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Scope of Flavour Physics @ FCC(-ee)

2

• 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.

Flavours @ FCC-ee 5

2) Executive summary — Flavours at FCC-ee

1) Heavy Flavours Production — Comparison w/ Belle II 

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

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

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

+
s D

�

s K
⇤0

(892) (red) and B̄
0 ! D

+
s K̄

⇤0
(892)t�n⌧ (pink).

B̄
0 ! K

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

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

0 ! K
⇤0

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

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

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

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

0 ! K
⇤0

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

Decay mode B
0 ! K

⇤
(892)e

+
e
�

B
0 ! K

⇤
(892)t+t� Bs(B

0
) !µ+µ�

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

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

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

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

⇤
(892)e

+
e
�

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

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

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

+
s D

�

s K
⇤0

(892) (red) and B̄
0 ! D

+
s K̄

⇤0
(892)t�n⌧ (pink).

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

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

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

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

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

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

0 ! K
⇤0

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

Decay mode B
0 ! K

⇤
(892)e

+
e
�

B
0 ! K

⇤
(892)t+t� Bs(B

0
) !µ+µ�

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

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

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

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

⇤
(892)e

+
e
�

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

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

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

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

FCC CDR 
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Future flavor physics landscape: possible scenarios
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Mandate of Flavour Physics Group

4

• identify key topics and observables                                      
(extensive and focused primarily on FCC-ee) 

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

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

Interface with other working groups: 
• Flavor of Higgs interactions (               , CPV, …) 
• top-quark as a probe of flavor (Vtx, CPV, LFU) 

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

with Gino Isidori
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1 Leptonic and semileptonic b decays

2 Rare leptonic and semileptonic b decays 

3 CPV in b decays and mixing 

5 Charm physics  

4 Tau physics
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1 Leptonic and semileptonic b decays

9

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

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

• Projected statistics @ FCC-ee motivate precision tests of LFU 
• Leptonic decays (Bu,c→μν,τν) theoretically cleaner compared to 

exclusive semileptonic decays 

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

see also 
Amhis et al., 2105.13330 
Zheng et al., 2007.08234

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

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

Br(B�
! ⌧

�
⌫̄(�))SM = 1.13(1)⇥ 10�4

✓
fB

0.2GeV

◆2 ✓
|Vub|

4⇥ 10�3

◆2

. (2)

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

Br(B�

! µ
�
⌫̄)

Br(B� ! ⌧�⌫̄)

�

SM⇤
= 4.49⇥ 10�3

,


Br(B�

! e
�
⌫̄)

Br(B� ! ⌧�⌫̄)

�

SM⇤
= 1.05⇥ 10�7

, (3)

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

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

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

! ⌧
�
⌫̄)/�mBd

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

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

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

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

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

cut
`
⇠ O(2.4 GeV))

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

2


�(B+ ! ⌧+⌫)

�(B+
c ! ⌧+⌫)

�

SM⇤
= 0.782

����
VubfB
VcbfBc

����
2

<latexit sha1_base64="g2H1gz4Iy9VWJwtLnvauJHDJHQI="></latexit>
�(B ! µ⌫)

�(B ! ⌧⌫)

�

SM

'
m2

µ[1� (mµ/mB)2]2

m2
⌧ [1� (m⌧/mB)2]2

(1 +O(↵ logm⌧/mµ))
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2 Rare leptonic and semileptonic b decays 

11

• Rare b-hadron decays to taus  
• Partly 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
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• Rare b-hadron decays to taus  
• Partly 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 yields access to angular 
observables, tau polarization 

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

J.F.K. et al., 1705.11106 

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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see also R. Fleisher et al., 1709.04735, 1303.3820 
	 	 	 	 	 S. Descotes-Genon, M. Novoa-Brunet, K. Vos,  2008.08000
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• Rare b-hadron decays to neutrinos  
• Belle II expected to measure SM rates of B → K(*)νν  

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

• Example:                                                                                  
time-integrated                                                                        
decay CP asymmetry

PRELIMINARY
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• Rare b-hadron decays to neutrinos  
• Belle II expected to measure SM rates of B → K(*)νν  

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

• Example:                                                                                  
time-dependent                                                                        
decay CP asymmetry
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PRELIMINARY

where q2 is the dilepton invariant mass and the ellipsis denotes
e↵ect coming from mixing. Similar expressions can be ob-
tained for the CP-conjugate mode.

We can study the impact of mixing through the time-dependence
of d�(Bd ! KS ⌫⌫̄)/dq2 + d�(B̄d ! KS ⌫⌫̄)/dq2 which is pro-
portional to the sum over the neutrino flavours of

G0(t) + Ḡ0(t) = e��t[(G0 + Ḡ0) cosh(y�t) � h0 sinh(y�t)] (9)

with the term assessing the interference between mixing and
decay 1

h0 = Re
h
ei�N2(C⌫L +C⌫R)2

i 8
3
�B(q2)

q2 f 2
+ (q2) (10)

with N / VtbV⇤ts and � = �(m2
B,m

2
P, q

2), so that h0 is propor-
tional to Re[ei�(VtbV⇤ts)2(C⌫L + C⌫R)2], where the neutral-meson
mixing angle is � = �2� for Bd (and � = 2�s for Bs).

The time-integrated version yields

hd�(Bd ! KS ⌫⌫̄) + d�(B̄d ! KS ⌫⌫̄)iincoherent

hd�(Bd ! KS ⌫⌫̄) + d�(B̄d ! KS ⌫⌫̄)icoherent
= 1�y

P
⌫ h0P

⌫G0 + Ḡ0
(11)

where the brackets denote the integration over time, the co-
herent version corresponds to B-factories (which yields a time-
integrated version identical to the case without mixing) and the
incoherent version to the LHC/FCCee case. We notice that the
form factor f+ drops from Eq. (11).

We can also consider the time-dependence of the CP-asymmetry

AB =
d�(Bd ! KS ⌫⌫̄) � d�(B̄d ! KS ⌫⌫̄)
d�(Bd ! KS ⌫⌫̄) + d�(B̄d ! KS ⌫⌫̄)

(12)

with a numerator proportional to the sum over neutrino flavours
of

G0(t) � Ḡ0(t) = e��t[(G0 � Ḡ0) cos(x�t) � s0 sin(x�t)] (13)

with

s0 = Im
h
ei�N2(C⌫L +C⌫R)2

i 8
3
�B(q2)

q2 f 2
+ (q2) (14)

so that s0 will be proportional to Im[ei�(VtbV⇤ts)2(C⌫L +C⌫R)2].
The time-integrated asymmetry vanishes for coherent pro-

duction, but not for incoherent production with

hABiincoherent =
1 � y2

1 + x2
�x
P
⌫ s0

2
P
⌫G0 + Ḡ0 � yh0

(15)

where we integrated the numerator and the denominator of the
asymmetry AB over time before taking the ratio. Once again,
this quantity is protected from hadronic uncertainties since the
contribution from the form factor f+ cancels.

Given the di↵erent values of x, y for the two mesons, we see
that

1We omit ⌘M from our expressions derived from Ref. [27] since this is 1 for
both KS and f0. The same will occur in the B ! V⌫⌫̄ case comparing with
Ref. [28] since ⌘M1 M2 = 1 for all the cases considred.

• for Bd ! KS ⌫⌫̄, no information can be gathered on h0,
but s0 can be obtained from AB either through a time-
dependent analysis or through the time-integrated observ-
able in incoherent production, leading to a constraint on
Im[ei�(VtbV⇤ts)2(C⌫L +C⌫R)2] with � = �2�.

• for Bs ! f0⌫⌫̄, the e↵ects involving both h0 and s0 are
only at a few percent level, and thus rather challenging
[SDG: To be checked]

3.3. B! V⌫⌫̄
In the case of B ! V`` modes (Bs ! �, Bd ! K⇤0(!

KS ⇡0)) the time-dependent observables have been described in
Ref. [27]. We focus again on Bd ! K⇤0 with an obvious exten-
sion to Bs ! �.

These decays are described by 8 transversity amplitudes for
charged lepton modes [15, 30], from which only 3 are non van-
ishing 2 when describing the b! s⌫⌫ transition

ĀL
? ! 2

p
2
p
�N 0(C⌫L +C⌫R)

V(q2)
mB + mK⇤

, (16)

ĀL
k ! �2

p
2(mB + mK⇤ )N 0(C⌫L �C⌫R)A1(q2) , (17)

ĀL
0 ! �

(mB + mK⇤ )N 0

mK⇤
p

q2
(C⌫L �C⌫R) (18)

⇥
"
(m2

B � m2
K⇤ � q2)A1(q2) � �

(mB + mK⇤ )2 A2(q2)
#
,(19)

, where the normalisationN 0 is proportional to VtbV⇤ts and V , A1
and A2 are form factors []. The amplitudes A are obtained by
applying complex conjugation to both the normalisation factor
N 0 and the Wilson coe�cients.

As opposed to the pseudoscalar mode, one angle is still
available to perform an angular analysis (✓M). After integrat-
ing over the azimuthal (�) and the lepton polar (✓`) angles, the
di↵erential decay width takes the following form in the absence
of mixing

d�(Bd ! K⇤0⌫⌫̄)
dq2d cos ✓M

=
X

⌫

"
3
2

J1c cos2 ✓M + J1s sin2 ✓M

#
(20)

where
J1c ! |AL

0 |2 J1s !
3
4

h
|AL
?|2 + |AL

k |2
i

(21)

The angular analysis yields two observables in the absence of
mixing, typically the branching fraction and the longitudinal
polarization (FL), proportional to J1c+ J̄1c+J1s+ J̄1s and J1c+ J̄1c
respectively. The CP-average and the CP-asymmetry can be
considered in both cases, although the CP-asymmetry vanish
due to the absence of CP-even (“strong”) phase, leading to the
expressions in Eq. (3) once evaluated.

In the presence of mixing, the time dependence of d�(Bd !
K⇤0(! KS ⇡0)⌫⌫̄ + d�(B̄d ! K⇤0(! KS ⇡0)⌫⌫̄ is given by

Ji(t) + J̄i(t) = e��t[(Ji + J̄i) cosh(y�t) � hi sinh(y�t)] (22)

2The At(q2) amplitude as described in Ref. [27] does not vanish, but it is
suppressed by the lepton mass and thus does not contribute here.

3

where q2 is the dilepton invariant mass and the ellipsis denotes
e↵ect coming from mixing. Similar expressions can be ob-
tained for the CP-conjugate mode.

We can study the impact of mixing through the time-dependence
of d�(Bd ! KS ⌫⌫̄)/dq2 + d�(B̄d ! KS ⌫⌫̄)/dq2 which is pro-
portional to the sum over the neutrino flavours of
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only at a few percent level, and thus rather challenging
[SDG: To be checked]

3.3. B! V⌫⌫̄
In the case of B ! V`` modes (Bs ! �, Bd ! K⇤0(!

KS ⇡0)) the time-dependent observables have been described in
Ref. [27]. We focus again on Bd ! K⇤0 with an obvious exten-
sion to Bs ! �.

These decays are described by 8 transversity amplitudes for
charged lepton modes [15, 30], from which only 3 are non van-
ishing 2 when describing the b! s⌫⌫ transition

ĀL
? ! 2

p
2
p
�N 0(C⌫L +C⌫R)

V(q2)
mB + mK⇤

, (16)

ĀL
k ! �2

p
2(mB + mK⇤ )N 0(C⌫L �C⌫R)A1(q2) , (17)

ĀL
0 ! �

(mB + mK⇤ )N 0

mK⇤
p

q2
(C⌫L �C⌫R) (18)

⇥
"
(m2

B � m2
K⇤ � q2)A1(q2) � �

(mB + mK⇤ )2 A2(q2)
#
,(19)

, where the normalisationN 0 is proportional to VtbV⇤ts and V , A1
and A2 are form factors []. The amplitudes A are obtained by
applying complex conjugation to both the normalisation factor
N 0 and the Wilson coe�cients.

As opposed to the pseudoscalar mode, one angle is still
available to perform an angular analysis (✓M). After integrat-
ing over the azimuthal (�) and the lepton polar (✓`) angles, the
di↵erential decay width takes the following form in the absence
of mixing

d�(Bd ! K⇤0⌫⌫̄)
dq2d cos ✓M

=
X

⌫

"
3
2

J1c cos2 ✓M + J1s sin2 ✓M

#
(20)

where
J1c ! |AL

0 |2 J1s !
3
4

h
|AL
?|2 + |AL

k |2
i

(21)

The angular analysis yields two observables in the absence of
mixing, typically the branching fraction and the longitudinal
polarization (FL), proportional to J1c+ J̄1c+J1s+ J̄1s and J1c+ J̄1c
respectively. The CP-average and the CP-asymmetry can be
considered in both cases, although the CP-asymmetry vanish
due to the absence of CP-even (“strong”) phase, leading to the
expressions in Eq. (3) once evaluated.

In the presence of mixing, the time dependence of d�(Bd !
K⇤0(! KS ⇡0)⌫⌫̄ + d�(B̄d ! K⇤0(! KS ⇡0)⌫⌫̄ is given by

Ji(t) + J̄i(t) = e��t[(Ji + J̄i) cosh(y�t) � hi sinh(y�t)] (22)

2The At(q2) amplitude as described in Ref. [27] does not vanish, but it is
suppressed by the lepton mass and thus does not contribute here.

3

<latexit sha1_base64="X/nmQVyl0sz1gA5U5cihiEHdK6Y="></latexit>/

in preparation with S. Descotes-Genon, S. Fajfer & M. Novoa-Brunet



2 Rare leptonic and semileptonic b decays 
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• Rare b-hadron decays to neutrinos  
• Belle II expected to measure SM rates of B → K(*)νν  

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

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

• Challenging backgrounds (even from other rare B decays) 
• LFV B decays will remain statistics dominated SM null-probes 

• Especial theoretical interest in semi-taunic modes B → [h] l+ τ− 
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1 Leptonic and semileptonic b decays

2 Rare leptonic and semileptonic b decays 

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

• Tiny theoretical uncertainty in SM 

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

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

• Theoretical x-checks needed 

• Mixing induced semileptonic charge asymmetries 

• Can experimental sensitivity reach SM theory predictions?

J. Brod and J. Zupan, 1308.5663

The ultimate theoretical error on � from B ! DK decays

Joachim Brod1, ⇤ and Jure Zupan1, †

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

Abstract

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

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

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

a shift |��| . O(10�7), well below any present or planned future experiment.

⇤Electronic address:brodjm@ucmail.uc.edu
†Electronic address:zupanje@ucmail.uc.edu
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3) Search for CP violation in B mixing

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

• The SM predictions reads:

• Focus here on Bs (in for a penny…) 

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

afs =
�(B̄0

q ! B0
q ! f)� �(B0

q ! B̄0
q ! f̄)

�(B̄0
q ! B0

q ! f) + �(B0
q ! B̄0

q ! f̄)

adsl = �(4.7± 0.6)⇥ 10�4 ,

assl = +(2.22± 0.27)⇥ 10�5.

)0(BSLA
-0.02 -0.01 0 0.01 0.02

) s0
(B

SL
A

-0.02

-0.01

0

0.01

HFLAV
PDG 2018

B factory
average

LHCb
Xµ(*)

(s) DA 0
(s)B

0D
Xµ(*)

(s) DA 0
(s)B

0D
muons

0D
average

 10×Theory 

World average

 = 12r6
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Quantity Source Channel result (ps)

1/�s

L

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

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

s D
�
s 1.379± 0.026± 0.017

1/�s

H

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

�0.11 ± 0.03

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

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

s 1.75± 0.12± 0.07

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

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

quantum number.

the following properties:

• The decays B̄0

s ! f and B0

s ! f̄ are forbidden.
This reads in our notation

Āf = 0 = Af̄ (109)

and thus

�f = 0 =
1

� f̄
. (110)

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

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

s i| = |hf̄ |Heff |B̄0

s i|, which again reads
in our notation

|Af | = |Āf̄ | . (111)

Examples for such decays are e.g. B0

s ! D�
s ⇡

+ or
B0

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

as
fs
=

�
�
B̄0

s (t) ! f
�

� �
�
B0

s (t) ! f̄
�

�
�
B̄0

s (t) ! f
�
+ �

�
B0

s (t) ! f̄
� ⌘ as

sl
. (112)

Inserting the time evolution of the B0

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

as
fs
= �2

✓����
q

p

���� � 1

◆

= =
✓

�s
12

Ms
12

◆
=

����
�s
12

Ms
12

���� sin�
s
12

. (113)

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

12
and �s

12
from the previous

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

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

asfs ⇡ =
✓
�u

�t

◆
· a · 10�4 . (114)

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

12
/Ms

12
) the

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

Nierste, 2011)

as,SM,2011
fs

= (1.9 ± 0.3) · 10�5 . (115)

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

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

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

s mesons to be

as,SM,2015
fs

= (2.22 ± 0.27) · 10�5 . (116)

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

12
:

�s,SM,2015
12

= (4.6 ± 1.2) · 10�3 rad (117)

= 0.26� ± 0.07� . (118)
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In the discussion of the dimuon asymmetry below we also
need the semileptonic CP asymmetry from the B0 sector.
Its calculation within the SM is analogous to the one
of as

sl
. We update the predictions given in (Lenz and

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

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

ad,SM,2015
fs

= (�4.7 ± 0.6) · 10�4 , (119)

�d,SM,2015
12

= (�0.096 ± 0.025) rad

= �5.5� ± 1.4� . (120)

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

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

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

ACP = Cda
d
sl
+ Csa

s
sl
, (121)

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

sl
and as

sl
seemed to be a

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

ACP = Cda
d
sl
+ Csa

s
sl
+ C��d

��d

�d
. (122)

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

ACP = Cda
d
sl
+ Csa

s
sl
+ ↵C��d

��d

�d
, (123)

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

12
. This possibility can be

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

B. Experiment: Semi-leptonic asymmetries as

sl and ad

sl, the
di-muon asymmetry

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

s ! f
and B̄0

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

leptonic decay B0

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

denotes the production of either D�
s , D

⇤�
s , or DsJ states.

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

s meson is
not determined and the measured quantity is

Ameas =
N(D�

s µ
+) � N(D+

s µ
�)

N(D�
s µ+) +N(D+

s µ�)
, (124)

where N(f) (f = D�
s µ

+ or D+

s µ
�) is the number of

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

N(f) /
Z

+1

0

[�(B0

s )�(B
0

s (t) ! f) +

�(B̄0

s )�(B̄
0

s (t) ! f)]✏(f, t)dt. (125)

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

s ) and �(B̄0

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

Artuso, Borissov & Lenz, 1511.09466
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4 Tau physics  
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• Partially motivated also by current LFU anomalies 

• Charged current mediated leptonic decays 
• Expect ultimate exp. precision on LFU ratio 
• Theoretical work needed to go beyond 10-3 relative precision 

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

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

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

<latexit sha1_base64="VUmFjLx5JwsdEUhKHiXEwKMN0rI="></latexit>

�(⌧ ! e⌫⌫̄)

�(⌧ ! µ⌫⌫̄)

L. Allwicher, G. Isidori and N. Selimovic, 2109.03833  
F. Feruglio, P. Paradisi & A. Pattori, 1705.00929 
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1 Leptonic and semileptonic b decays

2 Rare leptonic and semileptonic b decays 

3 CPV in b decays and mixing 

5 Charm physics  

4 Tau physics



• CPV in radiative charm decays 
• theoretically related to ΔACP (currently only measurement of CPV 

in charm sector) 
• Study of rare D → [π, ρ] νν 

• can be related to rare semileptonic K decays in flavor alignment 
models 

• Purely radiative D → γγ decay 

• needed for SM prediction of D → μμ

5 Charm physics  

21

see e.g. 
G. Isidori and J. F. K., 1205.3164 

see e.g. 
Gedalia et al., 1202.5038 

D

μ

μ



Conclusions

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

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

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

see next talk by S. Monteil
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