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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 lepton decays

• rare Z, (W, h, t?) decays


• In the context of ultimate potential of the LHCb upgrade and Belle II 
experiments.
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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
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Flavor physics circa 2030: possible scenarios

B2TiP,'Pi(sburgh'2016 Phillip3URQUIJO

More3impact3plots

24

dm∆

Kε

sm∆ & dm∆

3
φ

2
φ

ubV

1
φsin 2

(excl. at CL > 0.95)
 < 0

1
φsol. w/ cos 2

2
φ

1
φ

3
φ

ρ
0.05 0.10 0.15 0.20 0.25

η

0.25

0.30

0.35

0.40

0.45

ex
cl

ud
ed

 a
re

a 
ha

s 
C

L 
> 

0.
95

Scenario 1 

CKM
f i t t e r

(a) Scenario 1

dm∆

Kε

sm∆ & dm∆

3
φ

2
φ

ubV

1
φsin 2

(excl. at CL > 0.95)
 < 0

1
φsol. w/ cos 2

2
φ

1
φ

3
φ

ρ
0.05 0.10 0.15 0.20 0.25
η

0.25

0.30

0.35

0.40

0.45

ex
cl

ud
ed

 a
re

a 
ha

s 
C

L 
> 

0.
95

Scenario 2 

CKM
f i t t e r

(b) Scenario 2

dm∆

Kε

sm∆ & dm∆

3
φ

2
φ

ubV

1
φsin 2

(excl. at CL > 0.95)
 < 0

1
φsol. w/ cos 2

2
φ

1
φ

3
φ

ρ
0.05 0.10 0.15 0.20 0.25

η

0.25

0.30

0.35

0.40

0.45

ex
cl

ud
ed

 a
re

a 
ha

s 
C

L 
> 

0.
95

Scenario 3 

CKM
f i t t e r

(c) Scenario 3

dm∆

Kε

sm∆ & dm∆

3
φ

2
φ

ubV

1
φsin 2

(excl. at CL > 0.95)
 < 0

1
φsol. w/ cos 2

2
φ

1
φ

3
φ

ρ
0.05 0.10 0.15 0.20 0.25

η

0.25

0.30

0.35

0.40

0.45

ex
cl

ud
ed

 a
re

a 
ha

s 
C

L 
> 

0.
95

Scenario 4 

CKM
f i t t e r

(d) Scenario 4

dm∆

Kε

sm∆ & dm∆

3
φ

2
φ

ubV

1
φsin 2

(excl. at CL > 0.95)
 < 0

1
φsol. w/ cos 2

2
φ

1
φ

3
φ

ρ
0.05 0.10 0.15 0.20 0.25

η

0.25

0.30

0.35

0.40

0.45

ex
cl

ud
ed

 a
re

a 
ha

s 
C

L 
> 

0.
95

Scenario 5 

CKM
f i t t e r

(e) Scenario 5

Figure 6: Superzoom

5

50$abU1$Belle$IINow 50$abU1$Belle$II$+$LHCb

50$abU1$Belle$II 50$abU1$Belle$II$+$LHCb

SMUlike

WA

B2TiP,'Pi(sburgh'2016 Phillip3URQUIJO

More3impact3plots

24

dm∆

Kε

sm∆ & dm∆

3
φ

2
φ

ubV

1
φsin 2

(excl. at CL > 0.95)
 < 0

1
φsol. w/ cos 2

2
φ

1
φ

3
φ

ρ
0.05 0.10 0.15 0.20 0.25

η

0.25

0.30

0.35

0.40

0.45

ex
cl

ud
ed

 a
re

a 
ha

s 
C

L 
> 

0.
95

Scenario 1 

CKM
f i t t e r

(a) Scenario 1

dm∆

Kε

sm∆ & dm∆

3
φ

2
φ

ubV

1
φsin 2

(excl. at CL > 0.95)
 < 0

1
φsol. w/ cos 2

2
φ

1
φ

3
φ

ρ
0.05 0.10 0.15 0.20 0.25

η

0.25

0.30

0.35

0.40

0.45

ex
cl

ud
ed

 a
re

a 
ha

s 
C

L 
> 

0.
95

Scenario 2 

CKM
f i t t e r

(b) Scenario 2

dm∆

Kε

sm∆ & dm∆

3
φ

2
φ

ubV

1
φsin 2

(excl. at CL > 0.95)
 < 0

1
φsol. w/ cos 2

2
φ

1
φ

3
φ

ρ
0.05 0.10 0.15 0.20 0.25

η

0.25

0.30

0.35

0.40

0.45

ex
cl

ud
ed

 a
re

a 
ha

s 
C

L 
> 

0.
95

Scenario 3 

CKM
f i t t e r

(c) Scenario 3

dm∆

Kε

sm∆ & dm∆

3
φ

2
φ

ubV

1
φsin 2

(excl. at CL > 0.95)
 < 0

1
φsol. w/ cos 2

2
φ

1
φ

3
φ

ρ
0.05 0.10 0.15 0.20 0.25

η

0.25

0.30

0.35

0.40

0.45

ex
cl

ud
ed

 a
re

a 
ha

s 
C

L 
> 

0.
95

Scenario 4 

CKM
f i t t e r

(d) Scenario 4

dm∆

Kε

sm∆ & dm∆

3
φ

2
φ

ubV

1
φsin 2

(excl. at CL > 0.95)
 < 0

1
φsol. w/ cos 2

2
φ

1
φ

3
φ

ρ
0.05 0.10 0.15 0.20 0.25

η

0.25

0.30

0.35

0.40

0.45

ex
cl

ud
ed

 a
re

a 
ha

s 
C

L 
> 

0.
95

Scenario 5 

CKM
f i t t e r

(e) Scenario 5

Figure 6: Superzoom

5

50$abU1$Belle$IINow 50$abU1$Belle$II$+$LHCb

50$abU1$Belle$II 50$abU1$Belle$II$+$LHCb

SMUlike

WA

B2TiP,'Pi(sburgh'2016 Phillip3URQUIJO

More3impact3plots

24

dm∆

Kε

sm∆ & dm∆

3
φ

2
φ

ubV

1
φsin 2

(excl. at CL > 0.95)
 < 0

1
φsol. w/ cos 2

2
φ

1
φ

3
φ

ρ
0.05 0.10 0.15 0.20 0.25

η

0.25

0.30

0.35

0.40

0.45
ex

cl
ud

ed
 a

re
a 

ha
s 

C
L 

> 
0.

95

Scenario 1 

CKM
f i t t e r

(a) Scenario 1

dm∆

Kε

sm∆ & dm∆

3
φ

2
φ

ubV

1
φsin 2

(excl. at CL > 0.95)
 < 0

1
φsol. w/ cos 2

2
φ

1
φ

3
φ

ρ
0.05 0.10 0.15 0.20 0.25

η

0.25

0.30

0.35

0.40

0.45

ex
cl

ud
ed

 a
re

a 
ha

s 
C

L 
> 

0.
95

Scenario 2 

CKM
f i t t e r

(b) Scenario 2

dm∆

Kε

sm∆ & dm∆

3
φ

2
φ

ubV

1
φsin 2

(excl. at CL > 0.95)
 < 0

1
φsol. w/ cos 2

2
φ

1
φ

3
φ

ρ
0.05 0.10 0.15 0.20 0.25

η

0.25

0.30

0.35

0.40

0.45

ex
cl

ud
ed

 a
re

a 
ha

s 
C

L 
> 

0.
95

Scenario 3 

CKM
f i t t e r

(c) Scenario 3

dm∆

Kε

sm∆ & dm∆

3
φ

2
φ

ubV

1
φsin 2

(excl. at CL > 0.95)
 < 0

1
φsol. w/ cos 2

2
φ

1
φ

3
φ

ρ
0.05 0.10 0.15 0.20 0.25

η

0.25

0.30

0.35

0.40

0.45

ex
cl

ud
ed

 a
re

a 
ha

s 
C

L 
> 

0.
95

Scenario 4 

CKM
f i t t e r

(d) Scenario 4

dm∆

Kε

sm∆ & dm∆

3
φ

2
φ

ubV

1
φsin 2

(excl. at CL > 0.95)
 < 0

1
φsol. w/ cos 2

2
φ

1
φ

3
φ

ρ
0.05 0.10 0.15 0.20 0.25

η

0.25

0.30

0.35

0.40

0.45

ex
cl

ud
ed

 a
re

a 
ha

s 
C

L 
> 

0.
95

Scenario 5 

CKM
f i t t e r

(e) Scenario 5

Figure 6: Superzoom

5

50$abU1$Belle$IINow 50$abU1$Belle$II$+$LHCb

50$abU1$Belle$II 50$abU1$Belle$II$+$LHCb

SMUlike

WA

+ discoveries 
or bounds 

from high-pT 
LHC searches



FCC-ee flavour physics benchmarks & explorations
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2) Executive summary — Flavours at FCC-ee

3) CKM and CP violation in quark mixings 
FLAVOUR PHYSICS MEASUREMENTS

Table 7.2: List of inputs useful to constrain NP in �F = 2 quark transitions and comparisons of the
projected precisions of the Belle II, LHCb upgrade I and FCC-ee experiments. The central values for the
angles are scaled to the same SM-like extrapolation. The estimate of the mixing-induced observables’
precision at FCC-ee assumes a flavour tagging efficiency of 7% (10%) for the Bd (Bs meson). The esti-
mate of the |Vub| precision relies on an extrapolation of hadronic inputs calculated on the Lattice [182].

Observable / Experiments Current W/A Belle II (50 /ab) LHCb-U1 (23/fb) FCC-ee
CKM inputs
� (uncert., rad) 1.296

+0.087
�0.101 1.136 ± 0.026 1.136 ± 0.025 1.136 ± 0.004

|Vub| (precision) 5.9% 2.5% 6% 1%

Mixing-related inputs
sin(2�) 0.691 ± 0.017 0.691 ± 0.008 0.691 ± 0.009 0.691 ± 0.005

�s (uncert. rad 10
�2) �1.5 ± 3.5 n/a �3.65 ± 0.05 �3.65 ± 0.01

�md (ps�1) 0.5065 ± 0.0020 same same same
�ms (ps�1) 17.757 ± 0.021 same same same
adfs (10

�4, precision) 23 ± 26 �7 ± 15 �7 ± 15 �7 ± 2

asfs (10
�4, precision) �48 ± 48 n/a 0.3 ± 15 0.3 ± 2

ing amplitudes. Measurements at the FCC-ee will be sensitive to BSM contributions to the amplitudes of
B0 and B0

s mixing larger than 5% of the SM ones. These potential deviations can be related to the energy
scale ⇤ associated with the new effective local operators at play. In MFV scenarii, where the new flavour
structures are aligned with the SM yukawa couplings, energy scales up to 20 TeV can be probed by the
joint measurement of the properties of the B0 and B0

s meson mixings and the tree-level CKM parameters.
Releasing the constraint of MFV, scales up to several hundred TeV can be probed.

7.1.5 Additional Flavour Physics Opportunities

The aforementioned illustrations of measurements or searches for rare decays are experimentally very
challenging. The study of their sensitivity reach has shown that the statistics available at a high-luminosity
Z-factory, complemented by state-of-the-art detector performance, can allow their potential measurement
at unequalled precision. They can serve as benchmarks to open the way to other flavour physics observ-
ables in both quark and lepton sectors, and are for the most part related to the understanding of flavour in
presence of BSM Physics. Their experimental sensitivity will be studied in the next stage of the FCC-ee
design study. Here we list a few additional possibilities for which an FCC-ee experiment will definitely
be able to push the experimental envelope. The FCNC-mediated leptonic decays Bd,s !ee, µµ, tt, as
well as the EW penguin dominated b!snn, provide SM candles and are sensitive to several realisations
of BSM Physics. The observation of Bs !tt is invaluable to complement our understanding of present
LFUV anomalies and likely uniquely reachable at FCC-ee. The charged-current mediated leptonic de-
cays Bu,c !µn or tn, on the other hand, offer a possibility to determine the CKM elements |Vub| |Vcb|
with minimal theoretical uncertainties [213]. The cleanliness of the e

+
e
� experimental environment will

be beneficial to the study of the decay modes involving Bs, Bc or b-baryons with neutral final state parti-
cles, as well as the many-body fully hadronic b-hadron decays. The harvest of CP -eigenstates in several
b-hadron decays will allow to measure comprehensively the CP -violating weak phases. Rare exclusive
Z decays [214] might probe both new physics and perturbative QCD factorization.

DRAFT - NOT FOR DISTRIBUTION
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Part 1: CKM determination

• BSM motivated tree-level obs. fit
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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:                                       
                    )

FLAVOUR PHYSICS MEASUREMENTS

Table 7.3: List of inputs useful to constrain NP in �F = 2 quark transitions and comparisons of the
projected precisions of the Belle II, LHCb upgrade I and FCC-ee experiments. The central values for the
angles are scaled to the same SM-like extrapolation. The estimate of the mixing-induced observables’
precision at FCC-ee assumes a flavour tagging efficiency of 7% (10%) for the Bd (Bs meson). The esti-
mate of the |Vub| precision relies on an extrapolation of hadronic inputs calculated on the Lattice [194].

Observable / Experiments Current W/A Belle II (50 /ab) LHCb-U1 (23/fb) FCC-ee
CKM inputs
� (uncert., rad) 1.296

+0.087
�0.101 1.136 ± 0.026 1.136 ± 0.025 1.136 ± 0.004

|Vub| (precision) 5.9% 2.5% 6% 1%

Mixing-related inputs
sin(2�) 0.691 ± 0.017 0.691 ± 0.008 0.691 ± 0.009 0.691 ± 0.005

�s (uncert. rad 10
�2) �1.5 ± 3.5 n/a �3.65 ± 0.05 �3.65 ± 0.01

�md (ps�1) 0.5065 ± 0.0020 same same same
�ms (ps�1) 17.757 ± 0.021 same same same
adfs (10

�4, precision) 23 ± 26 �7 ± 15 �7 ± 15 �7 ± 2

asfs (10
�4, precision) �48 ± 48 n/a 0.3 ± 15 0.3 ± 2

in the
mixing amplitudes. Measurements at the FCC-ee will be sensitive to BSM contributions to the
amplitudes of B0 and B0

s mixing larger than 5% of the SM ones. These potential deviations can be
related to the energy scale ⇤ associated with the new effective local operators at play. In MFV scenarios,
where the new flavour structures are aligned with the SM Yukawa couplings, energy scales up to 20
TeV can be probed by the joint measurement of the properties of the B0 and B0

s meson mixings and the
tree-level CKM parameters. Releasing the constraint of MFV, scales up to several hundred TeV can be
probed.

7.1.5 Additional Flavour Physics Opportunities
The aforementioned illustrations of measurements or searches for rare decays are experimentally
very challenging. The study of their sensitivity reach has shown that the statistics available at a
high-luminosity Z-factory, complemented by state-of-the-art detector performance, can potentially allow
their measurement at unequalled precision. They can serve as benchmarks to open the way to other
flavour physics observables in both quark and lepton sectors and are for the most part related to the
understanding of flavour in presence of BSM Physics. Their experimental sensitivity will be studied in
the next stage of the FCC-ee design study. Here a few additional possibilities, for which an FCC-ee
experiment will definitely be able to push the experimental envelope, are listed. The FCNC-mediated
leptonic decays Bd,s !ee, µµ, tt, as well as the EW penguin dominated b!snn, provide SM candles
and are sensitive to several realisations of BSM Physics. The observation of Bs !tt is invaluable to
complement our understanding of present LFUV anomalies and likely uniquely reachable at FCC-ee.
The charged-current mediated leptonic decays Bu,c !µn or tn, on the other hand, offer a possibility to
determine the CKM elements |Vub| |Vcb| with minimum theoretical uncertainties [225]. The cleanliness
of the e

+
e
� experimental environment will be beneficial to the study of the decay modes involving Bs,

Bc or b-baryons with neutral final state particles, as well as the many-body fully hadronic b-hadron
decays. The harvest of CP -eigenstates in several b-hadron decays will allow comprehensive measure-
ments of the CP -violating weak phases. Rare exclusive Z decays [226] might probe both new physics
and perturbative QCD factorisation.
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2) Executive summary — Flavours at FCC-ee

3) CKM and CP violation in quark mixings 
FLAVOUR PHYSICS MEASUREMENTS

Table 7.2: List of inputs useful to constrain NP in �F = 2 quark transitions and comparisons of the
projected precisions of the Belle II, LHCb upgrade I and FCC-ee experiments. The central values for the
angles are scaled to the same SM-like extrapolation. The estimate of the mixing-induced observables’
precision at FCC-ee assumes a flavour tagging efficiency of 7% (10%) for the Bd (Bs meson). The esti-
mate of the |Vub| precision relies on an extrapolation of hadronic inputs calculated on the Lattice [182].

Observable / Experiments Current W/A Belle II (50 /ab) LHCb-U1 (23/fb) FCC-ee
CKM inputs
� (uncert., rad) 1.296

+0.087
�0.101 1.136 ± 0.026 1.136 ± 0.025 1.136 ± 0.004

|Vub| (precision) 5.9% 2.5% 6% 1%

Mixing-related inputs
sin(2�) 0.691 ± 0.017 0.691 ± 0.008 0.691 ± 0.009 0.691 ± 0.005

�s (uncert. rad 10
�2) �1.5 ± 3.5 n/a �3.65 ± 0.05 �3.65 ± 0.01

�md (ps�1) 0.5065 ± 0.0020 same same same
�ms (ps�1) 17.757 ± 0.021 same same same
adfs (10

�4, precision) 23 ± 26 �7 ± 15 �7 ± 15 �7 ± 2

asfs (10
�4, precision) �48 ± 48 n/a 0.3 ± 15 0.3 ± 2

ing amplitudes. Measurements at the FCC-ee will be sensitive to BSM contributions to the amplitudes of
B0 and B0

s mixing larger than 5% of the SM ones. These potential deviations can be related to the energy
scale ⇤ associated with the new effective local operators at play. In MFV scenarii, where the new flavour
structures are aligned with the SM yukawa couplings, energy scales up to 20 TeV can be probed by the
joint measurement of the properties of the B0 and B0

s meson mixings and the tree-level CKM parameters.
Releasing the constraint of MFV, scales up to several hundred TeV can be probed.

7.1.5 Additional Flavour Physics Opportunities

The aforementioned illustrations of measurements or searches for rare decays are experimentally very
challenging. The study of their sensitivity reach has shown that the statistics available at a high-luminosity
Z-factory, complemented by state-of-the-art detector performance, can allow their potential measurement
at unequalled precision. They can serve as benchmarks to open the way to other flavour physics observ-
ables in both quark and lepton sectors, and are for the most part related to the understanding of flavour in
presence of BSM Physics. Their experimental sensitivity will be studied in the next stage of the FCC-ee
design study. Here we list a few additional possibilities for which an FCC-ee experiment will definitely
be able to push the experimental envelope. The FCNC-mediated leptonic decays Bd,s !ee, µµ, tt, as
well as the EW penguin dominated b!snn, provide SM candles and are sensitive to several realisations
of BSM Physics. The observation of Bs !tt is invaluable to complement our understanding of present
LFUV anomalies and likely uniquely reachable at FCC-ee. The charged-current mediated leptonic de-
cays Bu,c !µn or tn, on the other hand, offer a possibility to determine the CKM elements |Vub| |Vcb|
with minimal theoretical uncertainties [213]. The cleanliness of the e

+
e
� experimental environment will

be beneficial to the study of the decay modes involving Bs, Bc or b-baryons with neutral final state parti-
cles, as well as the many-body fully hadronic b-hadron decays. The harvest of CP -eigenstates in several
b-hadron decays will allow to measure comprehensively the CP -violating weak phases. Rare exclusive
Z decays [214] might probe both new physics and perturbative QCD factorization.
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Part 1: CKM determination

• BSM motivated tree-level obs. fit


• improved stat. precision @FCC-ee


• |Vub| will require comparable 

theory progress (Lattice)

FLAVOUR PHYSICS MEASUREMENTS

Table 7.3: List of inputs useful to constrain NP in �F = 2 quark transitions and comparisons of the
projected precisions of the Belle II, LHCb upgrade I and FCC-ee experiments. The central values for the
angles are scaled to the same SM-like extrapolation. The estimate of the mixing-induced observables’
precision at FCC-ee assumes a flavour tagging efficiency of 7% (10%) for the Bd (Bs meson). The esti-
mate of the |Vub| precision relies on an extrapolation of hadronic inputs calculated on the Lattice [194].

Observable / Experiments Current W/A Belle II (50 /ab) LHCb-U1 (23/fb) FCC-ee
CKM inputs
� (uncert., rad) 1.296

+0.087
�0.101 1.136 ± 0.026 1.136 ± 0.025 1.136 ± 0.004

|Vub| (precision) 5.9% 2.5% 6% 1%

Mixing-related inputs
sin(2�) 0.691 ± 0.017 0.691 ± 0.008 0.691 ± 0.009 0.691 ± 0.005

�s (uncert. rad 10
�2) �1.5 ± 3.5 n/a �3.65 ± 0.05 �3.65 ± 0.01

�md (ps�1) 0.5065 ± 0.0020 same same same
�ms (ps�1) 17.757 ± 0.021 same same same
adfs (10

�4, precision) 23 ± 26 �7 ± 15 �7 ± 15 �7 ± 2

asfs (10
�4, precision) �48 ± 48 n/a 0.3 ± 15 0.3 ± 2

in the
mixing amplitudes. Measurements at the FCC-ee will be sensitive to BSM contributions to the
amplitudes of B0 and B0

s mixing larger than 5% of the SM ones. These potential deviations can be
related to the energy scale ⇤ associated with the new effective local operators at play. In MFV scenarios,
where the new flavour structures are aligned with the SM Yukawa couplings, energy scales up to 20
TeV can be probed by the joint measurement of the properties of the B0 and B0

s meson mixings and the
tree-level CKM parameters. Releasing the constraint of MFV, scales up to several hundred TeV can be
probed.

7.1.5 Additional Flavour Physics Opportunities
The aforementioned illustrations of measurements or searches for rare decays are experimentally
very challenging. The study of their sensitivity reach has shown that the statistics available at a
high-luminosity Z-factory, complemented by state-of-the-art detector performance, can potentially allow
their measurement at unequalled precision. They can serve as benchmarks to open the way to other
flavour physics observables in both quark and lepton sectors and are for the most part related to the
understanding of flavour in presence of BSM Physics. Their experimental sensitivity will be studied in
the next stage of the FCC-ee design study. Here a few additional possibilities, for which an FCC-ee
experiment will definitely be able to push the experimental envelope, are listed. The FCNC-mediated
leptonic decays Bd,s !ee, µµ, tt, as well as the EW penguin dominated b!snn, provide SM candles
and are sensitive to several realisations of BSM Physics. The observation of Bs !tt is invaluable to
complement our understanding of present LFUV anomalies and likely uniquely reachable at FCC-ee.
The charged-current mediated leptonic decays Bu,c !µn or tn, on the other hand, offer a possibility to
determine the CKM elements |Vub| |Vcb| with minimum theoretical uncertainties [225]. The cleanliness
of the e

+
e
� experimental environment will be beneficial to the study of the decay modes involving Bs,

Bc or b-baryons with neutral final state particles, as well as the many-body fully hadronic b-hadron
decays. The harvest of CP -eigenstates in several b-hadron decays will allow comprehensive measure-
ments of the CP -violating weak phases. Rare exclusive Z decays [226] might probe both new physics
and perturbative QCD factorisation.
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Part 1: CKM determination

• Complementary measurements of  |Vcb| (and |Vub|)


• CKM fit requires knowledge of |Vub/Vcb|


• Th. predictions of CPV in K decays rely on |Vcb| 


SM prediction using PDG input

|✏K | = ✏C✏bBK |Vcb |2�2⌘̄ ⇥
h
|Vcb |2(1 � ⇢̄)⌘tt(xt) � ⌘ut(xc , xt)

i

|�K | – Result and Error Budget

|�K | � ��BK |Vcb|2sin �
�
|Vcb|2cos ��ttS(xt)+�ctS(xc , xt)��ccS(xc)

�

Ctt (4%)
Cut (2%)

Vcb

35 %

sin 2�

14 %

param. 14 %

�s

13 %

��

11 %

BK

7 %

B̂K = 0.7625(97)
[FLAG 2019, 1902.08191]

|�SM
K | = 2.16(18) � 10�3

|�exp
K | = 2.228(11) � 10�3

Joachim Brod (U Cincinnati) Kaon Mixing 44 / 54

16 / 26

M. Gorbahn @ Beauty 2020

Theory Error budget in εK
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Part 1: CKM determination

• Complementary measurements of  |Vcb| (and |Vub|)


‣ using Bu,c→μν,τν


‣ Theoretically cleaner compared to exclusive semileptonic 
decays


|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+
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= 0.782
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VubfB
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E˙ƨȳʚ ʚɄɱɄțɄǖ˦ ǑɄɼ B+c → τ+ντ
࣢ éƨƉɄȳʌʚɼʯƉʚ ʚǫƨ ʚǫɼʯʌʚ ŗ˥Ƕʌ ŗȳƕ ʯʌƨ ʚǫǶʌ ʚɄ ƕƨ̇ȳƨ ˝ǫǶƉǫ
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Part 1: CKM determination

• Complementary measurements of  |Vcb| (and |Vub|)


‣ using Bu,c→μν,τν


‣ Exp. feasibility studies of Bc→τν:                          
important normalizing mode


‣ relative signal yield precision O(few %) 


|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

����
2

,Ʉȳ˙ƨɼʚǶȳǖ ǑɼɄȭ ʌǶǖȳŗț ˦Ƕƨțƕ ʚɄ B(B+c → τ+ντ)

B(B+c → τ+ντ) = N(B+c → τ+ντ)
N(B+c → J/ψµ+νµ) ×

ε(B+c → J/ψµ+νµ)
ε(B+c → τ+ντ)

× B(J/ψ → µµ)
B(τ+ → 3πντ) ×B(B+c → J/ψµ+νµ)

࣢ óǶǖȳŗț ˦Ƕƨțƕ ȭƨŗʌʯɼƨƕ Ƕȳ ʚɄ˦ ̇ʚ Ƕʌ ſŗʌƨƕ Ʉȳ ŗȳ ŗʌʌʯȭƨƕ
B(B+c → τ+ντ) = 1.94%

࣢ ,Ʉȳ˙ƨɼʚ ʚɄ˦ ̇ʚ ˦Ƕƨțƕ ſŗƉȕ ʚɄ B(B+c → τ+ντ) ˙Ƕŗ ƉɄɼɼƨƉʚǶɄȳ ǑŗƉʚɄɼʌࣗ
ŗȳƕ ŗʌʌƨʌʌ ʚǫƨ ɱɼƨƉǶʌǶɄȳ Ʉȳ ſɼŗȳƉǫǶȳǖ ɼŗʚǶɄ

࣢ Ďʌƨ ʌɄȭƨ ƨ˥ʚƨɼȳŗț ſɼŗȳƉǫǶȳǖ ǑɼŗƉʚǶɄȳʌ ŗʌ ˝ƨțț ŗʌ ŗ ʚǫƨɄɼ˦
ɱɼƨƕǶƉʚǶɄȳ ǑɄɼ B(B+c → J/ψµ+νµ) = 0.0135 ± 0.0011

ࢍࡹ

Amhis et al., 2105.13330

Zheng et al., 2007.08234
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Part 1: CKM determination

• Complementary measurements of  |Vcb| (and |Vub|)


‣ using Bu,c→μν,τν


‣ Exp. feasibility studies of Bc→τν:                          
important normalizing mode


‣ alternative test of LFU in c.c.                                             
B decays 


|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�
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�
⌫̄(�))SM = 1.13(1)⇥ 10�4

✓
fB

0.2GeV

◆2 ✓
|Vub|

4⇥ 10�3
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. (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� ! ⌧�⌫̄)

�
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= 4.49⇥ 10�3

,
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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].
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We confront the indications of lepton flavor universality (LFU) violation observed in semi-tauonic
B meson decays with new physics (NP) searches using high pT tau leptons at the LHC. Using
e↵ective field theory arguments we correlate possible non-standard contributions to semi-tauonic
charged currents with the ⌧

+
⌧
� signature at high energy hadron colliders. Several representative

standard model extensions put forward to explain the anomaly are examined in detail: (i) weak
triplet of color-neutral vector resonances, (ii) second Higgs doublet and (iii) scalar or (iv) vector
leptoquark. We find that, in general, ⌧+

⌧
� searches pose a serious challenge to NP explanations of

the LFU anomaly. Recasting existing 8 TeV and 13 TeV LHC analyses, stringent limits are set on
all considered simplified models. Future projections of the ⌧

+
⌧
� constraints as well as caveats in

interpreting them within more elaborate models are also discussed.

I. INTRODUCTION

Lepton flavor universality (LFU) of weak interactions
is one of the key predictions of the standard model (SM).
Experimentally it has been probed at the percent level
precision both directly in W decays at LEP [1], but also
indirectly via precision measurements of pion, kaon, D
meson and tau lepton decays (see for example [2–5]).
Over the past several years, there has been accumulating
evidence for departures from LFU in (semi)tauonic de-
cays of B mesons. In particular, Babar [6, 7], Belle [8, 9]
and LHCb [10] have all reported measurements of LFU
ratios

R(D(⇤)) ⌘
�(B ! D

(⇤)
⌧⌫)

�(B ! D(⇤)`⌫)
, (1)

where ` = e, µ, systematically larger than the corre-
sponding very precise SM predictions [11–14]. A recent
HFAG average of all current measurements [2]

R(D⇤) = (1.25 ± 0.07) ⇥ R(D⇤)SM , (2a)

R(D) = (1.32 ± 0.16) ⇥ R(D)SM , (2b)

puts the combined significance of these excesses at the
4.0 � level (assuming R(D) = R(D⇤) the significance
exceeds 4.4 �). Both R(D(⇤)) exhibit deviations of the
same order and a good fit to current data prefers an ap-
proximately universal enhancement of ⇠ 30% in both
observables over their SM values. This relatively large
e↵ect in charged current mediated weak processes calls
for new physics (NP) contributions in b ! c⌧⌫ transi-
tions [15]. At the tree level, the possibilities are reduced

⇤
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†
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to the exchange of a charged scalar (H+) [16, 17] or vec-
tor (W 0) [18, 19] bosons, or alternatively colored states
carrying baryon and lepton numbers (leptoquarks) [20–
23]. Importantly, all possibilities imply new charged (and
possibly colored) states with masses at or below the TeV
and with significant couplings to the third generation
SM fermions, making them potential targets for direct
searches at the LHC. The aim of the present work is to
elucidate and quantify the current and future sensitivity
of the LHC high-pT experiments (ATLAS and CMS) to
such NP. In particular we will show that quite generally
NP relevant to the R(D(⇤)) anomalies can be e�ciently
probed using high-pT tau pair production at the LHC.

The rest of the paper is structured as follows. In sec-
tion II we employ e↵ective field theory (EFT) arguments
to correlate NP contributions to R(D(⇤)) with high-pT
signatures involving tau leptons. We then examine ex-
plicit single mediator extensions of the SM which can
be matched onto the EFT addressing the LFU anomaly
in Sec. III. The resulting constraints coming from exist-
ing ⌧

+
⌧
� searches by ATLAS and CMS are presented in

Sec. IV. Future experimental prospects as well as possible
directions for model building in order to alleviate ⌧

+
⌧
�

constraints are discussed in Sec. V.

II. EFFECTIVE FIELD THEORY

At su�ciently low energies, the exchange of new mas-
sive particles induces e↵ects which can be fully captured
by the appearance of local higher dimensional operators
within an e↵ective field theory description where the SM
contains all the relevant degrees of freedom. The leading
contributions appear at operator dimension six. While
the e↵ects in semileptonic B decays can without loss of
generality be described in terms of e↵ective operators re-
specting the QCD and QED gauge symmetries relevant
below the electroweak breaking scale vEW ' 246 GeV,

see also LHCb, 1711.05623



FCC-ee flavour physics benchmarks & explorations

Part 1: CKM determination

• Complementary measurements of  |Vcb| (and |Vub|)


‣ using Bu,c→μν,τν


‣ Exp. feasibility studies of Bc→τν:                          
important normalizing mode


‣ alternative test of LFU in c.c.                                             
B decays 


|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].
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B(B+c → τ+ντ) = N(B+c → τ+ντ)
N(B+c → J/ψµ+νµ) ×

ε(B+c → J/ψµ+νµ)
ε(B+c → τ+ντ)

× B(J/ψ → µµ)
B(τ+ → 3πντ) ×B(B+c → J/ψµ+νµ)

࣢ óǶǖȳŗț ˦Ƕƨțƕ ȭƨŗʌʯɼƨƕ Ƕȳ ʚɄ˦ ̇ʚ Ƕʌ ſŗʌƨƕ Ʉȳ ŗȳ ŗʌʌʯȭƨƕ
B(B+c → τ+ντ) = 1.94%

࣢ ,Ʉȳ˙ƨɼʚ ʚɄ˦ ̇ʚ ˦Ƕƨțƕ ſŗƉȕ ʚɄ B(B+c → τ+ντ) ˙Ƕŗ ƉɄɼɼƨƉʚǶɄȳ ǑŗƉʚɄɼʌࣗ
ŗȳƕ ŗʌʌƨʌʌ ʚǫƨ ɱɼƨƉǶʌǶɄȳ Ʉȳ ſɼŗȳƉǫǶȳǖ ɼŗʚǶɄ

࣢ Ďʌƨ ʌɄȭƨ ƨ˥ʚƨɼȳŗț ſɼŗȳƉǫǶȳǖ ǑɼŗƉʚǶɄȳʌ ŗʌ ˝ƨțț ŗʌ ŗ ʚǫƨɄɼ˦
ɱɼƨƕǶƉʚǶɄȳ ǑɄɼ B(B+c → J/ψµ+νµ) = 0.0135 ± 0.0011

ࢍࡹ

¥â ʌƨȳʌǶʚǶ˙Ƕʚ˦

࣢ ,ŗȳ ƉɄȳʌǶƕƨɼ ʚǫƨ ɼŗʚǶɄ Rc = B(B+c → τ+ντ)/B(B+c → J/ψµ+νµ)ࣗ
˝ǫǶƉǫ ǫŗʌ ∼ 4% ƨ˥ɱƨƉʚƨƕ ƨ˥ɱƨɼǶȭƨȳʚŗț ɱɼƨƉǶʌǶɄȳ

࣢ ∣Vcb∣ Ƕȳƕƨɱƨȳƕƨȳʚ
࣢ ,ŗȳ ŗʌʌʯȭƨ ȳɄ ¥â Ƕȳ ʚǫƨ ȭʯɄȳǶƉ ȭɄƕƨ ǑɄɼ ʚǫƨɄɼ˦ ƉŗțƉʯțŗʚǶɄȳ

࣢ Rc ȭƨŗʌʯɼƨȭƨȳʚ ŗʚ b,,ࣽƨƨ Ɖŗȳ ʌʚɼɄȳǖț˦ ƉɄȳʌʚɼŗǶȳ ſɄʚǫ ¡p6ࡽ
ŗȳƕ țƨɱʚɄɸʯŗɼȕ ɱŗɼŗȭƨʚƨɼ ʌɱŗƉƨ Ƕȳ ŗ ƉɄȭɱțƨȭƨȳʚŗɼ˦ ȭŗȳȳƨɼ ʚɄ
Ʉʚǫƨɼ ȕƨ˦ Ʉſʌƨɼ˙ŗſțƨʌ

࣢ �ƨɱʚɄɸʯŗɼȕ ƉɄʯɱțǶȳǖʌ Ɖŗȳ ǶȳʚɼɄƕʯƉƨ O(10) −O(100) ˙ŗɼǶŗʚǶɄȳʌࣛ

࢙ࡹ
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Beyond Z-pole?

•                                       (in energy range of FCC-ee)

• With SM value of                              a precision of                  
might be within reach...

• Complementary to conventional measurements at B factories - 
at the scale of mW (running of CKM negligible in SM)

• In addition to more conventional measurements at Z pole

W+ ! cb̄

�(e+e� !W+W�) ⇠ 10pb

B(W+ ⇥ cb̄) � 10�3 �Vcb

Vcb
⇠ 1%

B ! Xc⇤�, B ! Xc⇥�

FCC-ee flavour physics benchmarks & explorations

Part 1: CKM determination

• Complementary measurements of  |Vcb| (and |Vub|)


‣ using Bu,c→μν,τν


‣ using on-shell W→cb


‣  


‣   


‣ Relies crucially on efficient c- and b-jet identification

<latexit sha1_base64="SdyMMO5brgAzUpT1OT3/o6zZGfE=">AAACCHicbVC7TsMwFHXKq5RXgJEBi6oSU0lQBYwVLIxFog+piSLHcVqrthPZDlIVdWThV1gYQIiVT2Djb3DbDNByJOsenXOvfO8JU0aVdpxvq7Syura+Ud6sbG3v7O7Z+wcdlWQSkzZOWCJ7IVKEUUHammpGeqkkiIeMdMPRzdTvPhCpaCLu9TglPkcDQWOKkTZSYB97EWEawU6Q43ByNi/QU5RDp+56tcCuOnVnBrhM3IJUQYFWYH95UYIzToTGDCnVd51U+zmSmmJGJhUvUyRFeIQGpG+oQJwoP58dMoE1o0QwTqR5QsOZ+nsiR1ypMTcb1jjSQ7XoTcX/vH6m4ys/pyLNNBF4/lGcMagTOE0FRlQSrNnYEIQlNbtCPEQSYW2yq5gQ3MWTl0nnvO5e1Bt3jWrzuoijDI7ACTgFLrgETXALWqANMHgEz+AVvFlP1ov1bn3MW0tWMXMI/sD6/AGuAph4</latexit>
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FCC-ee flavour physics benchmarks & explorations

Part 2: CPV in ΔB=2


• Uncertainties in most ΔB=2 observables will start to be 
systematics/theory dominated


• Notable exceptions: φs, afs 

FLAVOUR PHYSICS MEASUREMENTS

Table 7.3: List of inputs useful to constrain NP in �F = 2 quark transitions and comparisons of the
projected precisions of the Belle II, LHCb upgrade I and FCC-ee experiments. The central values for the
angles are scaled to the same SM-like extrapolation. The estimate of the mixing-induced observables’
precision at FCC-ee assumes a flavour tagging efficiency of 7% (10%) for the Bd (Bs meson). The esti-
mate of the |Vub| precision relies on an extrapolation of hadronic inputs calculated on the Lattice [194].

Observable / Experiments Current W/A Belle II (50 /ab) LHCb-U1 (23/fb) FCC-ee
CKM inputs
� (uncert., rad) 1.296

+0.087
�0.101 1.136 ± 0.026 1.136 ± 0.025 1.136 ± 0.004

|Vub| (precision) 5.9% 2.5% 6% 1%

Mixing-related inputs
sin(2�) 0.691 ± 0.017 0.691 ± 0.008 0.691 ± 0.009 0.691 ± 0.005

�s (uncert. rad 10
�2) �1.5 ± 3.5 n/a �3.65 ± 0.05 �3.65 ± 0.01

�md (ps�1) 0.5065 ± 0.0020 same same same
�ms (ps�1) 17.757 ± 0.021 same same same
adfs (10

�4, precision) 23 ± 26 �7 ± 15 �7 ± 15 �7 ± 2

asfs (10
�4, precision) �48 ± 48 n/a 0.3 ± 15 0.3 ± 2

in the
mixing amplitudes. Measurements at the FCC-ee will be sensitive to BSM contributions to the
amplitudes of B0 and B0

s mixing larger than 5% of the SM ones. These potential deviations can be
related to the energy scale ⇤ associated with the new effective local operators at play. In MFV scenarios,
where the new flavour structures are aligned with the SM Yukawa couplings, energy scales up to 20
TeV can be probed by the joint measurement of the properties of the B0 and B0

s meson mixings and the
tree-level CKM parameters. Releasing the constraint of MFV, scales up to several hundred TeV can be
probed.

7.1.5 Additional Flavour Physics Opportunities
The aforementioned illustrations of measurements or searches for rare decays are experimentally
very challenging. The study of their sensitivity reach has shown that the statistics available at a
high-luminosity Z-factory, complemented by state-of-the-art detector performance, can potentially allow
their measurement at unequalled precision. They can serve as benchmarks to open the way to other
flavour physics observables in both quark and lepton sectors and are for the most part related to the
understanding of flavour in presence of BSM Physics. Their experimental sensitivity will be studied in
the next stage of the FCC-ee design study. Here a few additional possibilities, for which an FCC-ee
experiment will definitely be able to push the experimental envelope, are listed. The FCNC-mediated
leptonic decays Bd,s !ee, µµ, tt, as well as the EW penguin dominated b!snn, provide SM candles
and are sensitive to several realisations of BSM Physics. The observation of Bs !tt is invaluable to
complement our understanding of present LFUV anomalies and likely uniquely reachable at FCC-ee.
The charged-current mediated leptonic decays Bu,c !µn or tn, on the other hand, offer a possibility to
determine the CKM elements |Vub| |Vcb| with minimum theoretical uncertainties [225]. The cleanliness
of the e

+
e
� experimental environment will be beneficial to the study of the decay modes involving Bs,

Bc or b-baryons with neutral final state particles, as well as the many-body fully hadronic b-hadron
decays. The harvest of CP -eigenstates in several b-hadron decays will allow comprehensive measure-
ments of the CP -violating weak phases. Rare exclusive Z decays [226] might probe both new physics
and perturbative QCD factorisation.
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very challenging. The study of their sensitivity reach has shown that the statistics available at a
high-luminosity Z-factory, complemented by state-of-the-art detector performance, can potentially allow
their measurement at unequalled precision. They can serve as benchmarks to open the way to other
flavour physics observables in both quark and lepton sectors and are for the most part related to the
understanding of flavour in presence of BSM Physics. Their experimental sensitivity will be studied in
the next stage of the FCC-ee design study. Here a few additional possibilities, for which an FCC-ee
experiment will definitely be able to push the experimental envelope, are listed. The FCNC-mediated
leptonic decays Bd,s !ee, µµ, tt, as well as the EW penguin dominated b!snn, provide SM candles
and are sensitive to several realisations of BSM Physics. The observation of Bs !tt is invaluable to
complement our understanding of present LFUV anomalies and likely uniquely reachable at FCC-ee.
The charged-current mediated leptonic decays Bu,c !µn or tn, on the other hand, offer a possibility to
determine the CKM elements |Vub| |Vcb| with minimum theoretical uncertainties [225]. The cleanliness
of the e

+
e
� experimental environment will be beneficial to the study of the decay modes involving Bs,
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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.
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FCC-ee flavour physics benchmarks & explorations

Part 2: CPV in ΔB=2


• Uncertainties in most ΔB=2 observables will start to be 
systematics/theory dominated


• Notable exceptions: φs, afs 

FLAVOUR PHYSICS MEASUREMENTS

Table 7.3: List of inputs useful to constrain NP in �F = 2 quark transitions and comparisons of the
projected precisions of the Belle II, LHCb upgrade I and FCC-ee experiments. The central values for the
angles are scaled to the same SM-like extrapolation. The estimate of the mixing-induced observables’
precision at FCC-ee assumes a flavour tagging efficiency of 7% (10%) for the Bd (Bs meson). The esti-
mate of the |Vub| precision relies on an extrapolation of hadronic inputs calculated on the Lattice [194].

Observable / Experiments Current W/A Belle II (50 /ab) LHCb-U1 (23/fb) FCC-ee
CKM inputs
� (uncert., rad) 1.296

+0.087
�0.101 1.136 ± 0.026 1.136 ± 0.025 1.136 ± 0.004
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asfs (10
�4, precision) �48 ± 48 n/a 0.3 ± 15 0.3 ± 2

in the
mixing amplitudes. Measurements at the FCC-ee will be sensitive to BSM contributions to the
amplitudes of B0 and B0

s mixing larger than 5% of the SM ones. These potential deviations can be
related to the energy scale ⇤ associated with the new effective local operators at play. In MFV scenarios,
where the new flavour structures are aligned with the SM Yukawa couplings, energy scales up to 20
TeV can be probed by the joint measurement of the properties of the B0 and B0

s meson mixings and the
tree-level CKM parameters. Releasing the constraint of MFV, scales up to several hundred TeV can be
probed.

7.1.5 Additional Flavour Physics Opportunities
The aforementioned illustrations of measurements or searches for rare decays are experimentally
very challenging. The study of their sensitivity reach has shown that the statistics available at a
high-luminosity Z-factory, complemented by state-of-the-art detector performance, can potentially allow
their measurement at unequalled precision. They can serve as benchmarks to open the way to other
flavour physics observables in both quark and lepton sectors and are for the most part related to the
understanding of flavour in presence of BSM Physics. Their experimental sensitivity will be studied in
the next stage of the FCC-ee design study. Here a few additional possibilities, for which an FCC-ee
experiment will definitely be able to push the experimental envelope, are listed. The FCNC-mediated
leptonic decays Bd,s !ee, µµ, tt, as well as the EW penguin dominated b!snn, provide SM candles
and are sensitive to several realisations of BSM Physics. The observation of Bs !tt is invaluable to
complement our understanding of present LFUV anomalies and likely uniquely reachable at FCC-ee.
The charged-current mediated leptonic decays Bu,c !µn or tn, on the other hand, offer a possibility to
determine the CKM elements |Vub| |Vcb| with minimum theoretical uncertainties [225]. The cleanliness
of the e

+
e
� experimental environment will be beneficial to the study of the decay modes involving Bs,

Bc or b-baryons with neutral final state particles, as well as the many-body fully hadronic b-hadron
decays. The harvest of CP -eigenstates in several b-hadron decays will allow comprehensive measure-
ments of the CP -violating weak phases. Rare exclusive Z decays [226] might probe both new physics
and perturbative QCD factorisation.
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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.  
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FCC-ee flavour physics benchmarks & explorations

Part 2: CPV in ΔB=2


• Significant improvement in both observables @FCC-ee

• Observation of CPV in Bd mixing possible (afs)

• Not included (αs,γs,βs) from (Bs → DsK, B → DK, Bs →φφ)


FLAVOUR PHYSICS MEASUREMENTS

Table 7.3: List of inputs useful to constrain NP in �F = 2 quark transitions and comparisons of the
projected precisions of the Belle II, LHCb upgrade I and FCC-ee experiments. The central values for the
angles are scaled to the same SM-like extrapolation. The estimate of the mixing-induced observables’
precision at FCC-ee assumes a flavour tagging efficiency of 7% (10%) for the Bd (Bs meson). The esti-
mate of the |Vub| precision relies on an extrapolation of hadronic inputs calculated on the Lattice [194].

Observable / Experiments Current W/A Belle II (50 /ab) LHCb-U1 (23/fb) FCC-ee
CKM inputs
� (uncert., rad) 1.296

+0.087
�0.101 1.136 ± 0.026 1.136 ± 0.025 1.136 ± 0.004

|Vub| (precision) 5.9% 2.5% 6% 1%

Mixing-related inputs
sin(2�) 0.691 ± 0.017 0.691 ± 0.008 0.691 ± 0.009 0.691 ± 0.005

�s (uncert. rad 10
�2) �1.5 ± 3.5 n/a �3.65 ± 0.05 �3.65 ± 0.01

�md (ps�1) 0.5065 ± 0.0020 same same same
�ms (ps�1) 17.757 ± 0.021 same same same
adfs (10

�4, precision) 23 ± 26 �7 ± 15 �7 ± 15 �7 ± 2

asfs (10
�4, precision) �48 ± 48 n/a 0.3 ± 15 0.3 ± 2

in the
mixing amplitudes. Measurements at the FCC-ee will be sensitive to BSM contributions to the
amplitudes of B0 and B0

s mixing larger than 5% of the SM ones. These potential deviations can be
related to the energy scale ⇤ associated with the new effective local operators at play. In MFV scenarios,
where the new flavour structures are aligned with the SM Yukawa couplings, energy scales up to 20
TeV can be probed by the joint measurement of the properties of the B0 and B0

s meson mixings and the
tree-level CKM parameters. Releasing the constraint of MFV, scales up to several hundred TeV can be
probed.

7.1.5 Additional Flavour Physics Opportunities
The aforementioned illustrations of measurements or searches for rare decays are experimentally
very challenging. The study of their sensitivity reach has shown that the statistics available at a
high-luminosity Z-factory, complemented by state-of-the-art detector performance, can potentially allow
their measurement at unequalled precision. They can serve as benchmarks to open the way to other
flavour physics observables in both quark and lepton sectors and are for the most part related to the
understanding of flavour in presence of BSM Physics. Their experimental sensitivity will be studied in
the next stage of the FCC-ee design study. Here a few additional possibilities, for which an FCC-ee
experiment will definitely be able to push the experimental envelope, are listed. The FCNC-mediated
leptonic decays Bd,s !ee, µµ, tt, as well as the EW penguin dominated b!snn, provide SM candles
and are sensitive to several realisations of BSM Physics. The observation of Bs !tt is invaluable to
complement our understanding of present LFUV anomalies and likely uniquely reachable at FCC-ee.
The charged-current mediated leptonic decays Bu,c !µn or tn, on the other hand, offer a possibility to
determine the CKM elements |Vub| |Vcb| with minimum theoretical uncertainties [225]. The cleanliness
of the e

+
e
� experimental environment will be beneficial to the study of the decay modes involving Bs,

Bc or b-baryons with neutral final state particles, as well as the many-body fully hadronic b-hadron
decays. The harvest of CP -eigenstates in several b-hadron decays will allow comprehensive measure-
ments of the CP -violating weak phases. Rare exclusive Z decays [226] might probe both new physics
and perturbative QCD factorisation.
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FCC-ee flavour physics benchmarks & explorations

Combining 1 & 2: Impact on CPV BSM in ΔB=2

Model-independent parametrization of BSM in ΔF=2


Assumptions:


‣ NP only at short distances (UV)


‣ CKM unitary (& determined from NP free obs.)
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5) BSM in ΔF = 2 quark from FCC-ee

With the other parameterisation (NP amplitude and phase) which I can 
be interpreted in an easier way as BSM energy scale. 

More than a factor 2 improvement for Bs.
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FIG. 3. The past (2003, top left) and present (top right) constraints on hs − σs in Bs mixing. The lower plots show future
sensitivities for the Stage I and Stage II described in the text, assuming measurements consistent with the SM. The dotted
curves show the 99.7%CL contours.

the ρ̄ < 0, η̄ < 0 solution is excluded at 68.2%CL, but it
is allowed at 95.5%CL.)

Figures 2 and 3 show the corresponding evolutions of
the constraints on (h, σ) in the Bd and Bs meson sys-
tems. Each plot is obtained by considering all the inputs
in Table I and treating ρ̄, η̄, and the other physics pa-
rameters not shown as nuisance parameters. This corre-
sponds to the case of generic NP, ignoring possible cor-
relations between different ∆F = 2 transitions. Since
we are interested in the future sensitivity of LHCb and
Belle II to NP, for Stage I and Stage II, we chose the
central values of future measurements to coincide with
their SM predictions using the current best-fit values of
ρ̄ and η̄. Thus, the future best fit corresponds to h = 0.
Figure 4 shows the projection on the (hd, hs) plane.

Future lattice QCD uncertainties for Stage I are taken

from Refs. [19, 20] (where they are given as expecta-
tions by 2018). These predicted lattice QCD improve-
ments will be very important, mainly for the deter-
mination of |Vub| and for the mixing matrix elements,
〈Bq|(b̄LγµqL)2|Bq〉 = (2/3)m2

Bq
f2
Bq

BBq
. The current ex-

pectation is that the uncertainties of fBq
will get below

1%, and may be significantly smaller than those of BBq
.

The reduction of the uncertainty of the latter to a sim-
ilar level would be important. Up to now, due to the
chiral extrapolations to light quark masses, more accu-
rate results were obtained for matrix elements involving
the Bs meson or for ratios between Bd and Bs hadronic
inputs, compared to the results for Bd matrix elements.
This leads us to use the former quantities as our lattice
inputs for decay constants and bag parameters in Ta-
ble I. This choice might not be the most suitable one

arXiv:1309.2293 [hep-ph]]
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FIG. 3. The past (2003, top left) and present (top right) constraints on hs − σs in Bs mixing. The lower plots show future
sensitivities for the Stage I and Stage II described in the text, assuming measurements consistent with the SM. The dotted
curves show the 99.7%CL contours.
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5) BSM in ΔF = 2 quark from FCC-ee

With the other parameterisation (NP amplitude and phase) which I can 
be interpreted in an easier way as BSM energy scale. 

More than a factor 2 improvement for Bs.
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FIG. 3. The past (2003, top left) and present (top right) constraints on hs − σs in Bs mixing. The lower plots show future
sensitivities for the Stage I and Stage II described in the text, assuming measurements consistent with the SM. The dotted
curves show the 99.7%CL contours.

the ρ̄ < 0, η̄ < 0 solution is excluded at 68.2%CL, but it
is allowed at 95.5%CL.)

Figures 2 and 3 show the corresponding evolutions of
the constraints on (h, σ) in the Bd and Bs meson sys-
tems. Each plot is obtained by considering all the inputs
in Table I and treating ρ̄, η̄, and the other physics pa-
rameters not shown as nuisance parameters. This corre-
sponds to the case of generic NP, ignoring possible cor-
relations between different ∆F = 2 transitions. Since
we are interested in the future sensitivity of LHCb and
Belle II to NP, for Stage I and Stage II, we chose the
central values of future measurements to coincide with
their SM predictions using the current best-fit values of
ρ̄ and η̄. Thus, the future best fit corresponds to h = 0.
Figure 4 shows the projection on the (hd, hs) plane.

Future lattice QCD uncertainties for Stage I are taken

from Refs. [19, 20] (where they are given as expecta-
tions by 2018). These predicted lattice QCD improve-
ments will be very important, mainly for the deter-
mination of |Vub| and for the mixing matrix elements,
〈Bq|(b̄LγµqL)2|Bq〉 = (2/3)m2

Bq
f2
Bq

BBq
. The current ex-

pectation is that the uncertainties of fBq
will get below

1%, and may be significantly smaller than those of BBq
.

The reduction of the uncertainty of the latter to a sim-
ilar level would be important. Up to now, due to the
chiral extrapolations to light quark masses, more accu-
rate results were obtained for matrix elements involving
the Bs meson or for ratios between Bd and Bs hadronic
inputs, compared to the results for Bd matrix elements.
This leads us to use the former quantities as our lattice
inputs for decay constants and bag parameters in Ta-
ble I. This choice might not be the most suitable one

arXiv:1309.2293 [hep-ph]]
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Combining 1 & 2: Impact on CPV BSM in ΔB=2

Model-independent parametrization of BSM in ΔF=2
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5) BSM in ΔF = 2 quark from FCC-ee

With the other parameterisation (NP amplitude and phase) which I can 
be interpreted in an easier way as BSM energy scale. 

More than a factor 2 improvement for Bs.
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FIG. 3. The past (2003, top left) and present (top right) constraints on hs − σs in Bs mixing. The lower plots show future
sensitivities for the Stage I and Stage II described in the text, assuming measurements consistent with the SM. The dotted
curves show the 99.7%CL contours.

the ρ̄ < 0, η̄ < 0 solution is excluded at 68.2%CL, but it
is allowed at 95.5%CL.)

Figures 2 and 3 show the corresponding evolutions of
the constraints on (h, σ) in the Bd and Bs meson sys-
tems. Each plot is obtained by considering all the inputs
in Table I and treating ρ̄, η̄, and the other physics pa-
rameters not shown as nuisance parameters. This corre-
sponds to the case of generic NP, ignoring possible cor-
relations between different ∆F = 2 transitions. Since
we are interested in the future sensitivity of LHCb and
Belle II to NP, for Stage I and Stage II, we chose the
central values of future measurements to coincide with
their SM predictions using the current best-fit values of
ρ̄ and η̄. Thus, the future best fit corresponds to h = 0.
Figure 4 shows the projection on the (hd, hs) plane.

Future lattice QCD uncertainties for Stage I are taken

from Refs. [19, 20] (where they are given as expecta-
tions by 2018). These predicted lattice QCD improve-
ments will be very important, mainly for the deter-
mination of |Vub| and for the mixing matrix elements,
〈Bq|(b̄LγµqL)2|Bq〉 = (2/3)m2

Bq
f2
Bq

BBq
. The current ex-

pectation is that the uncertainties of fBq
will get below

1%, and may be significantly smaller than those of BBq
.

The reduction of the uncertainty of the latter to a sim-
ilar level would be important. Up to now, due to the
chiral extrapolations to light quark masses, more accu-
rate results were obtained for matrix elements involving
the Bs meson or for ratios between Bd and Bs hadronic
inputs, compared to the results for Bd matrix elements.
This leads us to use the former quantities as our lattice
inputs for decay constants and bag parameters in Ta-
ble I. This choice might not be the most suitable one

arXiv:1309.2293 [hep-ph]]
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5) BSM in ΔF = 2 quark from FCC-ee

With the other parameterisation (NP amplitude and phase) which I can 
be interpreted in an easier way as BSM energy scale. 

More than a factor 2 improvement for Bs.
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FIG. 3. The past (2003, top left) and present (top right) constraints on hs − σs in Bs mixing. The lower plots show future
sensitivities for the Stage I and Stage II described in the text, assuming measurements consistent with the SM. The dotted
curves show the 99.7%CL contours.

the ρ̄ < 0, η̄ < 0 solution is excluded at 68.2%CL, but it
is allowed at 95.5%CL.)

Figures 2 and 3 show the corresponding evolutions of
the constraints on (h, σ) in the Bd and Bs meson sys-
tems. Each plot is obtained by considering all the inputs
in Table I and treating ρ̄, η̄, and the other physics pa-
rameters not shown as nuisance parameters. This corre-
sponds to the case of generic NP, ignoring possible cor-
relations between different ∆F = 2 transitions. Since
we are interested in the future sensitivity of LHCb and
Belle II to NP, for Stage I and Stage II, we chose the
central values of future measurements to coincide with
their SM predictions using the current best-fit values of
ρ̄ and η̄. Thus, the future best fit corresponds to h = 0.
Figure 4 shows the projection on the (hd, hs) plane.

Future lattice QCD uncertainties for Stage I are taken

from Refs. [19, 20] (where they are given as expecta-
tions by 2018). These predicted lattice QCD improve-
ments will be very important, mainly for the deter-
mination of |Vub| and for the mixing matrix elements,
〈Bq|(b̄LγµqL)2|Bq〉 = (2/3)m2

Bq
f2
Bq

BBq
. The current ex-

pectation is that the uncertainties of fBq
will get below

1%, and may be significantly smaller than those of BBq
.

The reduction of the uncertainty of the latter to a sim-
ilar level would be important. Up to now, due to the
chiral extrapolations to light quark masses, more accu-
rate results were obtained for matrix elements involving
the Bs meson or for ratios between Bd and Bs hadronic
inputs, compared to the results for Bd matrix elements.
This leads us to use the former quantities as our lattice
inputs for decay constants and bag parameters in Ta-
ble I. This choice might not be the most suitable one

arXiv:1309.2293 [hep-ph]]
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5) BSM in ΔF = 2 quark from FCC-ee

With the other parameterisation (NP amplitude and phase) which I can 
be interpreted in an easier way as BSM energy scale. 

More than a factor 2 improvement for Bs.
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FIG. 3. The past (2003, top left) and present (top right) constraints on hs − σs in Bs mixing. The lower plots show future
sensitivities for the Stage I and Stage II described in the text, assuming measurements consistent with the SM. The dotted
curves show the 99.7%CL contours.

the ρ̄ < 0, η̄ < 0 solution is excluded at 68.2%CL, but it
is allowed at 95.5%CL.)

Figures 2 and 3 show the corresponding evolutions of
the constraints on (h, σ) in the Bd and Bs meson sys-
tems. Each plot is obtained by considering all the inputs
in Table I and treating ρ̄, η̄, and the other physics pa-
rameters not shown as nuisance parameters. This corre-
sponds to the case of generic NP, ignoring possible cor-
relations between different ∆F = 2 transitions. Since
we are interested in the future sensitivity of LHCb and
Belle II to NP, for Stage I and Stage II, we chose the
central values of future measurements to coincide with
their SM predictions using the current best-fit values of
ρ̄ and η̄. Thus, the future best fit corresponds to h = 0.
Figure 4 shows the projection on the (hd, hs) plane.

Future lattice QCD uncertainties for Stage I are taken

from Refs. [19, 20] (where they are given as expecta-
tions by 2018). These predicted lattice QCD improve-
ments will be very important, mainly for the deter-
mination of |Vub| and for the mixing matrix elements,
〈Bq|(b̄LγµqL)2|Bq〉 = (2/3)m2

Bq
f2
Bq

BBq
. The current ex-

pectation is that the uncertainties of fBq
will get below

1%, and may be significantly smaller than those of BBq
.

The reduction of the uncertainty of the latter to a sim-
ilar level would be important. Up to now, due to the
chiral extrapolations to light quark masses, more accu-
rate results were obtained for matrix elements involving
the Bs meson or for ratios between Bd and Bs hadronic
inputs, compared to the results for Bd matrix elements.
This leads us to use the former quantities as our lattice
inputs for decay constants and bag parameters in Ta-
ble I. This choice might not be the most suitable one

arXiv:1309.2293 [hep-ph]]
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Combining 1 & 2: Impact on CPV BSM in ΔB=2

Model-independent parametrization of BSM in ΔF=2


In terms of UV sensitivity


For CKM like (MFV) : 
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5) BSM in ΔF = 2 quark from FCC-ee

With the other parameterisation (NP amplitude and phase) which I can 
be interpreted in an easier way as BSM energy scale. 

More than a factor 2 improvement for Bs.
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FIG. 3. The past (2003, top left) and present (top right) constraints on hs − σs in Bs mixing. The lower plots show future
sensitivities for the Stage I and Stage II described in the text, assuming measurements consistent with the SM. The dotted
curves show the 99.7%CL contours.

the ρ̄ < 0, η̄ < 0 solution is excluded at 68.2%CL, but it
is allowed at 95.5%CL.)

Figures 2 and 3 show the corresponding evolutions of
the constraints on (h, σ) in the Bd and Bs meson sys-
tems. Each plot is obtained by considering all the inputs
in Table I and treating ρ̄, η̄, and the other physics pa-
rameters not shown as nuisance parameters. This corre-
sponds to the case of generic NP, ignoring possible cor-
relations between different ∆F = 2 transitions. Since
we are interested in the future sensitivity of LHCb and
Belle II to NP, for Stage I and Stage II, we chose the
central values of future measurements to coincide with
their SM predictions using the current best-fit values of
ρ̄ and η̄. Thus, the future best fit corresponds to h = 0.
Figure 4 shows the projection on the (hd, hs) plane.

Future lattice QCD uncertainties for Stage I are taken

from Refs. [19, 20] (where they are given as expecta-
tions by 2018). These predicted lattice QCD improve-
ments will be very important, mainly for the deter-
mination of |Vub| and for the mixing matrix elements,
〈Bq|(b̄LγµqL)2|Bq〉 = (2/3)m2

Bq
f2
Bq

BBq
. The current ex-

pectation is that the uncertainties of fBq
will get below

1%, and may be significantly smaller than those of BBq
.

The reduction of the uncertainty of the latter to a sim-
ilar level would be important. Up to now, due to the
chiral extrapolations to light quark masses, more accu-
rate results were obtained for matrix elements involving
the Bs meson or for ratios between Bd and Bs hadronic
inputs, compared to the results for Bd matrix elements.
This leads us to use the former quantities as our lattice
inputs for decay constants and bag parameters in Ta-
ble I. This choice might not be the most suitable one
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4) BSM in ΔF = 2 quark transitions in 2025

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| (K!3) 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 → c"ν̄) 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 → u"ν̄) 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)] Still to be implemented. 

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

<latexit sha1_base64="oAt3btzSXfTUGe0Asw6uHHpOhMY=">AAACF3icbVDLSgMxFM3UV62vUZdugkUQF2VGiroRit24rGAf0NYhk6ZtbOZhcqdQhvkLN/6KGxeKuNWdf2M6nYW2Hgg5Ofcebu5xQ8EVWNa3kVtaXlldy68XNja3tnfM3b2GCiJJWZ0GIpAtlygmuM/qwEGwVigZ8VzBmu6oOq03x0wqHvi3MAlZ1yMDn/c5JaAlxyxVnZjfJ/gSd4R29Uj6vAPcYQ8RH+OGEwNP0kvLJ45ZtEpWCrxI7IwUUYaaY351egGNPOYDFUSptm2F0I2JBE4FSwqdSLGQ0BEZsLamPvGY6sbpXgk+0koP9wOpjw84VX87YuIpNfFc3ekRGKr52lT8r9aOoH/RjbkfRsB8OhvUjwSGAE9Dwj0uGQUx0YRQyfVfMR0SSSjoKAs6BHt+5UXSOC3ZZ6XyTblYucriyKMDdIiOkY3OUQVdoxqqI4oe0TN6RW/Gk/FivBsfs9ackXn20R8Ynz+vOp+m</latexit>

Cij = �t
ij ⌘ VtiV

⇤
tj

<latexit sha1_base64="eYLGynEfzKQ54lbkDlOiAthuKHw=">AAACAHicbVDLSgMxFM3UV62vURcu3ASL4ELKTCnqSopuXLio0Bd0hpLJZNrQJDMkGaEM3fgrblwo4tbPcOffmLaz0NYDgcM553JzT5AwqrTjfFuFldW19Y3iZmlre2d3z94/aKs4lZi0cMxi2Q2QIowK0tJUM9JNJEE8YKQTjG6nfueRSEVj0dTjhPgcDQSNKEbaSH37yLs34RDBa1h1oHcOPclhk7T7dtmpODPAZeLmpAxyNPr2lxfGOOVEaMyQUj3XSbSfIakpZmRS8lJFEoRHaEB6hgrEifKz2QETeGqUEEaxNE9oOFN/T2SIKzXmgUlypIdq0ZuK/3m9VEdXfkZFkmoi8HxRlDKoYzhtA4ZUEqzZ2BCEJTV/hXiIJMLadFYyJbiLJy+TdrXiXlRqD7Vy/SavowiOwQk4Ay64BHVwBxqgBTCYgGfwCt6sJ+vFerc+5tGClc8cgj+wPn8ARlqUSQ==</latexit>

⇤ > 20TeV

see also Charles et al., 2006.04824



FCC-ee flavour physics benchmarks & explorations

Part 3: Rare b-hadron decays to taus

Motived by current intriguing exp. situation in rare B decays

charge-conjugate mode is implied.
Calculation of the SM predictions for the branching fractions of B+

! K
+
µ
+
µ
� and

B
+
! K

+
e
+
e
� decays is complicated by the strong nuclear force that binds together

the quarks into hadrons, as described by quantum chromodynamics (QCD). The large
interaction strengths preclude predictions of QCD e↵ects with the perturbation techniques
used to compute the electroweak force amplitudes and only approximate calculations
are presently possible. However, the strong force does not couple directly to leptons
and hence its e↵ect on the B

+
! K

+
µ
+
µ
� and B

+
! K

+
e
+
e
� decays is identical. The

ratio between the branching fractions of these decays is therefore predicted with O(1%)
precision [3–8]. Due to the small masses of both electrons and muons compared to that of
b quarks, this ratio is predicted to be close to unity, except where the value of the dilepton
invariant mass-squared (q2) significantly restricts the phase space available to form the two
leptons. Similar considerations apply to decays with other B hadrons, B! Hµ

+
µ
� and

B! He
+
e
�, where B = B

+, B0, B0
s
or ⇤0

b
; and H can be e.g. an excited kaon, K⇤0, or a

combination of particles such as a proton and charged kaon, pK�. The ratio of branching
fractions, RH [9, 10], is defined in the dilepton mass-squared range q

2
min < q

2
< q

2
max as

RH ⌘

Z
q
2
max

q
2
min

dB(B! Hµ
+
µ
�)

dq2
dq2

Z
q
2
max

q
2
min

dB(B! He
+
e
�)

dq2
dq2

. (1)

For decays with H = K
+ and H = K

⇤0 such ratios, denoted RK and RK⇤0 , respec-
tively, have previously been measured in similar regions of q

2 [11, 12]. For RK the
measurements are in the region 1.1 < q

2
< 6.0GeV2

/c
4, whereas for RK⇤0 the regions are

0.045 < q
2
< 1.1GeV2

/c
4 and 1.1 < q

2
< 6.0GeV2

/c
4. These ratios have been determined

to be 2.1–2.5 standard deviations below their respective SM expectations [3–7,13–18]. The
analogous ratio has also been measured for ⇤0

b
decays with H = pK

� and is compatible
with unity at the level of one standard deviation [19].

These decays all proceed via the same b! s quark transition and the results have
therefore further increased interest in measurements of angular observables [20–30] and
branching fractions [31–34] of decays mediated by b! sµ

+
µ
� transitions. Such decays

also exhibit some tension with the SM predictions but the extent of residual QCD e↵ects
is still the subject of debate [3, 18, 35–43]. A consistent model-independent interpretation
of all these data is possible via a modification of the b ! s coupling strength [44–50]. Such
a modification can be realised in new physics models with an additional heavy neutral
boson [51–67] or with leptoquarks [68–90]. Other explanations of the data involve a variety
of extensions to the SM, such as supersymmetry, extended Higgs-boson sectors and models
with extra dimensions [91–100]. Tension with the SM is also seen in the combination of
several ratios that test lepton-universality in b! c`

+
⌫` transitions [101–109].

In this article, a measurement of the RK ratio is presented based on proton-proton
collision data collected with the LHCb detector at CERN’s Large Hadron Collider (see
Methods). The data were recorded during the years 2011, 2012 and 2015–2018, in which
the centre-of-mass energy of the collisions was 7, 8 and 13TeV, and correspond to an
integrated luminosity of 9 fb�1. Compared to the previous LHCb RK result [11], the
experimental method is essentially identical but the analysis uses an additional 4 fb�1

of data collected in 2017 and 2018. The results supersede those of the previous LHCb

2



FCC-ee flavour physics benchmarks & explorations

Part 3: Rare b-hadron decays to taus

Motived by current intriguing exp. situation in rare B decays


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


+ Complete kinematical reconstruction


‣ Access to angular observables, tau polarization


‣ Detailed study of backgrounds & detector requirements 
in progress

J.F.K. et al., 1705.11106 

Li & Liu, 2012.00665 

1.1.3 Lepton Flavor Universality Ratios

We define lepton flavor universality (LFU) ratios in the following way

R``
0

H =
BR(B ! H`+`�)

BR(B ! H`0+`0 �)
, (13)

where the branching ratios in the numerator and denominator are integrated over the same
q2 region. The main advantage of such ratios is their theoretical cleanliness. CKM elements
cancel out exactly in the ratios. Also form-factor uncertainties cancel almost exactly in
electron - muon ratios. In ratios involving taus, the form-factor uncertainties get reduced.

The SM predictions for LFU ratios in the B ! ⇡ and B ! K decays read [8]

Rµ⌧

⇡+ = 1.18± 0.06 , Rµ⌧

⇡0 = 1.19± 0.06 , (14)

Rµ⌧

K+ = 0.87± 0.02 , Rµ⌧

K0 = 0.87± 0.02 , (15)

for 15 GeV2 < q2 < 22 GeV2.
For LFU ratios in the B ! K⇤ decays we find [10]

Rµ⌧

K⇤+ = 2.44± 0.09 , Rµ⌧

K⇤0 = 2.45± 0.08 , (16)

for 15 GeV2 < q2 < 19.2 GeV2.

1.2 Probing New Physics

Since the b ! s, d⌧+⌧� decays involve third-generation fermions in the final state, one can
envisage new-physics scenarios (such as models with extended Higgs or gauge sectors or
scenarios with lepto-quarks) that give rise to e↵ects in the ⌧+⌧� modes, while leaving the
e+e� and/or µ+µ� channels unaltered. In a model independent approach, tau specific new
physics in rare B decays can be described by the following e↵ective Hamiltonian

HNP = �GFp
2
VtbV

⇤
ts

e2

16⇡2

X

i

⇣
CiOi + C 0

iO
0
i

⌘
, (17)

with the operators

O7 = (s̄�µ⌫PRb)F
µ⌫ , O0

7 = (s̄�µ⌫PLb)F
µ⌫ , (18)

O9 = (s̄�µPLb)(⌧̄ �
µ⌧) , O0

9 = (s̄�µPRb)(⌧̄ �
µ⌧) , (19)

O10 = (s̄�µPLb)(⌧̄ �
µ�5⌧) , O0

10 = (s̄�µPRb)(⌧̄ �
µ�5⌧) , (20)

OS = (s̄PRb)(⌧̄PL⌧) , O0
S = (s̄PLb)(⌧̄PR⌧) . (21)

These operators correspond to b ! s transitions, the corresponding operators for b !
d transitions are obtain by obvious replacements of the quarks. In order to constrain
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FCC-ee flavour physics benchmarks & explorations

Part 3: Rare b-hadron decays to taus

Motived by current intriguing exp. situation in rare B decays


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


• Potentially also complementary leptonic mode B(s) → τ+τ- 

(Expected sensitivity at Belle II to BRs of O (10−4) ∼ O(10−5))

J.F.K. et al., 1705.11106 

Li & Liu, 2012.00665 

1 b ⇧ d, s�+�� transitions and lepton flavor non-universality

B-meson decays to ⇥+⇥� final states are experimentally largely uncharted territory. While
a few bounds like Br (Bd ⇧ ⇥+⇥�) < 4.1·10�3 [18] and Br (B+ ⇧ K+⇥+⇥�) < 3.3·10�3 [19]
do exist, they are all orders of magnitudes away from the corresponding SM predictions. In
view of the fact that measurements of ⇥+⇥� final states remain a big challenge at LHCb,
and that it is unclear whether an sensitivity beyond O(10�3) can be reached [20], Belle II
might be the only next-generation machine that may allow to explore these modes in some
depths in the near future.

1.1 Standard Model Predictions

1.1.1 Purely Leptonic Modes

The most recent SM predictions for the branching ratios of the purely leptonic Bs ⇧
⇥+⇥� and Bd ⇧ ⇥+⇥� decays include NNLO QCD corrections and NLO electro-weak
corrections [1]. They are given by

BR(Bs ⇧ ⇥+⇥�) = (7.73± 0.49)⇤ 10�7 , (1)

BR(Bd ⇧ ⇥+⇥�) = (2.22± 0.19)⇤ 10�8 . (2)

These SM predictions refer to the average time-integrated branching ratios. The uncer-
tainties are dominated by CKM elements and the B meson decay constants. The used
input parameters are all collected in [1]. (There are new lattice results for the decay
constants, but they do not yet appear in any “o⇥cial” FLAG average, yet. One
could also update the numbers with the latest CKM fits? All that would not
have any significant impact...)

1.1.2 Semi-Leptonic Modes

Predictions for exclusive semi-leptonic decays depend on form factors. In the semi-tauonic
decays the di-lepton invariant mass, q2, is restricted to the range from 4m2

� ⌃ 12.6 GeV2

to the kinematic endpoint (mB � mH)2, where H = �,K,K⇥, .... To avoid contributions
from the resonant decay through the narrow ⌅(2S) charmonium resonance, B ⇧ H⌅(2S)
with ⌅(2S) ⇧ ⇥+⇥�, SM predictions are typically given for a di-tau invariant mass q2 >
15 GeV2. In this kinematic regime, lattice computations are expected to provide reliable
results for the form-factors. In recent years, various lattice results became available for
B ⇧ � form factors [2, 3], B ⇧ K form factors [4, 5], B ⇧ K⇥ form factors [6] and Bs ⇧ ⇤
form factors [6].

Combining the uncertainties from the relevant CKM elements and form factors leads
to SM predictions for the branching ratios of the semi-tauonic decays with an accuracy of
around 10%-15%. The presence of broad charmonium resonances above the open charm

1

Bobeth et al., 1311.0903

see also 


U. Haisch, 1206.1230

see also

LHCb-CONF-2016-011



FCC-ee flavour physics benchmarks & explorations

Part 3: Rare b-hadron decays to taus, neutrinos

Motived by current intriguing exp. situation in rare B decays


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


• Potentially also complementary leptonic mode B(s) → τ+τ- 

(Expected sensitivity at Belle II to BRs of O (10−4) ∼ O(10−5))


• Potential improvement also on B → K(*)νν (beyond Belle II)

J.F.K. et al., 1705.11106 

Li & Liu, 2012.00665 

1 b ⇧ d, s�+�� transitions and lepton flavor non-universality

B-meson decays to ⇥+⇥� final states are experimentally largely uncharted territory. While
a few bounds like Br (Bd ⇧ ⇥+⇥�) < 4.1·10�3 [18] and Br (B+ ⇧ K+⇥+⇥�) < 3.3·10�3 [19]
do exist, they are all orders of magnitudes away from the corresponding SM predictions. In
view of the fact that measurements of ⇥+⇥� final states remain a big challenge at LHCb,
and that it is unclear whether an sensitivity beyond O(10�3) can be reached [20], Belle II
might be the only next-generation machine that may allow to explore these modes in some
depths in the near future.

1.1 Standard Model Predictions

1.1.1 Purely Leptonic Modes

The most recent SM predictions for the branching ratios of the purely leptonic Bs ⇧
⇥+⇥� and Bd ⇧ ⇥+⇥� decays include NNLO QCD corrections and NLO electro-weak
corrections [1]. They are given by

BR(Bs ⇧ ⇥+⇥�) = (7.73± 0.49)⇤ 10�7 , (1)

BR(Bd ⇧ ⇥+⇥�) = (2.22± 0.19)⇤ 10�8 . (2)

These SM predictions refer to the average time-integrated branching ratios. The uncer-
tainties are dominated by CKM elements and the B meson decay constants. The used
input parameters are all collected in [1]. (There are new lattice results for the decay
constants, but they do not yet appear in any “o⇥cial” FLAG average, yet. One
could also update the numbers with the latest CKM fits? All that would not
have any significant impact...)

1.1.2 Semi-Leptonic Modes

Predictions for exclusive semi-leptonic decays depend on form factors. In the semi-tauonic
decays the di-lepton invariant mass, q2, is restricted to the range from 4m2

� ⌃ 12.6 GeV2

to the kinematic endpoint (mB � mH)2, where H = �,K,K⇥, .... To avoid contributions
from the resonant decay through the narrow ⌅(2S) charmonium resonance, B ⇧ H⌅(2S)
with ⌅(2S) ⇧ ⇥+⇥�, SM predictions are typically given for a di-tau invariant mass q2 >
15 GeV2. In this kinematic regime, lattice computations are expected to provide reliable
results for the form-factors. In recent years, various lattice results became available for
B ⇧ � form factors [2, 3], B ⇧ K form factors [4, 5], B ⇧ K⇥ form factors [6] and Bs ⇧ ⇤
form factors [6].

Combining the uncertainties from the relevant CKM elements and form factors leads
to SM predictions for the branching ratios of the semi-tauonic decays with an accuracy of
around 10%-15%. The presence of broad charmonium resonances above the open charm

1

Bobeth et al., 1311.0903

see also 


U. Haisch, 1206.1230

see also

LHCb-CONF-2016-011

see talk by M. Kenzie



FCC-ee flavour physics benchmarks & explorations

Part 4: Flavour violating Z decays

• Lepton flavour violating processes Z→eτ,τμ


‣ complementary to lepton flavour violating τ decays


‣ FCC-ee feasibility study:


‣ would improve current limits by                                        
at least 3 orders of magnitude


see e.g. Illiana & Masip, hep-ph/0207328 

L. Calibbi, X. Marcano, J. Roy, 2107.10273


(& talk by X. Marcano) 

Flavours @ FCC 34S. Monteil

4) Physics case — Miscellanea chapter; some favourites.  

• Higgs, top and EWK precision physics do not saturate the case. 
• Many BSM direct searches thanks to the exquisite luminosity. 
• Lepton Flavour violating Z decays. 

Bottomline:  With the expected tracking performance at FCC-ee (beam spread 
equivalent resolution at 45 GeV),  the current limits are pushed by three orders of 
magnitude.      
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• Lepton Flavour-Violating Z decays in the SM with 
lepton mixing are typically < 10-50.

• Any observation of such a decay would be an 
indisputable evidence for New Physics.  FCC-ee 
exploration [JHEP 1504 (2015) 051]. Z →τμ/e is 
unique at FCC. 

• The dominant background is (Z →ττ), where one 
tau decays into a close to beam energy lepton. 
The search is limited by the momentum resolution. 
A lot of phenomenology to explore yet.  
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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 Damʼs 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 (~ 30 MeV at 45 
GeV, ~20 MeV at 90°). This makes the former limit pretty fundamental.

Flavours @ FCC-ee S.Monteil 10

1) cLFV in Z decays 

x = pµ/pbeam

B(Z ⇥ �±µ⇥) < 10�9 � 10�10

M. Dam, SciPostPhys.Proc.1,041(2019)

see also De Romeri et al. JHEP 1504 (2015) 051



Access to genuinely new flavor phenomena by 
exploring large FCC-ee energy?

• Example: LFV Z-decays

• see talks by Haisch & De Romeri

• Similar possibility in the quark sector? i.e.

• Motivation: Probing FCNC Z-penguins directly

• In SM                                 - could be probed to 1% level?

Z ! jbj/b

B(Z ⇥ sb̄) � 10�8

c.f. Isidori & Guadagnoli, 1302.3909

systematics??

FCC-ee flavour physics benchmarks & explorations

Part 4: Flavour violating Z decays

• Lepton flavour violating processes Z→eτ,τμ


•

Need very efficient b-, s-tagging!
Results (preliminary)

no PID ✏K = 95% ✏K = 90%
✏s 7⇥ 10�2 4⇥ 10�2 3⇥ 10�2

✏b 3⇥ 10�4 4⇥ 10�5 5⇥ 10�5

Improvements:
> adjust to b-jet rejection
> more sophisticated vertexing
> modify momentum cut

Matthias Schlaffer 12

Preliminary study in context of LC
Duarte-Campderros et al., 1811.09636 



FCC-ee flavour physics benchmarks & explorations

Part 5: tau physics

• Several tau properties 

and decays could be 
determined more 
precisely 


• Interesting implications 
for LFU (in tau decays)    
& CKM unitarity


• Would possibly require 
improved calculationsFlavours @ FCC-ee 7

2) Executive summary — Flavours at FCC-ee

4) Tau Physics
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 ?

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

Decay Current bound FCC-ee sensitivity

Z -> eμ 0.75 x 10-6 10-8

Z -> μτ 12 x 10-6 10-9

Ζ -> eτ 9.8 x 10-6 10-9

CLFV Z 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

CLFV τ decays:

Tau properties

Flavours @ FCC-ee 7

2) Executive summary — Flavours at FCC-ee

4) Tau Physics
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 ?

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

Decay Current bound FCC-ee sensitivity

Z -> eμ 0.75 x 10-6 10-8

Z -> μτ 12 x 10-6 10-9

Ζ -> eτ 9.8 x 10-6 10-9

CLFV Z 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

CLFV τ decays:

Tau properties

see e.g.

Allwicher, Isidori, Semilovic, 2109.03833

M. Dam, SciPostPhys.Proc.1,041(2019)


Eur. Phys. J. Plus 136, 963 (2021) 

 talk by A. Lusiani



Conclusions

• FCC-ee could be a powerful and competitive probe of 
flavour physics post-2030 


• FCC-ee can compete favourably with ultimate precision of LHCb and 
Belle II 


• There are processes for which FCC-ee is unique 


• Luminosity is key. Many measurements reported here are statistically 
limited?! 



Conclusions

• FCC-ee could be a powerful and competitive probe of 
flavour physics post-2030 


• 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


• Flavour Physics defines shared (vertexing, tracking, calorimetry) and 
specific (hadronic PID) detector requirements


• In the coming phase important interplay of physics performance with 
detector concepts


• On theory side: go beyond benchmark modes — fill in possible gaps   



Conclusions

• FCC-ee could be a powerful and competitive probe of 
flavour physics post-2030 


• 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 include flavour studies using top & 
Higgs decays, spectroscopy, quarkonium physics, flavor 
conversion @ high-pT


• Examples: top & Higgs decays to exclusive hadronic final states            
————- dilepton spectra @ FCC-hh

see e.g.

Mangano & Melia, 1410.7475


Kagan et al., 1406.1722

Konig et al., 1505.03870 see e.g. Garland et al., 2112.05127


talk by S. Jager 



