
b
udsc = ✏

s
udcb. The resulting expected

95% CL upper limits are shown in Fig. 3, where the
solid (dashed, dotted) lines correspond to the default 1%
(0.1%, no) systematic uncertainties. The FPR of 10�4

for ✏
b
s and few⇥10�3 for ✏

s
b were estimated to be achiev-

able at FCC-ee in Ref. [20, 21]. Obtaining the ✏
s
b well

below ⇥10�3 level will be hard, since this is roughly the
percentage of b-quarks that decay effectively promptly,
within the vertexing resolution. To further improve on
✏
s
b one would then need to rely on jet shape variables

to distinguish s- and b-jets. For rather optimistic FPR
of 10�4 the expected reach on B(Z ! bs) is ⇠ 10�6

(⇠ 10�7) when assuming systematics of 1% (rather ag-
gressive 0.1%), which is still well above the SM value of
B(Z ! bs) ' 4 ⇥ 108. We therefore conclude that for
Z ! bs decays it will be challenging to reach bounds on
B(Z ! bs) that are comparable to or even go beyond the
indirect constraints and probe in this way the parameter
space sensitive to new physics. [JZ: Add a sentence about
Z ! cu] We further quantify this statement below.

Sensitivity to new physics. Lastly, we explore the
constraining power of our search to New Physics effects
to flavor changing Z and h decays. We define the effective
FCNC couplings of the bosons to b and s quarks as

L � g
L
sb(s̄L�µbL)Zµ + g

R
sb(s̄R�µbR)Zµ

+ysb(s̄LbR)h + ybs(b̄LsR)h + h.c. ,
(3)

and similarly for couplings to c and u quarks, with ob-
vious change in notation. Such Lagrangian can be ob-
tained as the effective realization of various extensions of
the SM, e.g. with the addition of vector-like quarks [24],
or from the Two-Higgs-Doublet Model (2HDM) [25]. We
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point of the b- and s-taggers introduced in Refs. [20, 21],
and assuming a 1% systematic uncertainty (the taggers
in [20, 21] still need to be calibrated). This limit, which
does not consider other backgrounds such as Drell-Yan,
WW, ZZ, qq̄ (expected to be small), is competitive with
indirect measurements and represents a complementary
direct probe. We use this as a benchmark expected ex-
clusion in our exploration of the impact on new physics
searches below.

In Fig. 2 (bottom) the relative uncertainties on the
eight tagger parameters ✏

↵
� are taken to be 1% (the un-

certainties are treated as independent, while the central
values are common TPR, FPR). The 1% uncertainty is
currently below the calibrated scale factors in the LHC
analyses [22, 23]. However, given the high statistics
environment at the FCC-ee, it is reasonable to expect
that a dedicated calibration for high precision taggers
could reach such relatively low uncertainties. For 1%
systematic uncertainties the expected upper bounds on
B(h ! bs) are statistics limited, except for very large
FPR. Incidentally, this also justifies the neglect of sys-
tematics in Fig. 2 (top).

A similar analysis can be performed to arrive at the
expected FCC-ee sensitivity to B(h ! cu). The main
difference is that the sensitivity is determined just by
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the performance of the c-tagger (there is no efficient “u-
tagger”). Using the loose (medium) working point for the
c-tagger [20, 21] leads to the 95% CL expected bound
for B(h ! cu) < 2.9(2.5) ⇥ 10�3. Further details are
relegated to supplemental material, Sec. S3 B.

We move next to the case of Z ! bs decays. As be-
fore, we perform a scan over tagger efficiencies, taking
the same TPR for b- and s-taggers, ✏

b
b = ✏

s
s, and simi-

larly for the FPR, ✏
b
udsc = ✏

s
udcb. The resulting expected

95% CL upper limits are shown in Fig. 3, where the
solid (dashed, dotted) lines correspond to the default 1%
(0.1%, no) systematic uncertainties. The FPR of 10�4

for ✏
b
s and few⇥10�3 for ✏

s
b were estimated to be achiev-

able at FCC-ee in Ref. [20, 21]. Obtaining the ✏
s
b well

below ⇥10�3 level will be hard, since this is roughly the
percentage of b-quarks that decay effectively promptly,
within the vertexing resolution. To further improve on
✏
s
b one would then need to rely on jet shape variables

to distinguish s- and b-jets. For rather optimistic FPR
of 10�4 the expected reach on B(Z ! bs) is ⇠ 10�6

(⇠ 10�7) when assuming systematics of 1% (rather ag-
gressive 0.1%), which is still well above the SM value of
B(Z ! bs) ' 4 ⇥ 108. We therefore conclude that for
Z ! bs decays it will be challenging to reach bounds on
B(Z ! bs) that are comparable to or even go beyond the
indirect constraints and probe in this way the parameter
space sensitive to new physics. [JZ: Add a sentence about
Z ! cu] We further quantify this statement below.

Sensitivity to new physics. Lastly, we explore the
constraining power of our search to New Physics effects
to flavor changing Z and h decays. We define the effective
FCNC couplings of the bosons to b and s quarks as

L � g
L
sb(s̄L�µbL)Zµ + g

R
sb(s̄R�µbR)Zµ

+ysb(s̄LbR)h + ybs(b̄LsR)h + h.c. ,
(3)

and similarly for couplings to c and u quarks, with ob-
vious change in notation. Such Lagrangian can be ob-
tained as the effective realization of various extensions of
the SM, e.g. with the addition of vector-like quarks [24],
or from the Two-Higgs-Doublet Model (2HDM) [25]. We
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FIG. S3. Representative one-loop diagrams for the Z ! bq̄ (left) and h ! bq̄ (right) decays. The crosses indicate mass
insertions.

evaluation of the full amplitude. We have also evaluated the PaVe analytically using the Package-X [49]. Isolating
the 1/✏ divergent term, this is of the form

Mdiv /
X

k=u,c,t

VkbV
⇤
kq

�
ūb/✏ZPLuq

�
, (S17)

where PL = (1 � �5)/2, while ub, uq and ✏Z are the b- and q-quark spinors, and the Z boson polarization vector
respectively. From the unitarity of the CKM matrix we then obtain Mdiv = 0, giving an independent check on our
calculation. In general, all the mk-independent terms in the amplitude given vanishing contributions due to the CKM
unitarity. We impose this condition before the numerical evaluation. [JZ: Why do we need to impose this?][MT: it is
better to impose this condition before running LoopTools so to avoid numerical fluctuations] [JZ: But then you have
one check less, can we say that you checked that mk independent pieces cancel?] Finally, we obtain

�(Z ! bs̄) = (5.18 ± 0.12) ⇥ 10�8 GeV , �(Z ! bd̄) = (2.28 ± 0.06) ⇥ 10�9 GeV . (S18)

The quoted theoretical uncertainties reflect only the uncertainties on the inputs, and are dominated by the errors
on |Vts| and |Vtd| CKM elements, which amount in both cases to a relative uncertainty, at the 1� level, of ⇠ 1%,
where for simplicity we have symmetrized the uncertainty interval reported Table S6. The latter translates in a ⇠ 2%
uncertainty on the Z ! bs̄ and Z ! bd̄ widths. Other inputs are known with a sub-percent or smaller level of
precision and thus we neglect them in the total error budget.

The second source of theoretical uncertainty are the higher order QCD corrections, which we estimate by using
the partial two-loop calculation of mixed QCD-EW diagrams from [50–52], and include them in the total uncertainty
budget. In general, we can write

�↵s(Z ! bq̄) =
mZ

12⇡

h
g
2

V bq (1 ± (RV + 2cV )) + g
2

Abq (1 ± (RA + 2cA))
i

+ . . . , (S19)

where the dots indicate O(↵2

s) corrections that we neglect. The vector and axial couplings, gV (A)bq, can be extracted
from the full one-loop calculation. The radiators RV (A) represent the corrections from the sum of virtual and real
(emitted) gluons attached to the external quark legs, see the middle and right diagrams in Fig. S4. At the order we
are working, these corrections are, in the MS scheme, RV = RA ' ↵s(mZ)/⇡ ⇠ 3.7 ⇥ 10�2 [50, 51]. The coefficients
cV (A) in (S19) indicate the leading two-loop gluon correction, see the left diagram in Fig. S4. Using the results from
Ref. [52] we get (again in the MS scheme), cV = cA = �↵s(mt) ⇠ �0.1. The factor of 2 in (S19) takes into account
that this is a correction on the coupling, while the decay width is proportional to

g
2

V (A)bq !
⇥
gAbq(1 + cV (A))

⇤2 ' g
2

V (A)bq

�
1 + 2cV (A) + O(↵2

s)
�

. (S20)

The sum of the two contributions gives (RA,V + 2cA,V ) ' 0.17. The latter largely dominates over the uncertainty on
the CKM elements, thus our estimate for the total relative error is ⇠ 17%, leading to

�(Z ! bs̄) = (5.18 ± 0.88) ⇥ 10�8 GeV , �(Z ! bd̄) = (2.28 ± 0.39) ⇥ 10�9 GeV . (S21)

Using the value of the total Z width [53], �Z = 2.4952±0.0023 GeV, this then translates to the following predictions
for the B(Z ! bq) ⌘ B(Z ! bq̄) + B(Z ! b̄q) branching ratios, [JZ: Reduced to two significant digits. Should we do
this also for intermediate results?]

B(Z ! bs) = (4.2 ± 0.7) ⇥ 10�8
, B(Z ! bd) = (1.8 ± 0.3) ⇥ 10�9

. (S22)
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FIG. S4. Leading two-loop QCD corrections to the Z ! bq̄ process.

We can repeat the above procedure for the calculation of the h ! bq̄ decay widths. A representative one loop
diagram is shown in Fig. S3 right. To obtain the correct chirality, we need at least two mass insertions, indicated
with a cross in Fig. S3, one of which will be on the external quark legs. Thus we expect the dominant contribution to
the h ! bq̄ amplitude to be suppressed by a yb factor with respect to the Z case, eq. (S15), where yb is the bottom
quark Yukawa coupling. The NDA estimate for the decay amplitude is

MNDA(h ! bq̄) ⇠ g
2
y
2

t ybmh
VtbV

⇤
tq

(4⇡)2
, (S23)

and the widths

�NDA(h ! bs̄) ' 2 ⇥ 10�11 GeV , �NDA(h ! bd̄) ' 8.7 ⇥ 10�13 GeV . (S24)

Using the same FeynArts+ FeynCalc+LoopTools pipeline as for the Z ! bq decays above, along with the numerical
inputs in Table S6, obtained (with top and b-quark masses evaluated at µ = mh), gives

�(h ! bs̄) = (5.49 ± 0.93) ⇥ 10�10 GeV , �(h ! bd̄) = (2.39 ± 0.41) ⇥ 10�11 GeV . (S25)

where as a rough guidance we assigned the same ⇠ 17% uncertainty due to the missing higher radiative corrections
that we obtained for the Z ! bq decays. Dividing by the SM prediction for the Higgs width, �h = 4.12 ± 0.06
MeV [][MT: cite Higgs WG?], then gives the SM predictions for the , B(Z ! bq) ⌘ B(Z ! bq̄)+B(Z ! b̄q) branching
ratios [JZ: Since we are guessing two loops, I reduced the number of quoted digits]

B(h ! bs̄) = (2.7 ± 0.5) ⇥ 10�7
, B(h ! bd̄) = (1.2 ± 0.2) ⇥ 10�9

. (S26)

S5. ADDITIONAL DETAILS ON THE BSM MODELS

Here we give further details on the indirect constraints on the FCNC couplings of the Z boson and the Higgs to
the b and s quarks (and c and u quarks), Eq. (3). We show three different examples of new physics effects. In section
S5 A we show the constraints on the Z � bs couplings from low energy observables, assuming that this is the dominant
new physics effect. The same results for the h � bs couplings, for which the only low energy constraints are due to
Bs � B̄s mixing, were already shown in the main text, cf. Fig. 4 (bottom). We also show constraints for two UV
complete new physics models, in section S5 B for the SM extended by a set of vector-like quarks, and in section S5 C
for the type III two Higgs doublet model (2HDM) with a particular flavor violating structure of Yukawas.

A. Indirect bounds on FCNC Z couplings

[JZ: Add the bounds on Z�cu couplings] The bs couplings to the Z boson, g
L,R
sb , Eq. (3), result in a shift in a number

of low-energy observables, such as the Bs � B̄s mass splitting and the phase, the branching ratio of Bs ! �µ
+
µ
�,

the angular observable P
0
5
, etc. Integrating out the Z give a nonstandard contribution to the �B = �S = 1 weak

effective Hamiltonian,

�HWET =
4GFp

2

↵em

4⇡
V

⇤
tbVts

X

`

✓
C9O9 + C

0
9
O0

9
+ C10O10 + C

0
10

O0
10

+ C⌫O⌫ + C
0
⌫O0

⌫ + . . .

◆
, (S27)
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Nuisance param. Nominal value Rel. uncert. (in %)
B(Z ! uu+ dd) 27.01% 5.0

B(Z ! ss) 15.84% 3.8
B(Z ! cc) 12.03% 1.7
B(Z ! bb) 15.12% 0.33

✏
↵
� See text 1.0

NZ 5⇥ 1012 10�3

A 0.994 10�3

TABLE S4. Nuisance parameters and their relative uncertainties, entering the estimate of sensitivity to B(Z ! bs).
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FIG. S2. Left: The expected 95% CL upper bounds on B(Z ! bq) as a function of the b-tagger efficiencies, assuming no
systematic uncertainties. Middle: The expected discovery significance for the SM B(Z ! bs) as a function of TPR and FPR.
Solid (dashed, dotted) lines and colors are for the default systematic uncertainties of 1% (0.1%, 0%). Right: The expected
uncertainty �

+
µ as a function of TPR and FPR. Solid lines and colors are with default systematic uncertainties while dashed

lines correspond to reduced tagging uncertainties and dotted lines to no systematic uncertainties, see text for details.

Table S5 shows the upper 1� error, �
+

µ , on the measurement of B(Z ! bs)SM (2nd column), the discovery significance
(3d column), and the expected 95% upper limits (4th column) for two working points, each with either the default 1%
systematic and the significantly reduced 0.1% tagger uncertainties. The two working points are the more reasonable
(0.4, 10�4), and the very aggressive choice (0.2, 10�5). We see that, only for the most aggressive FPR and very small
systematic uncertainties, the reach is systematic dominated. Interestingly, for the most aggressive assumptions about
the advances in taggers, the expected reach starts to become comparable with the SM value for B(Z ! bs). However,
for this to be possible, not only do the taggers need to be precisely calibrated, they need to yield high enough statistics
in the (nb, ns) = (1, 1) bin.

Fig. S2 (middle) shows the expected discovery significance as a function of FPR and TPR, with the solid (dashed)
lines denoting the case of 1% (0.1%) systematic errors on the taggers, while the dotted lines assume only statistical
errors. Fig. S2 (right) shows, similarly, the expected upper error on µ for each of these cases. Neglecting systematics
(the dotted lines in Fig. S2) we observe that an uncertainty on the SM Z ! bs branching ratio below 30% is achieved
for (FPR,TPR)=(0.4,10�4), which is not altogether impossible to implement with current state of the art taggers.
However, this performance is highly degraded by the introduction of systematic uncertainties, i.e., the measurement
is expected to be completely systematic dominated.

In obtaining the above results, the uncertainties on the flavour conserving branching ratios were taken from the
Particle Data Group [36], while the uncertainties on the number of Z bosons and the acceptances were taken from
Ref. [32]. The relative uncertainties on all tagger parameters (amounting to eight nuisance parameters in total) were
taken to be at 1% as the default scenario. This is currently below the calibrated scale factors at LHC analyses.
However, given the high statistics environment of the FCC, it is not out of the question that a dedicated calibration
for high precision taggers could reach such reasonable uncertainties.

A dedicated study of the impact of the nuisance parameters shows that the most impactful parameters are the
efficiencies. Decreasing the uncertainties on the branching ratios to forecast the future measurements at the FCC-ee
does not impact significantly the results. Now, to reach uncertainties below 50%, we need to go below 10�5 FPR. The
performance will also depend on the achievable TPR for a given FPR with higher TPR enhancing the performance of
the analysis, as expected, since the statistical uncertainty decreases due to high signal and low background populations
in the (nb, ns) = (1, 1) bin.

From this preliminary study, we can conclude that one will not be able to measure the Z ! bs decay rate with
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• Measurement of |Vcb| at 0.4% precision from W → jbjc


• Direct probes of Z and h FCNCs


• Direct Higgs measurements competitive with meson mixing 
constraints
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FIG. 2. Top: Expected 95% CL upper bounds on B(h ! bq)
as a function of the b-tagger efficiencies, neglecting systematic
uncertainties. Bottom: Expected 95% CL upper bounds on
B(h ! bs) as a function of TPR and FPR. Solid (dashed) lines
and colors are with default (no) systematic uncertainties. The
Medium Working Point is based on the taggers introduced in
Refs. [20, 21]. See main text for details.

point of the b- and s-taggers introduced in Refs. [20, 21],
and assuming a 1% systematic uncertainty (the taggers
in [20, 21] still need to be calibrated). This limit, which
does not consider other backgrounds such as Drell-Yan,
WW, ZZ, qq̄ (expected to be small), is competitive with
indirect measurements and represents a complementary
direct probe. We use this as a benchmark expected ex-
clusion in our exploration of the impact on new physics
searches below.

In Fig. 2 (bottom) the relative uncertainties on the
eight tagger parameters ✏

↵
� are taken to be 1% (the un-

certainties are treated as independent, while the central
values are common TPR, FPR). The 1% uncertainty is
currently below the calibrated scale factors in the LHC
analyses [22, 23]. However, given the high statistics
environment at the FCC-ee, it is reasonable to expect
that a dedicated calibration for high precision taggers
could reach such relatively low uncertainties. For 1%
systematic uncertainties the expected upper bounds on
B(h ! bs) are statistics limited, except for very large
FPR. Incidentally, this also justifies the neglect of sys-
tematics in Fig. 2 (top).

A similar analysis can be performed to arrive at the
expected FCC-ee sensitivity to B(h ! cu). The main
difference is that the sensitivity is determined just by

0.2 0.4 0.6 0.8
TPR

10�5

10�4

10�3

F
P

R

95% Upper limits on B(Z ! bs)

10�8

10
�

7

10
�5

10�6

10�7

10
�6

10�7

10�8

1% Syst

0.1% Syst

Stat. only

10�7

3 ⇥ 10�7

10�6

3 ⇥ 10�6

10�5

3 ⇥ 10�5

10�4

1%
Sy

st

FIG. 3. Expected 95% CL upper bound on B(Z ! bs) as a
function of TPR and FPR. Solid (dashed, dotted) lines and
colors are with default 1% (0.1%, no) systematic uncertain-
ties.

the performance of the c-tagger (there is no efficient “u-
tagger”). Using the loose (medium) working point for the
c-tagger [20, 21] leads to the 95% CL expected bound
for B(h ! cu) < 2.9(2.5) ⇥ 10�3. Further details are
relegated to supplemental material, Sec. S3 B.

We move next to the case of Z ! bs decays. As be-
fore, we perform a scan over tagger efficiencies, taking
the same TPR for b- and s-taggers, ✏

b
b = ✏

s
s, and simi-

larly for the FPR, ✏
b
udsc = ✏

s
udcb. The resulting expected

95% CL upper limits are shown in Fig. 3, where the
solid (dashed, dotted) lines correspond to the default 1%
(0.1%, no) systematic uncertainties. The FPR of 10�4

for ✏
b
s and few⇥10�3 for ✏

s
b were estimated to be achiev-

able at FCC-ee in Ref. [20, 21]. Obtaining the ✏
s
b well

below ⇥10�3 level will be hard, since this is roughly the
percentage of b-quarks that decay effectively promptly,
within the vertexing resolution. To further improve on
✏
s
b one would then need to rely on jet shape variables

to distinguish s- and b-jets. For rather optimistic FPR
of 10�4 the expected reach on B(Z ! bs) is ⇠ 10�6

(⇠ 10�7) when assuming systematics of 1% (rather ag-
gressive 0.1%), which is still well above the SM value of
B(Z ! bs) ' 4 ⇥ 108. We therefore conclude that for
Z ! bs decays it will be challenging to reach bounds on
B(Z ! bs) that are comparable to or even go beyond the
indirect constraints and probe in this way the parameter
space sensitive to new physics. [JZ: Add a sentence about
Z ! cu] We further quantify this statement below.

Sensitivity to new physics. Lastly, we explore the
constraining power of our search to New Physics effects
to flavor changing Z and h decays. We define the effective
FCNC couplings of the bosons to b and s quarks as

L � g
L
sb(s̄L�µbL)Zµ + g

R
sb(s̄R�µbR)Zµ

+ysb(s̄LbR)h + ybs(b̄LsR)h + h.c. ,
(3)

and similarly for couplings to c and u quarks, with ob-
vious change in notation. Such Lagrangian can be ob-
tained as the effective realization of various extensions of
the SM, e.g. with the addition of vector-like quarks [24],
or from the Two-Higgs-Doublet Model (2HDM) [25]. We
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as a function of the b-tagger efficiencies, neglecting systematic
uncertainties. Bottom: Expected 95% CL upper bounds on
B(h ! bs) as a function of TPR and FPR. Solid (dashed) lines
and colors are with default (no) systematic uncertainties. The
Medium Working Point is based on the taggers introduced in
Refs. [20, 21]. See main text for details.

point of the b- and s-taggers introduced in Refs. [20, 21],
and assuming a 1% systematic uncertainty (the taggers
in [20, 21] still need to be calibrated). This limit, which
does not consider other backgrounds such as Drell-Yan,
WW, ZZ, qq̄ (expected to be small), is competitive with
indirect measurements and represents a complementary
direct probe. We use this as a benchmark expected ex-
clusion in our exploration of the impact on new physics
searches below.

In Fig. 2 (bottom) the relative uncertainties on the
eight tagger parameters ✏

↵
� are taken to be 1% (the un-

certainties are treated as independent, while the central
values are common TPR, FPR). The 1% uncertainty is
currently below the calibrated scale factors in the LHC
analyses [22, 23]. However, given the high statistics
environment at the FCC-ee, it is reasonable to expect
that a dedicated calibration for high precision taggers
could reach such relatively low uncertainties. For 1%
systematic uncertainties the expected upper bounds on
B(h ! bs) are statistics limited, except for very large
FPR. Incidentally, this also justifies the neglect of sys-
tematics in Fig. 2 (top).

A similar analysis can be performed to arrive at the
expected FCC-ee sensitivity to B(h ! cu). The main
difference is that the sensitivity is determined just by
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the performance of the c-tagger (there is no efficient “u-
tagger”). Using the loose (medium) working point for the
c-tagger [20, 21] leads to the 95% CL expected bound
for B(h ! cu) < 2.9(2.5) ⇥ 10�3. Further details are
relegated to supplemental material, Sec. S3 B.

We move next to the case of Z ! bs decays. As be-
fore, we perform a scan over tagger efficiencies, taking
the same TPR for b- and s-taggers, ✏

b
b = ✏

s
s, and simi-

larly for the FPR, ✏
b
udsc = ✏

s
udcb. The resulting expected

95% CL upper limits are shown in Fig. 3, where the
solid (dashed, dotted) lines correspond to the default 1%
(0.1%, no) systematic uncertainties. The FPR of 10�4

for ✏
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s and few⇥10�3 for ✏

s
b were estimated to be achiev-

able at FCC-ee in Ref. [20, 21]. Obtaining the ✏
s
b well

below ⇥10�3 level will be hard, since this is roughly the
percentage of b-quarks that decay effectively promptly,
within the vertexing resolution. To further improve on
✏
s
b one would then need to rely on jet shape variables

to distinguish s- and b-jets. For rather optimistic FPR
of 10�4 the expected reach on B(Z ! bs) is ⇠ 10�6

(⇠ 10�7) when assuming systematics of 1% (rather ag-
gressive 0.1%), which is still well above the SM value of
B(Z ! bs) ' 4 ⇥ 108. We therefore conclude that for
Z ! bs decays it will be challenging to reach bounds on
B(Z ! bs) that are comparable to or even go beyond the
indirect constraints and probe in this way the parameter
space sensitive to new physics. [JZ: Add a sentence about
Z ! cu] We further quantify this statement below.

Sensitivity to new physics. Lastly, we explore the
constraining power of our search to New Physics effects
to flavor changing Z and h decays. We define the effective
FCNC couplings of the bosons to b and s quarks as

L � g
L
sb(s̄L�µbL)Zµ + g

R
sb(s̄R�µbR)Zµ

+ysb(s̄LbR)h + ybs(b̄LsR)h + h.c. ,
(3)

and similarly for couplings to c and u quarks, with ob-
vious change in notation. Such Lagrangian can be ob-
tained as the effective realization of various extensions of
the SM, e.g. with the addition of vector-like quarks [24],
or from the Two-Higgs-Doublet Model (2HDM) [25]. We
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FIG. 4. Top: Limits on g
L
bs, g

R
bs from current low-energy

experiments. Bottom: Current and projected limits on ysb =
Ysb sin↵ and ybs = Ybs sin↵. [JZ: We may want to show
the Z coupling bounds just in the supplementary material.
The bottom figure is out money plot - there is quite a large
parameter space that can be explored by FCC-ee] [JZ: Where
is the 2 ⇥ 10�3 projection coming from? What is the reason
to show it? Maybe we want to show just 9.6⇥ 10�4 which is
Medium WP, and 5⇥ 10�3 which is the Medium WP with no
strangeness tagging? ]AK: fixed

provide details on these models in section S5, while here
we focus on the low energy phenomenology.

At low energy, the effective couplings in eq. (3) give
rise to additional contributions in numerous observables,
such as the Bs � B̄s mass splitting and the branching ra-
tio of leptonic decays, Bs ! �µ

+
µ
�. Starting from the

Lagrangian, we perform the matching to the Weak Effec-
tive Theory (WET) operators and employ the package
wilson [26] to compute the RGE running down to the
scale µ ⇠ mb, while we use flavio [27] and smelli [28]
to construct the appropriate likelihoods.

The Z ! bs terms generate the C
(0)
9,``, C

(0)
10,`` coefficients

in WET; thus the most stringent constraints on g
L
sb, g

R
sb

come from b ! s`
+
`
� transitions. From our fit, shown

in left plot of Fig. 4, it follows that |gL,R
sb | . 10�5, with

negative values of g
L
sb being necessary to accommodate

for the current experimental results. The projected FCC
reach, B(Z ! bs) . 10�6 (assuming 1% systematics),
can probe couplings at O(10�3) and is thus unable to
put stronger constraints on NP.

The case of h ! bs is on a different ground, as typical

BSM extensions, like the type-III 2HDM, can generate
large contributions to scalar operators in WET, namely
C

(0)
2,bs and C4,bs [29], which are probed by Bs meson mix-

ing. The latter bounds flavor changing couplings to be
|ybs, ysb| . 10�3, as shown by the red regions in the right
plot of Fig. 4.

Additionally, we examine the limits imposed by collider
experiments on the BSM Higgs decays. The reported
limits on Higgs to BSM particles reads B(h ! BSM) <

0.21 at 95 %CL [30]; assuming the bound is saturated by
h ! bs decays, we obtain |ybs, ysb| . 10�2. This is shown
as a orange contour in Fig. 4.

The projected upper limits of FCC on B(h ! bs) are
shown with black lines in Fig. 4. Taking the Medium WP
for jet-flavor taggers, the expected reach B(h ! bs) <

9 ⇥ 10�4 [MT: check this values is correct] [JZ: It is 9.6]
translates in the bound |ybs, ysb| . 5 ⇥ 10�4 [MT: check
this value too], as shown by the thick dashed line. The
latter thus improves the strongest indirect constraints on
flavor-changing Higgs couplings by a factor of few. For
completeness, we show with lighter lines the expected
bounds obtained employing less performative taggers.

Conclusions. The FCC-ee, running with a center of
mass energy close to the Z boson mass, will allow to mea-
sure electroweak processes with an unprecedented level of
precision.

. . .
[MT: This should be in the introduction, as it mo-

tivates the "high statistics" environment]Over the ex-
pected full running period of FCC-ee at

p
s = mZ , the

collider will produce NZ = 5⇥1012 Z’s [31, 32], produced
resonantly, and Nh = 6.7 ⇥ 105 h’s [33], produced in the
Zh channel. . . .

We point out that the FCC-ee will be able to observe
Flavor Changing decays of the Z boson and set upper
limits on the Flavor Changing decays of the Higgs boson.

[MT: We could move this last part of the section to
introduction or conclusions]These uncertainties, and the
nominal values, are estimations based on existing mea-
surements or ongoing preliminar studies. This is spe-
cially true regarding the taggers, for whose we will study
a range of achievable efficiencies and uncertainties. Be-
cause b- and s-taggers for FCC-ee constitute a challenging
and exciting area which should continue to develop, this
study should be taken as a proof-of-concept or back of
the envelope calculation of what is possible and serve as
further motivation to drive our understanding of flavour
tagging to even higher degrees of precision.
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we focus on the low energy phenomenology.
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rise to additional contributions in numerous observables,
such as the Bs � B̄s mass splitting and the branching ra-
tio of leptonic decays, Bs ! �µ

+
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�. Starting from the

Lagrangian, we perform the matching to the Weak Effec-
tive Theory (WET) operators and employ the package
wilson [26] to compute the RGE running down to the
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to construct the appropriate likelihoods.
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for the current experimental results. The projected FCC
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can probe couplings at O(10�3) and is thus unable to
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ing. The latter bounds flavor changing couplings to be
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Conclusions

• FCC-ee could be a powerful and competitive probe of 
flavour physics beyond current experimental programs


• Effort underway to understand exp. precision with which 
rare decays of c- and b-hadrons and CP violation in 
heavy-quark sector & LFV processes could be measured


• Less explored areas in scope of FCC-ee,-hh include 
flavour studies using top decays, spectroscopy, 
quarkonium physics & flavor conversion @ high-pT
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