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• The anticipated scientific context (Flavours-wise) 

• Tau lepton Physics

• Lepton-flavour-violating decays 

• b-hadron Physics and Flavour anomalies 

• CP violation studies  

• Outlook. 

Outline 
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• Several large scale experiments are on their way: LHCb upgrade 
(2021— 2028), Belle II (now — 2025). 

• LHCb collaboration explores a second upgrade, denoted LHCbU2 
for the High Luminosity phase of the LHC. An upgrade is envisaged 
at SuperKEKB too. 

• Several smaller scale experiments will have delivered their say: 
(g-2), MEG, COMET, NA62, K0T0 … and bring a break through.  

1. Anticipated landscape of Flavours - at start of FCC
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• FCC complex has the following characteristics: 

• FCC-ee at the Z pole: all b-hadron species available, large tau production, boost, 
triggerless, neutrals. Experiments at FCC-ee can cover the full programme of LHCb 
and Belle II. Note: the incoherent production weakens the flavour tagging w.r.t. to Belle 
II; mitigated by the statistics.  

• FCC-pp: the bb cross-section gets a (not that spectacular) factor five enhancement at 
100 TeV. It was too early to scope the Physics case.  Experience from LHCb U2 data 
acquisition and triggers will be invaluable there to cope with pile-up interactions. 

• The CDR Flavours chapter describes both. Focus here on the FCC-ee, where actual 
sensitivity studies were undertaken. A word on FCC-pp in the outlook part of this talk. 

1. Anticipated landscape of Flavours - at start of FCC
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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 1000 1000 250 250 1000 500

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

• The baseline parameters and the operation model yields the following production rates of 
b-hadrons and tau leptons assumed for the CDR.

• Direct comparison with LHCb yields requires a more involved approach (mode by mode) 
to take into account trigger and reconstruction efficiencies.

1. Anticipated landscape of Flavours - at start of FCC
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1. Anticipated landscape of Flavours - at start of FCC

Decay mode/Experiment Belle II (50/ab) LHCb Run I LHCb Upgr. (50/fb) FCC-ee

EW/H penguins

B
0 ! K

⇤
(892)e

+
e
� ⇠ 2000 ⇠ 150 ⇠ 5000 ⇠ 200000

B(B0 ! K
⇤
(892)⌧

+
⌧
�
) ⇠ 10 – – ⇠ 1000

Bs ! µ
+
µ
�

n/a ⇠ 15 ⇠ 500 ⇠ 800

B
0 ! µ

+
µ
� ⇠ 5 – ⇠ 50 ⇠ 100

B(Bs ! ⌧
+
⌧
�
)

Leptonic decays

B
+ ! µ

+
⌫mu 5% – – 3%

B
+ ! ⌧

+
⌫tau 7% – – 2%

B
+
c ! ⌧

+
⌫tau n/a – – 5%

CP / hadronic decays

B
0 ! J/ KS (�sin(2�d)) ⇠ 2. ⇤ 106 (0.008) 41500 (0.04) ⇠ 0.8 · 106 (0.01) ⇠ 35 · 106 (0.006)

Bs ! D
±
s K

⌥
n/a 6000 ⇠ 200000 ⇠ 30 · 106

Bs(B
0
) ! J/ � (��s rad) n/a 96000 (0.049) ⇠ 2.10

6
(0.008) 16 · 106 (0.003)

• The Belle II and LHCb experiments are complementary in their Physics reach. Belle II 
will mostly dominate the CP eigenstates measurements w/ B-mesons, LHCb’s realm will 
be on fully charged final states for all b-hadron species.  The FCC-ee experiments will 
compete favourably everywhere.
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1. Anticipated landscape of Flavours - at start of FCC

Some FCC-ee distinctive features and disclaimers : 
 
• The energy spread of the beams (~ 50 MeV) to determine event-by-event the actual initial 
conditions energy-wise.   

• Amongst the main characteristics for Flavour Physics is the boost experienced at the Z 
pole (fragmentation of the b-quark provides is ~75% of the beam energy to the b-hadron).  
Conversely, the excellent capacity of reconstructing detached vertices is a decisive feature 
for the studies presented here.  

•  Remark: it has been chosen to focus the study on Physics cases where FCC-ee has 
distinctive / unique features, with the idea In for a pound, in for a penny   (qui peut le plus 
peut le moins).          
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2. Tau lepton Physics (selection of) FLAVOUR PHYSICS MEASUREMENTS

Figure 7.2: Branching fraction of t! enn versus t lifetime. The current world averages of the direct mea-
surements are indicated with the blue ellipse. Suggested FCC-ee precisions are provided with the yellow
ellipse. The SM functional dependence of the two quantities, depending on the t mass, is displayed by
the red band.

7.1.2 Lepton Flavour Violation in Z-boson Decays and Tests of Lepton Flavour Universality

The observation of LFV in Z-boson decays, Z!eµ, µt or et would provide indisputable evidence for
physics beyond the SM, e.g. the existence of new particles such as sterile neutral fermions. This scenario
is particularly attractive since it could address all the outstanding experimental or observational argu-
ments for BSM physics: neutrino masses and mixing, a potential dark matter candidate, and the origin
of baryonic asymmetry in the universe through leptogenesis [193, 194]. The search for LFV Z decays is
also complementary to the direct searches for heavy neutral fermions.

A phenomenological study [195] has been undertaken to study the potential of FCC-ee to probe
the existence of sterile neutral fermions in light of the improved determination of neutrino oscillation
parameters, the new bounds on low-energy LFV observables as well as cosmological bounds. This work
also addressed the complementarity of these searches with the current and expected precision of similar
searches at lower energy experiments. The best sensitivity to observe or constrain LFV in the eµ sector is
then obtained by the experiments based on the muon-electron conversion in nuclei [196]. In contrast, the
study of the decays Z!et and Z!µt would provide unique insight in connection to the third generation.
This goes beyond the models of sterile neutral fermions and can also probe e.g. the leptoquark mediators
advocated as a possible resolution of the flavour anomalies.

The current limits [197–200] on LFV Z decays sit in the ballpark of O(10
�6–10

�5
). The FCC-ee

would improve them by several orders of magnitude and could probe BSM predictions down to O(10
�9

)

branching fractions [201].
The very large samples of t decays at FCC-ee will also allow for significantly improved tests of

Lepton Flavour Universality (LFU). Firstly, the ratio of the weak charged current couplings between
muons and electrons, gµ/ge, can be extracted from the ratio of the partial widths of the two leptonic
decay modes, t!µnn and t!enn. The LEP data [202–206] support LFU to a precision of 0.14 % [207].
Secondly, the ratio of the weak couplings between t and electron (muon) can be extracted from the ratio
of the partial widths of t!enn (t!µnn) and µ!enn. Current measurements support this universality to a
precision of 0.15 % [207], with an uncertainty dominated by the measurement of the t leptonic branching
fractions and lifetime [208]. These will be reduced at FCC-ee, thanks to a factor of 100 improvement in

DRAFT - NOT FOR DISTRIBUTION
91

Property Current WA FCC-ee stat FCC-ee syst
Mass [MeV] 1776.86 +/- 0.12 0.004 0.1 
Electron BF [%] 17.82 +/- 0.05 0.0001 0.003
Muon BF [%] 17.39 +/- 0.05 0.0001 0.003

Lifetime [fs] 290.3 +/- 0.5 0.005 0.04

• Unprecedented statistics of boosted tau decay topologies.

• Lifetime measurement in addition to branching fractions.

• Highly competitive Lepton Flavour Universality tests 

Note: systematics are kind of state-of-the-art. Two decades 
to exercise the experimentalists’ cleverness on this.

© M. Dam
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3. Lepton-flavour-violating decays (tau decays)

Decay Current bound FCC-ee sensitivity
τ -> μγ 4.4 x 10-8 2 x 10-9

τ -> 3μ 2 x 10-8 10-10

Mogens Dam / NBI Copenhagen 28/09/2018Tau2018, Amsterdam
20

LFV τ decays

π-

τ+

τ-

π+

π-ν
Tag side

μ+

γ
Signal side

π-

τ+

τ-

π+

π-ν Tag side

μ+

Signal side
μ+

μ- Visible Z decays 3 x 1012

Z ➝ τ+τ- 1.3 x 1011

1 vs. 3 prongs 3.2 x 1010

3 vs. 3 prong 2.8x 109

1 vs. 5 prong 2.1 x 108

1 vs. 7 prong < 67,000

1 vs 9 prong ?
• Benefits from the large tau statistics and boosted topologies. 
 
• Calorimetric performance as ILD. 

• Main backgrounds are ISR and FSR 

• Brings down the current limits by one 
to two orders of magnitude.   
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3. Lepton-flavour-violating decays (Z decays)

• Lepton Flavour-Violating Z decays in the SM with lepton mixing are typically 

Any observation of such a decay would be an indisputable evidence for New Physics.  

• Current limits at the level of ~10-6 (from LEP and more recently Atlas, e.g. [DELPHI,  
Z. Phys. C73 (1997) 243] [ATLAS, CERN-PH-EP-2014-195 (2014)] )  

• The FCC-ee high luminosity Z factory allows in principle to gain several orders of 
magnitude ... Complementary to the direct search for steriles (see Oliver’s talk here). 

• Explored with FCC-ee in mind for additional neutrinos in [De Romeri et al. JHEP 1504 
(2015) 051]. It happens that the final states with taus are the most appealing.  

B(Z ⇥ e±µ⇥) � B(Z ⇥ e±�⇥) � 10�54 and B(Z ⇥ µ±�⇥) � 4.10�60
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3. Lepton-flavour-violating decays (Z decays)
3+1 model is a convenient ad-hoc extension; 4th state encodes 
contributions of arbitrary number of sterileνs 

exp. excluded       
cosmo X
cosmo OK

• Steriles with mass > 80 GeV and mixings O(10-5-10-4) within FCC-ee reach.
 
• Low-energy experiments (COMET and friends) at work to probe the electron-muon sector. 
• FCC-ee  would provide the most stringent constraint in tau-(mu/e) sectors. 
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3. Lepton-flavour-violating decays (Z decays)

• There are actually three processes competing in the ball park FCC-ee can address with 
a final state with a tau and a beam energy light lepton 

• The lepton Flavour-Violating Z decays 
• The SM Z → τ+τ- 

• The SM Z → l+l- (l → W*ν and W* → τ ν) 

• The latter process in the list [Durieux et al. arXiv:1512.03071] is interesting per se 
(BSM enhancements). The final state is the same as cLFV  (with an additional neutrino) 
and the authors find a SM branching fraction of 1.4 10-8 ! It can be however 
distinguished from the two others by its kinematical properties. 

4

Z

�̄l

W

l

Z

�̄l

W

l

W
Z

�̄l

l

W

FIG. 2. Tree-level diagrams contributing to Z � W l�l de-
cays.

neutrino couplings, fixing Cl = CW = 1, the 3-body
width is:

⇤(Z ⇤ Wl �l)
10�8 GeV = 4.3 � 3.7 C�l + 1.4 C2

�l
. (15)

IV. FOUR-BODY DECAYS

In practice, the observable processes are four-body de-
cays. They receive contributions from diagrams featuring
an intermediate W l �l state as well as new contributions
that do not derive from the three-body process discussed
in the previous section (see Fig. 3). Higher-order correc-
tions could be important given the future experimental
accuracy. In this first qualitative study, we only show
leading-order results.

We focus on three di�erent channels. In the semilep-
tonic Z ⇤ jjl �l decay, the flavor of the neutrino is fixed
by that of the lepton and the coupling of each neutrino
to the Z can be probed separately. Among the four-body
decays that are sensitive to the Z neutrino couplings, it
also has the highest rate. The fully leptonic Z ⇤ l l⇥�l�lÕ

decay involves two leptons of distinct flavors. In that
case, interferences between diagrams where the Z couples
to neutrinos of di�erent flavors render the analysis more
involved. On the other hand, in Z ⇤ l l��, with two
leptons of the same flavor, all species of neutrinos can
be produced irrespectively of the flavor of the charged
leptons (see, e.g., the first diagram of Fig. 3). The pres-
ence of two couplings of the Z to neutrinos in the corre-
sponding diagrams also introduces cubic and quartic C�l

dependences in the decay rate. However, there are no
interferences proportional to two di�erent C�l ’s in this
third channel.

Using MadGraph5 [7], we extract the dependence of
each decay rate on the C�l coe⇥cients. These are given
in Eqs. (A6–A8) of the Appendix. The ⇥ mass has been
kept nonvanishing and marginally a�ects some of the nu-
merical factors. Because of additional contributions to
the four-body decays and of the small phase space avail-
able in the three-body decay (which requires an on-shell

Z

Z

�̄

�

l+

l�

W

Z

q̄

q⇥

l+

�l

Z

h

Z

�̄

�

⇥+

⇥�

FIG. 3. Some contributions to the four-body Z � jjl�l and
Z � l l��̄ decays that do not proceed through a W l�l inter-
mediate state.

W ), the rate of the four-body processes are much higher
than what would have been obtained by using a narrow-
width approximation on the three-body decays. Fixing
C�l = 1, the SM decay widths are

⇤SM(Z ⇤ l l��̄)
10�8 GeV ⌅

�
⇤

⇥
2.4 for l = e, µ

2.3 for l = ⇥

⇤SM(Z ⇤ l �ljj)
10�8 GeV ⌅

�
⇤

⇥
6.5 for l = e, µ

6.3 for l = ⇥

⇤SM(Z ⇤ l l⇥�l�lÕ)
10�8 GeV ⌅

�
⇤

⇥
1.5 for l = e, l⇥ = µ

1.4 for l = e, µ, l⇥ = ⇥

for each lepton charge assignment.
The Z ⇤ jj l�l process has the highest rate and the

simplest dependence in the C�l couplings. When C�l =
�1, the destructive interferences discussed in Section III
causes a dramatic increase of the width by a factor of
4.1 (to 27 ⇥ 10�8 GeV for l = e, µ, and 26 ⇥ 10�8 GeV
for l = ⇥). The changes induced by positive C�l ’s in
di�erential distributions of Z ⇤ jj l �l are moderate (see
Fig. 4). An increased sensitivity could be obtained by se-
lecting dijet invariant masses in the [15, 75] GeV interval
(see Fig. 5). Regions of the phase space with enhanced
sensitivities could also be studied and exploited in the
channels involving two final-state charged leptons.

In the C�e � C�� plane of Fig. 6, we display the lines
along which several relevant partial decay widths take
their SM values. The muon-neutrino coupling to the Z
has been fixed to its standard-model value CSM

�µ
= 1. The

bands around each line assume 2% uncertainties on the
rate measurements, a precision that should be achieved
at future colliders. The current bound on

⌅
l C2

�l
from

the total Z-boson width is also displayed. It should be
noted that Z ⇤ µµ�� has a strong dependence on C�µ

and the band is expected to get broadened when allowing
C�µ to vary within its allowed range. A combination of
several channels would bring the constrains on the C�e

and C�� couplings down to the percent level at which the

http://arXiv.org/abs/arXiv:1512.03071
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• The other SM Z → τ+τ- (→μνν) is more annoying. The endpoint of the distribution mimics 
a beam-energy like lepton. 

•  Following Mogens Dam’s study reported here : Z → τ+τ-  provides a limit on cLFV 
process which goes linearly with the momentum resolution. And which is asymptotically 
limited in turn by the beam energy spread. This makes the former limit pretty fundamental.
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3. Lepton-flavour-violating decays (Z decays)

B(Z ⇥ �±µ⇥) < 10�9 � 10�10

© M. Dam

https://indico.cern.ch/event/544529/contributions/2211715/attachments/1298790/1941192/lfv.pdf
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4. Flavour anomalies in b quark transitions 

• There are persistent departures of the measurements of the FCNC decays b → s	l+l-  w.r.t. 
the SM / QCD predictions. They are consistent among experiments (Belle, LHCb and others) 
as far as the angular distributions of the mode B0 → K*0	μ+ μ-  are  concerned. 

• LHCb sees consistent departures to lepton universality in the ratios:

 

• Comments on theoretical and experimental challenges: the former analyses do have 
theoretical uncertainties (long distance QCD). The latter have experimental challenges (q2 
dependence / double ratio /electron rec. at LHCb). 

• These add up to R(D*), R(D) departures from B-factories and LHCb w.r.t. SM predictions. 

RK⇤ =
B0 ! K⇤(892)e+e�

B0 ! K⇤(892)µ+µ� ⇥ B0 ! K⇤(892)J/�(! µ+µ�)

B0 ! K⇤(892)J/�(! e+e�)

RK =
B0 ! Ke+e�

B0 ! Kµ+µ� ⇥ B0 ! KJ/�(! µ+µ�)

B0 ! KJ/�(! e+e�)
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4. Flavour anomalies in b quark transitions 
������������

› �
� ������������ �	 �
� ������ �� �
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 ������� �� �
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Correlation matrix 15.0 < q2 < 19.0GeV2/c4

FL S3 S4 S5 AFB S7 S8 S9

FL 1.00 0.17 �0.03 �0.02 �0.39 0.01 �0.00 0.11
S3 1.00 �0.15 �0.19 0.05 �0.02 �0.04 �0.02
S4 1.00 0.06 �0.12 0.03 0.14 0.01
S5 1.00 �0.12 0.12 0.04 0.02
AFB 1.00 0.00 �0.02 �0.01
S7 1.00 0.24 �0.19
S8 1.00 �0.13
S9 1.00

D Comparison between 1 fb�1 and 3 fb�1 results

A comparison between the result obtained for P ⇥
5 in this note and the result from the 1 fb�1

LHCb analysis from Ref. [7] is shown in Fig. 17.

]4c/2 [GeV2q
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5'P
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preliminary
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Figure 17: The observable P ⇥
5 in bins of q2. The shaded boxes show the SM prediction taken

from Ref. [13]. The blue open markers show the result of the 1 fb�1 analysis from Ref. [7].
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Several important updates 
to appear in the coming 
months
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4. The search for B0 → K*0τ+τ-  

• The companion decay modes B0 → K*0	e+e-  (angular analysis) and mostly B0 → K*0	τ+τ- 
are important ingredients to interpret the discrepancies, should they be confirmed: likely 
unique at FCC-ee.  

• The available statistics for the former at FCC-ee is beyond competition. 

• The latter requires partial reconstruction, i.e. the use of the production and decay vertices 
to solve the kinematics of the decay. But the SM branching fraction can likely only be 
attained at FCC-ee. 

• Data-driven model-independent approaches provide very significant enhancement of b → 
sτ+τ- transitions [arXiv:1712.01919].   Model killer.    

• The mode B0 → K*0	τ+τ-  has received a special attention in the FCC-ee context. 

http://arXiv.org/abs/arXiv:1712.01919
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4. The search for B0 → K*0τ+τ-  

•Makes use of partial reconstruction technique 
to solve the kinematics of the decay. Sensitivity 
relies on vertexing performance  

•Conditions: baseline luminosity, SM 
calculations of signal and background BF, 
vertexing and tracking performance as ILD 
detector. Momentum → 10 MeV, Primary 
vertex →  3 um, SV  →  7 um,  TV →  5 um  

•Backgrounds: (pink - DsK*taunu and DsDsK*) 
[signal in red+green].   Conclusions: at baseline luminosity, under 

SM hypothesis, more than 103 events of 
reconstructed signal.  Angular analysis 
possible.
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4. The search for B0 → K*0τ+τ-  

2c, GeV/Bm
4.5 5 5.5 6 6.5

)2 c
Ev

en
ts

 / 
(0

.0
2 

G
eV

/

0
20
40
60
80

100
120
140
160
180
200

Signal Model

Wrong signal model

) background modelν τBs (with Ds -> 

) background modelν τBd (with Ds -> 

eeFCC-

4.5 5 5.5 6 6.55−
4−
3−

2−
1−
0
1
2
3

4
5

2c, GeV/Bm
4.5 5 5.5 6 6.5

)2 c
Ev

en
ts

 / 
(0

.0
2 

G
eV

/

0

20

40

60

80

100

120 Signal Model

Wrong signal model

) background modelν τBs (with Ds -> 

) background modelν τBd (with Ds -> 

eeFCC-

4.5 5 5.5 6 6.55−
4−
3−

2−
1−
0
1
2
3

4
5

 Performance  / Conditions ILD-like ILD /2 ILD / 4 
Efficiency for the correct solution (%) 42,3 52,6 62
Invariant mass  resolution (core) [MeV/c2] 42(1) 36(1) 27(1)

2c, GeV/Bm
4.5 5 5.5 6 6.5

)2 c
Ev

en
ts

 / 
(0

.0
2 

G
eV

/

0

10

20

30

40

50
Signal Model

Wrong signal model

) background modelν τBs (with Ds -> 

) background modelν τBd (with Ds -> 

eeFCC-

4.5 5 5.5 6 6.55−
4−
3−

2−
1−
0
1
2
3

4
5



S. Monteil Flavours @ FCC19

4. The search for B0 → K*0τ+τ-  

• The study is considering the three-prongs decays of taus w/o neutrals. More 
than doubling the statistics w/ neutral pions. 

• Clean measurement of the branching fraction, even differential in q2 [O(5%) for 
a SM-like decay].   

• As soon as we go to angular observables, full simulation of the detector are in 
order to provide sound estimates of the observables.  

•The paper arXiv:1705.11106 reports the experimental sensitivity results and 
suggests several new observables.     

        

http://arXiv.org/abs/arXiv:1705.11106
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5. CKM profile(s)   

•The unitarity triangle 

• The focus is not on the UT anymore (though Belle 
II and LHCb improvements on CP observables 
should revive the subject). Yet, there are firm 
statements that can be drawn and can’t be 
escaped 

•CKM is at work in weak charged current.  

• The KM phase IS the dominant source of CP 
violation in K and B system. Implications for what 
comes next. 
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5. CKM profile(s)   

• A powerful Model-independent approach to address BSM Physics in neutral meson 
mixing processes 

Assumptions:

!only the short distance part of the mixing processes might receive NP contributions.  

!Unitary 3x3 CKM matrix (Flavour violation only from the Yukawas — MFV hypothesis). 

! tree-level processes are not affected by NP (so-called SM4FC: b→qiqjqk (i≠j≠k)). As a 
consequence, the quantities which do not receive NP contributions in that scenario are:  
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5. BSM in ΔF = 2  

The unitarity triangle: fixing CKM parameters. 
This is the anticipated landscape after Belle II 
and LHCb upgrade.    
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FIG. 1. The past (2003, top left) and present (top right) status of the unitarity triangle in the presence of NP in neutral-meson
mixing. The lower plots show future sensitivities for Stage I and Stage II described in the text, assuming data consistent with
the SM. The combination of all constraints in Table I yields the red-hatched regions, yellow regions, and dashed red contours
at 68.3%CL, 95.5%CL, and 99.7%CL, respectively.

tal and theoretical sides. Our Stage I projection refers
to a time around or soon after the end of LHCb Phase I,
corresponding to an anticipated 7 fb−1 LHCb data and
5 ab−1 Belle II data, towards the end of this decade. The
Stage II projection assumes 50 fb−1 LHCb and 50 ab−1

Belle II data, and probably corresponds to the middle
of the 2020s, at the earliest. Estimates of future experi-
mental uncertainties are taken from Refs. [17, 18, 21, 22].
(Note that we display the units as given in the LHCb and
Belle II projections, even if it makes some comparisons
less straightforward; e.g., the uncertainties of both β and
βs will be ∼ 0.2◦ by Stage II.) For the entries in Ta-
ble I where two uncertainties are given, the first one is
statistical (treated as Gaussian) and the second one is

systematic (treated through the Rfit model [8]). Consid-
ering the difficulty to ascertain the breakdown between
statistical and systematic uncertainties in lattice QCD
inputs for the future projections, for simplicity, we treat
all such future uncertainties as Gaussian.

The fits include the constraints from the measurements
of Ad,s

SL [10, 11], but not their linear combination [23],
nor from ∆Γs, whose effects on the future constraints
on NP studied in this paper are small. While ∆Γs is in
agreement with the CKM fit [10], there are tensions for
ASL [23]. The large values of hs allowed until recently,
corresponding to (M s

12)NP ∼ −2(M s
12)SM, are excluded

by the LHCb measurement of the sign of∆Γs [24]. We do
not consider K mixing for the fits shown in this Section,

arXiv:1309.2293 [hep-ph]]

Once fixed, one can introduce the constraints 
of the B mixing observables depending on the 
NP complex number  (here parameterised as:                                       
                    )

http://arxiv.org/abs/1309.2293
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5. BSM in ΔF = 2  

The BSM constraints at the horizon 2025

2

2003 2013 Stage I Stage II

|Vud| 0.9738 ± 0.0004 0.97425 ± 0 ± 0.00022 id id

|Vus| (Kℓ3) 0.2228 ± 0.0039 ± 0.0018 0.2258 ± 0.0008 ± 0.0012 0.22494 ± 0.0006 id

|ϵK | (2.282 ± 0.017) × 10−3 (2.228 ± 0.011) × 10−3 id id

∆md [ps−1] 0.502 ± 0.006 0.507 ± 0.004 id id

∆ms [ps−1] > 14.5 [95% CL] 17.768 ± 0.024 id id

|Vcb| × 103 (b → cℓν̄) 41.6 ± 0.58 ± 0.8 41.15 ± 0.33 ± 0.59 42.3 ± 0.4 [17] 42.3 ± 0.3 [17]

|Vub| × 103 (b → uℓν̄) 3.90 ± 0.08 ± 0.68 3.75 ± 0.14 ± 0.26 3.56 ± 0.10 [17] 3.56 ± 0.08 [17]

sin 2β 0.726 ± 0.037 0.679 ± 0.020 0.679 ± 0.016 [17] 0.679 ± 0.008 [17]

α (mod π) — (85.4+4.0
−3.8

)◦ (91.5 ± 2)◦ [17] (91.5 ± 1)◦ [17]

γ (mod π) — (68.0+8.0
−8.5

)◦ (67.1 ± 4)◦ [17, 18] (67.1 ± 1)◦ [17, 18]

βs — 0.0065+0.0450
−0.0415

0.0178 ± 0.012 [18] 0.0178 ± 0.004 [18]

B(B → τν) × 104 — 1.15 ± 0.23 0.83 ± 0.10 [17] 0.83 ± 0.05 [17]

B(B → µν) × 107 — — 3.7 ± 0.9 [17] 3.7 ± 0.2 [17]

Ad
SL × 104 10 ± 140 23 ± 26 −7 ± 15 [17] −7 ± 10 [17]

As
SL × 104 — −22 ± 52 0.3 ± 6.0 [18] 0.3 ± 2.0 [18]

m̄c 1.2 ± 0 ± 0.2 1.286 ± 0.013 ± 0.040 1.286 ± 0.020 1.286 ± 0.010

m̄t 167.0 ± 5.0 165.8 ± 0.54 ± 0.72 id id

αs(mZ) 0.1172 ± 0 ± 0.0020 0.1184 ± 0 ± 0.0007 id id

BK 0.86 ± 0.06 ± 0.14 0.7615 ± 0.0026 ± 0.0137 0.774 ± 0.007 [19, 20] 0.774 ± 0.004 [19, 20]

fBs [GeV] 0.217 ± 0.012 ± 0.011 0.2256 ± 0.0012 ± 0.0054 0.232 ± 0.002 [19, 20] 0.232 ± 0.001 [19, 20]

BBs 1.37 ± 0.14 1.326 ± 0.016 ± 0.040 1.214 ± 0.060 [19, 20] 1.214 ± 0.010 [19, 20]

fBs/fBd
1.21 ± 0.05 ± 0.01 1.198 ± 0.008 ± 0.025 1.205 ± 0.010 [19, 20] 1.205 ± 0.005 [19, 20]

BBs/BBd
1.00 ± 0.02 1.036 ± 0.013 ± 0.023 1.055 ± 0.010 [19, 20] 1.055 ± 0.005 [19, 20]

B̃Bs/B̃Bd
— 1.01 ± 0 ± 0.03 1.03 ± 0.02 id

B̃Bs — 0.91 ± 0.03 ± 0.12 0.87 ± 0.06 id

TABLE I. Central values and uncertainties used in our analysis (see definitions in Ref. [10]). The entries “id” refer to the
value in the same row in the previous column. The 2003 and 2013 values correspond to Lepton-Photon 2003 and FPCP 2013
conferences [4]. The assumptions entering the Stage I and Stage II estimates are described in the text.

qiq̄j flavor quantum numbers due to the operator

C2
ij

Λ2
(q̄i,Lγ

µqj,L)
2 , (2)

one finds that

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. We used
NLO expressions for the SM and LO for NP, and ne-
glected running for NP above the top mass. Operators
of different chiralities have conversion factors differing by
O(1) factors [6]. Minimal flavor violation (MFV), where
the NP contributions are aligned with the SM ones, cor-
respond to σ = 0 (mod π/2).
Analogously, in K mixing, we choose to parameterize

NP via an additive term to the so-called tt contribution
to MK

12 in the SM. This is justified by the short distance
nature of NP, by the fact that in many NP models the
largest contribution to MK

12 arise mostly via effects in-
volving the third generation (“23–31” mixing), and more
practically, since this allows one to maintain a consistent
normalization for NP across the three down-type neu-
tral meson systems. In this paper, D-meson mixing is
not considered, due to the large uncertainties related to
long-distance contributions.

Comments are in order concerning our assumption of
neglecting NP in charged current b → u, c transitions. If
a NP contamination is present and has a different chiral
structure than the SM, it will manifest itself by modify-
ing decay distributions, such as the lepton spectrum in
semileptonic B decays. On the contrary, if NP has the
same chiral structure as the SM, it cannot be physically
separated in the determination of ρ̄ and η̄. In such a case,
the extracted values of these parameters will not corre-
spond to their SM values. This discrepancy will propa-
gate to the NP fit, and will manifest itself as a nonzero
value for hd,s [7], with a specific pattern for hd,s and σd,s.

III. GENERIC FIT FOR Bd AND Bs MIXINGS

Table I shows all inputs and their uncertainties used in
our fit, performed using the CKMfitter package [4, 8, 9]
with its extension to NP in ∆F = 2 [10] (for other stud-
ies of such NP, see Refs. [5, 11–16]). We use standard
SM notation for the inputs, even for quantities affected
by NP in ∆F = 2 whose measurements should be rein-
terpreted to include NP contributions (e.g. α, β, βs).
We consider 2003 (before the first measurements of α
and γ) and 2013 (as of the FPCP 2013 conference), and
two future epochs, keeping in mind that any estimate of
future progress involves uncertainties on both experimen-
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FIG. 8. The past (2003, top left) and present (top right) constraints on U(2)3 scenarios, where hB ≡ hd = hs, σB ≡ σd = σs.
The lower plots show future sensitivities for the Stage I and Stage II scenarios described in the text, assuming measurements
consistent with the SM. The dotted curves show the 99.7%CL contours.

contribution given by Eq. (2) in Bd and Bs mixings at
Stage II are summarized in Table II. For K mixing, the
large hK regions in Fig. 5 complicate the interpretation
in terms of NP scales. If we assume that lattice QCD will
exclude hK > 2 as discussed in Sec. IV, we get sensitivity
up to 3 TeV (0.3 TeV) at tree level (one loop) for CKM-
like couplings, and up to 9 × 103 TeV (7 × 102 TeV) at
tree level (one loop) for non-hierarchical couplings.

So far in this paper we assumed that future measure-
ments agree with the SM predictions. However, future
data can not only set better bounds on NP, they may
also reveal deviations from the SM. This is illustrated in
Fig. 10, where we set ρ̄, η̄, hd,s and σd,s to their cur-
rent best-fit values (allowing for NP in ∆F = 2), and
performed a fit assuming for all future measurements the
corresponding central values, but uncertainties as given

in Table I for Stage II. While any assumption about pos-
sible future NP signals includes a high degree of arbitrari-

Couplings
NP loop Scales (in TeV) probed by

order Bd mixing Bs mixing

|Cij | = |VtiV
∗

tj | tree level 17 19

(CKM-like) one loop 1.4 1.5

|Cij | = 1 tree level 2× 103 5× 102

(no hierarchy) one loop 2× 102 40

TABLE II. The scale of the operator in Eq. (2) probed by
Bd and Bs mixings at Stage II (if the NP contributions to
them are unrelated). The impact of CKM-like hierarchy of
couplings and/or loop suppression is indicated.

Unique additions from FCC-ee

• Bs → DsK [30 106 events; brings (γ+ϕs)]

• Semileptonic asymmetries for both 
flavours of B mesons (CP violation in the 
mixing, unobserved to date).   

Extrapolated precisions on CKM-related 
observables in the CDR (mostly stat. limited) 
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5. BSM in ΔF = 2  

Notes on this analysis: 

‧It has to include as well the LHCb Upgrade 2 (300 /fb at HL-LHC) inputs, considered in 
the recent proposal by the LHCb collaboration: arXiv:1808.08865

‧A critical point is the knowledge of hadronic parameters inputs (decay constants and bag 
factors), which might constitute a bottleneck to push further the energy scale.      

‧The global analysis including FCC-ee inputs is currently being performed (might be in 
time for Brussels FCC meeting).       
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6. Outlook - FCC-ee  

• The next phase of the Study must go through full simulations of actual detector proposals. 

• This will allow to have realistic inputs (in particular from calorimetric objects) to evaluate 
the sensitivity on a series of outstanding observable measurements: 

• Semileptonic b-hadron decays  
• The electrodeak penguins Xb→Xνν 

• The leptonic decay Bc→τ+ντ
• The dileptonic  B0, Bs→τ+τ-   
• Tau Physics at large. 
• etc… 

• The standard Heavy Flavour program: lifetimes, branching fractions,  spectroscopy, etc…
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6. Outlook - FCC-hh  

• The bb cross-section receives about a factor 
5 enhancement at 100 TeV w.r.t. 14 TeV.   

• The distinctive feature of FCC-hh is however 
that high-pt Physics is enhanced by a far 
larger factor (~100). 

• It was still an early stage to devise a Flavour 
Physics case for the FCC-hh in the CDR. It 
will be part of the next stage of the Study. 

• The progresses in data acquisition and 
triggering systems of the LHCb upgrades (to 
cope with high pile-up) will be invaluable in 
that respect.  
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6. Summary: Flavours CDR conclusions    

• FCC-ee  competes favourably everywhere in the global Flavour Physics program (at least 
where we looked at). 

• The CDR studies were focussed at (some) places where FCC-ee has distinctive features. 
It indeed appears to make a difference: LFV Z and tau decays, lepton universality tests (b 
and tau sectors).       

• The next stage of the Study for FCC-ee will involve full simulations to address in a more 
comprehensive way the Flavours Physics case.  

• It was still an early stage to devise a Flavours case for the FCC-hh. It will be part of the 
next stage of the Study. 


