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Figure 7.5: Projected sensitivity for the RK , RK⇤ and R� measurements in di↵erent NP scenarios
with the Upgrade II data set. The existing Run 1 measurements of RK and RK⇤ are shown for
comparison.

SM, all deviating from predictions at the level of 2.1–2.6 standard deviations. Assuming the
current detector performance, approximately 46 000 B+! K+e+e� and 20 000 B0! K⇤0e+e�

candidates are expected in the range 1.1 < q2 < 6.0GeV2/c4 in the Upgrade II data set. The
ultimate precision on RK and RK⇤ will be better than 1%. The importance of the Upgrade II
data set in distinguishing between di↵erent NP scenarios is highlighted in Fig. 7.5. With this
data set all four NP scenarios could be distinguished at more than 5� significance.

The Upgrade II data set will also enable the measurement of other RX ratios e.g. R�, RpK

and the ratios in CKM suppressed decays. For example, with 300 fb�1, it will be possible to
determine R⇡ = B(B+! ⇡+µ+µ�)/B(B+! ⇡+e+e�) with a few percent statistical precision.
A summary of the expected performance for a number of di↵erent RX ratios is indicated in
Table 7.2.

In addition to improvements in the RX measurements, the enlarged Upgrade II data set will
give access to new observables. For example, the data will allow precise comparisons of the angular
distribution of dielectron and dimuon final-states. Di↵erences between angular observables in
B! Xµ+µ� and B! Xe+e� decays are theoretically pristine [349, 350] and are sensitive to
di↵erent combinations of Wilson coe�cients compared to the RX measurements. Figure 7.6 shows
that an upgraded LHCb detector will enable such decays to be used to discriminate between
di↵erent NP models, for example separating between Scenarios I and II [351]. Excellent NP
sensitivity can be achieved irrespective of the assumptions made about the hadronic contributions
to the decays.

In the present LHCb detector, electron modes have an approximately factor five lower
e�ciency than the corresponding muon modes, owing to the tendency for the electrons to lose a
significant fraction of their energy through bremsstrahlung in the detector. This loss impacts
on the ability to reconstruct, trigger and select the electron modes. The precision with which
observables can be extracted therefore depends primarily on the electron modes and not the
muon modes. In order for RX measurements to benefit from the large Upgrade II data samples,
it will be necessary to reduce systematic uncertainties to the percent level. These uncertainties
can be controlled by taking a double ratio between RX and the decays B! J/ X, where the
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• Reaching  on  at the end of Run 3

• Hitting QED uncertainty with 
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• Ratios of  branching fractions have theoretically pristine predictions

•  at LHCb is  below the SM:

• Crucial to improve the precision (and the number) of LFU tests

b → sl+l−

RK 2.5 σ

RK result with 2011 to 2016 data LHCb-Paper-2019-009

Using 2011 and 2012 LHCb data, RK was:

RK = 0.745+0.090
≠0.074(stat.)± 0.036(syst.),

≥ 2.6 ‡ from SM (PRL113(2014)151601).

Adding 2015 and 2016 data, RK becomes:

RK = 0.846 +0.060
≠0.054(stat.) +0.016

≠0.014(syst.)

≥ 2.5 ‡ from SM. ]4c/2 [GeV2q
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Dominant systematic uncertainties:
Fit shape, trigger calibration, B+ kinematics.
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[PRL 122 (2019) 191801]

[EPJC 76 (2016) 8, 440]
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• Also, RpK ∼ 6 % (23 fb−1), 2.5 % (300 fb−1)

LHCb unofficial
Credits: M. Borsato

[PRL 103 (2009) 171801]

[PRD 86 (2012) 032012]

[BELLE-CONF-1904]

[JHEP 05 (2020) 040]
[Belle II Physics Book] [Santimaria’s Implication talk, ’20]
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Lessons from current measurements

• New physics in flavour processes lives at scale Λ > O(TeV)

• It is expected to be (sub)percent deviations in tree-level and loop-mediated
processes

⇒ Larger effects are also possible and still not excluded by low and high energy
flavour data

• The flavour structure of New physics couplings can be complex

⇒ If we are driven by the flavour puzzle, we expect new physics to affect more the 3rd
generation

• Correlations between different modes are essential for model building development
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The drawback of flavour
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Introduction and Motivation

Beam energies at B-Factories
tuned to produced B pairs
through e+e` ! ˇ(4S)! B —B.

B(ˇ(4S)! B —B) ı 96%.

Semileptonic B decays used to
extract CKM matrix elements
jVcbj, jVubj

Two approaches to measure
semileptonic B decays:

I Exclusive: a specific final state is
reconstructed (e.g. B ! ı‘⌫)

I Inclusive: All B ! Xq‘⌫ final
states within a region of phase
space are reconstructed.

‰ 3� discrepancy between inclusive
and exclusive measurements.

C. Beleño Exclusive B ! Xu‘⌫ decays ICHEP 2016 2/9

Non-perturbative effects are calculated using various techniques

• Sum Rules and their variants still have large uncertainties, especially when
predicting branching fractions

⇒ Define observables free of hadronic uncertainties

• Lattice QCD calculations exist/ are ongoing, ultimate precision is still not
reached

⇒ Matter of time and computational power!

µpartonic = mb µhadronic = ΛQCD
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Prospects at Z factories

Channel Belle II LHCb-U1a FCC-ee
B0, B̄0 ∼ 5× 1010 ∼ 6× 1013 ∼ 6.2× 1011

B± ∼ 5× 1010 ∼ 6× 1013 ∼ 6.2× 1011

B0
s , B̄0

s ∼ 6× 108 ∼ 2× 1013 ∼ 1.5× 1011

B±c − ∼ 2× 1011 ∼ 4× 109

Λb, Λ̄b − ∼ 2× 1013 ∼ 1.30× 1011

• Statistics in between Belle II and LHCb, but

⇒ good reconstruction efficiency

⇒ good resolution on missing momentum

• b-hadrons are more boosted than at Belle II

⇒ More accurate tracking reconstruction

[Archilli, Altmannshofer, ’22]
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Semileptonic decays



Leptonic Bq → `ν decays

Advantages w.r.t. Semileptonic Bq decays

• Cleaner from a theoretical point of view

⇒ No form factors are needed

⇒ Standard Model decay constant are known with high precision from Lattice QCD

Caveat:

• structure dependent QED terms can be important with high statistics

⇒ Well discussed in Belle II and LHCb environment, worth re-discussing in a new
environment and with new analysis strategy
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Lepton Flavour universality tests

B(Bq → τ ν̄)

B(Bq → µν̄)
=
m2
τ [1− (mτ/mBq )2]2

m2
µ(1− [mµ/mBq )2]2

[1 +O(α log(mτ/mµ))]

Measurement of CKM ratios

B(Bc → `ν̄)

B(B → `ν̄)
=
|VcbfBc |2

|VubfB |2

Drawbacks:

• Bq → µν is suppressed wrt Bq → τν of a factor m2
µ/m

2
τ ∼ O(10−3)

• Bq → τ(→ µνν̄)ν̄ is an important background to Bq → µν

⇒ Cuts in kinematical variables should help control it [MB, Isidori, van Dyk, ’16,

Alonso, Kobach, Camalich, ’16]
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New Physics in Bc → τ ν̄

RD(∗) =
B(B → D(∗)τ ν̄)

B(B → D(∗)µν̄)

[Amhis, Hartmann, Helsens, Hill, Sumensari, ’21]
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Rare decays



Modes with a τ pair in the final state

• Current constraints on b→ sττ allow for large NP contributions

Bs → ττ |SM
Bs → ττ |exp

∼ O(104)

• Belle II and LHCb plans to reduce the gap to O(103) at the end of Upgrade II

2
c, GeV/0

dB
m

4.5 5 5.5 6 6.5

)
2

c
E

ve
n
ts

 /
 (

0
.0

2
 G

e
V

/

0

20

40

60

80

100

120
eeFCC-

4.5 5 5.5 6 6.5
5<

4<

3<

2<

1<

0

1

2

3

4

5

• ∼ 1000 reconstructed B → K∗ττ

• Similar projections for B → Kττ

• Possible measurements of these
modes, not only upper limits

• Angular coefficients are also
measurable

[Kamenik, Monteil, Semkiv, Vale Silva, ’17]
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Modes with neutrinos in the final state

• Modes with neutrinos are important to distinguish among heavy new physics
states

• Expected sensitivity at Belle II on B → K(∗)νν̄ ∼ O(10%)

• If the reconstruction efficiencies don’t change, we can expect to reduce the
sensitivity to O(2− 3%)

[Li, Ruan, Wang, Wang, ’22]
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Data driven determination of non perturbative physics

• The computation of non-perturbative effects in
the resonant region is of utmost importance

• These effects are universal among the three
generations

• Data driven methods allow for the extraction
of non-perturbative parameters

• Can we learn something more?

• Large data samples allow precise
measurement of B0 → K∗e+e− branching
ratio and angular distribution

• The comparison with corresponding muon
mode determines the size of the non
perturbative physics

• It also provides a test of LFU

Decay mode B0 → K∗e+e−

Belle II ∼ 2000
LHCb Upgrade ∼ 20000

FCC-ee ∼ 50000
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Charm decays



Charm physics

• At FCC-ee, ∼ 6× 1011 cc̄ pairs are expected

Channel Z-factory
D0 ∼ 70× 1010

D± ∼ 30× 1010

D0
s ∼ 10× 1010

Λc ∼ 10× 1010

• Roughly a factor 10 more statistics than Belle II

• LHCb Upgrade II overcomes this estimates largely

• FCC-ee can contribute in modes with neutrino in the final states
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D → hνν̄

• Short distance contribution is suppressed by CKM and coupling Z → νν̄

• Long distance contributions from light-resonances can be accounted for in naive
factorisation using non-leptonic data

⇒ they are also estimated to be very small [Burdmana, Golowichb, Hewettc, Pakvasad, ’02]

B(D → hνν̄) ∼ 10−13 − 10−15

hc → F Bmax
LU Bmax

cLFC Bmax Nmax
LU /ηeff Nmax

cLFC/ηeff Nmax/ηeff
[10−7] [10−6] [10−6]

D0 → π0 6.1 3.5 13 47 k (395 k) 270 k (2.3M) 980 k (8.3M)
D+ → π+ 25 14 52 77 k (650 k) 440 k (3.7M) 1.6M (14M)
D+
s → K+ 4.6 2.6 9.6 6 k (50 k) 34 k (290 k) 120 k (1.1M)

D0 → π0π0 1.5 0.8 3.1 11 k (95 k) 64 k (540 k) 230 k (2.0M)
D0 → π+π− 2.8 1.6 5.9 22 k (180 k) 120 k (1.0M) 450 k (3.8M)
D0 → K+K− 0.03 0.02 0.06 0.2 k (1.9 k) 1.3 k (11 k) 4.8 k (40 k)

Λ+
c → p+ 18 11 39 14 k (120 k) 82 k (700 k) 300 k (2.6M)

Ξ+
c → Σ+ 36 21 76 28 k (240 k) 160 k (1.4M) 590 k (5.0M)

D0 → X 15 8.7 32 120 k (980 k) 660 k (5.6M) 2.4M (21M)
D+ → X 38 22 80 120 k (1.0M) 680 k (5.8M) 2.5M (21M)
D+
s → X 18 10 38 24 k (200 k) 140 k (1.1M) 500 k (4.2M)

NP contributions should be easily found with FCC-ee statistics

[Bause, Gisbert, Golz, Hiller, ’20]
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τ decays



Status of τ physics

Channel LEP Belle II FCC-ee
τ+τ− ∼ 105 ∼ 45× 109 ∼ 170× 109

Advantages of a Z factory: higher boost of the τs

• Easier lifetime measurement

• better quality of identification of final state particles

Status:

• only modest improvement by Belle II

• branching fraction LEP measurements are unchallenged
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Leptonic branching fractions:

Γ`→`′ ≡ Γ[`→ `′ν`′ ν̄`] =
G2
``′m

5
`

193π3
f(m`′/m`)(1 + δ``

′
RC)

• Electroweak corrections to G``′ are known

• QED corrections are known up to α3
EM [Fael, Schönwald, Steinhauser, ’20]

⇒ match the expected precision at FCC-ee ∼ O(10−6)

• Measurement of LFU ratios possible below the O(0.1%)

τ properties

• Red band obtained under hypothesis
of universality
• Only limitation is the measurement of

the τ mass

⇒ no substantial improvement at
FCC-ee

[Dam, ’18]
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Summary

• The possibilities for flavour physics at the e+e− machines are numerous

• High statistics and detector efficiency allow to have large statistics in many
channels

• There are questions open that need to be addressed:
• QED effects need to be estimated at equal precision as the experimental sensitivity

• Backgrounds can be estimated theoretically to propose interesting cuts to
experimental analysis

• High sensitivity helps for data-driven determination of non-perturbative quantities

• Collaboration of theory and experimental community is of utmost importance!
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Appendix



Charged Lepton Flavour Violation

• Sensitivity on the same level of the ones at Belle II
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