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The (two) flavour problems

1. The SM flavour problem: The measured Yukawa pattern doesn’t seem
accidental

⇒ Is there any deeper reason for that?

2. The NP flavour problem: If we regard the SM as an EFT valid below a certain
energy cutoff Λ, why don’t we see any deviations in flavour changing
processes?

⇒ Which is the flavour structure of BSM physics?
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The SM flavour problem
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U(2)u

U(2)q

An approximate U(2)n is acting

on the light families!
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The NP flavour problem

L = Lgauge + LHiggs

• In the SM: accidental U(3)5 → approx U(2)n

Large Flavour symmetry

Three replica of the same

fermion fields

U(3)5 symmetry

Flavour degeneracy is broken

The breaking is

peculiar
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The NP flavour problem

L = Lgauge + LHiggs +
∑

d,i

c
(d)
i

Λd−4
Odi

• In the SM: accidental U(3)5 → approx U(2)n

• What happens when we switch on NP?

Large Flavour symmetry

Three replica of the same

fermion fields

U(3)5 symmetry

Flavour degeneracy is broken

The breaking is
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The NP flavour problem

L = Lgauge + LHiggs +
∑

d,i

c
(d)
i

Λd−4
Odi

• What is the energy scale of NP?
• Why haven’t observed any violation of accidental symmetries

yet?
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Λ

Results of BSM analysis: probing New Physics Scale

NMFV

no breaking of the U(2)n flavour symmetry at low energies

— ΛEW

— ΛUV

Pierini’s EPS talk
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Partonic vs Hadronic

b

c

W

ℓ

νℓ

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

Fundamental challenge to match
partonic and hadronic descriptions

µpartonic = mb µhadronic = ΛQCD
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Open problems in hadronic physics
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What are the open themes in hadronic physics?

1. Extraction of the CKM elements Vcb and Vub

2. Non-local effects in b→ s``

3. Non-leptonic decays
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The Vcb − Vub puzzle

• Large discrepancies between
inclusive and exclusive
determinations

• Recent work mostly
on B → D∗ due to
new lattice QCD form factors
determinations

• When precision increases, more
puzzles arise 36 38 40 42 44
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• |Vcb| is a fundamental parameter

• B(Bs → µ+µ−) ∼ |Vcb|2
• B(K+ → π+νν̄) ∼ |Vcb|4

B → D(∗)`ν̄

B → π`ν̄

Λb → p`ν̄/Λb → Λc`ν̄
Bs → K`ν̄/B → D`ν̄

B → Xc,u`ν̄

inclusiveexclusive

10/25



Exclusive Vcb from B → D∗
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• Shape information shifts the total
branching fraction prediction

Thanks to C. Schwanda
for the averages!

MB, A. Jüttner, ’23 + WIP
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Exclusive Vcb close to zero-recoil
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• Combination of Belle and Belle II
angular distribution data
• Only the zero-recoil bin
• In that region, one form factor

dominates

• Which branching ratio should we
use?

B factories: |Vcb| = 40.07± 0.86

LEP: |Vcb| = 42.37± 1.09

MB, A. Jüttner, ’23 + WIP
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B factories: |Vcb| = 40.07± 0.86

LEP: |Vcb| = 42.37± 1.09

B factories: |Vcb| = 41.24± 1.15

LEP: |Vcb| = 43.60± 1.35

MB, A. Jüttner, ’23 + WIP
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A few words on exclusive Vub
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• There are tensions in the lattice determinations of f0

• f+ and f0 are correlated through the kinematic constraint

f+(q2 = 0) = f0(q2 = 0)

• The chiral continuum extrapolation using the helicity base or the "lattice" base
has some tricky points and checks are ongoing
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Vub from B → π`ν̄
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Not inflating uncertainties reveals a few tensions
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Charm-loop effects in b→ s`+`−

Heff = −4
GF√

2
VtbV

∗
ts [−C1O1 − C2O2 + C7O7 + C9O9 + C10O10]

O1 = (s̄γµPLb) (c̄γµc) O2 = (s̄γµT aPLb) (c̄γµT
ac)

O9 = (s̄γµPLb) (¯̀γµ`) O10 = (s̄γµPLb) (¯̀γµγ5`)

O7 = (s̄σµνPRb)Fµν

b

s

`+
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γ

c

c̄

O1,2

lepton flavour universal

C9 → Ceff
9 (q2) = C9 + CLD
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FIG. 1. Example of charming-penguin diagrams contributing to the B ! K(⇤)`+`� amplitude. Diagram (a) represents the
class of charming-penguin amplitudes related to c � c̄ state that subsequently goes into a virtual photon, see refs. [43, 45–48].
Diagram (b) and (c) represent the kind of contributions from rescattering of intermediate hadronic states, at the quark and

meson level respectively. The phenomenological relevance of rescattering for the SM prediction of the B ! K(⇤)`+`� decays
has been recently considered in ref. [38].

mental novelties discussed above. Adopting the model-
independent language of the Standard Model E↵ective
Theory (SMEFT) [82, 83], we present an updated anal-
ysis of |�B| = |�S| = 1 (semi)leptonic processes and
show that current data no longer provide strong hints for
NP. Indeed, updating the list of observables considered
in our previous global analysis [38] with the results in
eqs. (1) and (2), the only remaining measurements devi-
ating from SM expectations and not a↵ected by hadronic
uncertainties are the LUV ratios RKS

and RK⇤+ [7], for
which a re-analysis by the LHCb collaboration is manda-
tory in view of what discussed in [54, 55].

The anatomy of the B ! K(⇤)`+`� decay can be char-
acterized in terms of helicity amplitudes [24, 84], that in
the SM at a scale close to the bottom quark mass mb can
be written as:

H�
V /

⇢
CSM

9
eVL� +

m2
B

q2


2mb

mB
CSM

7
eTL� � 16⇡2h�

��
,

H�
A / CSM

10
eVL� , HP / m` mb

q2
CSM

10

✓
eSL � ms

mb

eSR

◆
,

with � = 0, ± and CSM
7,9,10 the SM Wilson coe�cients of

the semileptonic operators of the |�B| = |�S| = 1 weak
e↵ective Hamiltonian [85–87], normalized as in ref. [41].
The naively factorizable contributions to the above am-
plitudes can be expressed in terms of seven q2-dependent

form factors, eV0,±, eT0,± and eS [88, 89]. At the loop level,
non-local e↵ects parametrically not suppressed (neither
by small Wilson coe�cients nor by small CKM factors)
arise from the insertion of the following four-quark oper-
ator:

Qc
2 = (s̄L�µcL)(c̄L�

µbL) , (3)

that yields non-factorizable power corrections in H�
V via

the hadronic correlator h�(q2) [26, 30, 90], receiving the
main contribution from the time-ordered product:

✏⇤µ(�)

m2
B

Z
d4x eiqxhK̄⇤|T {jµ

em(x)Qc
2(0)}|B̄i , (4)

with jµ
em(x) the electromagnetic (quark) current.

This correlator receives two kinds of contributions.
The first corresponds to diagrams of the form of dia-
gram (a) in Fig. 1, where the initial B meson decays
to the K(⇤) plus a cc̄ state that subsequently goes into
a virtual photon. This contribution has been studied in
detail in the context of light-cone sum rules in the regime
q2 ⌧ 4m2

c in [43]; in the same reference, dispersion rela-
tions were used to extend the result to larger values of the
dilepton invariant mass. While the operator product ex-
pansion performed in ref. [43] was criticized in ref. [29],
and multiple soft-gluon emission may represent an ob-
stacle for the correct evaluation of this class of hadronic
contributions [30, 40, 91, 92], refs. [45, 46] have exploited
analyticity in a more refined way than [43]. In those
works the negative q2 region – where perturbative QCD
is supposed to be valid – has been used to further con-
strain the amplitude. Building on these works, together
with unitarity bounds [47], ref. [48] found a very small
e↵ect in the large-recoil region.

The second kind of contribution to the correlator in
eq. (4) originates from the triangle diagrams depicted in
Fig. 1 (b), in which the photon can be attached both
to the quark and antiquark lines and we have not drawn
explicitly the gluons exchanged between quark-antiquark
pairs. An example of an explicit hadronic contribution
of this kind is depicted in Fig. 1 (c).1 The DsD

⇤ pair
is produced by the weak decay of the initial B meson
with low momentum, so that no color transparency ar-
gument holds and rescattering can easily take place. Fur-
thermore, the recent observation of tetraquark states in
e+e� ! K(DsD

⇤ + D⇤
sD) by the BESIII collaboration

[94] confirms the presence of nontrivial nonperturbative
dynamics of the intermediate state.

One could think of applying dispersive methods also

1 See ref. [93] for a very recent estimate of similar diagrams with
up quarks, rather than charm quarks, in the internal loop.

[Ciuchini, Fedele, Franco, Paul, Silvestrini, Valli, ’22]

?
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Models for the rescattering

7

MODEL FOR CHARM RESCATTERING

7Arianna Tinari (University of Zürich)  |  BFA Rome, 9.11.2025

‣ We look at the simplest decay mode, .


‣ Model in terms of hadronic degrees of freedom.


‣ We use data for the  vertex, heavy-hadron chiral perturbation theory 
(HHChPT) combined with QED for the remaining vertices.


‣ We obtain an accurate description in the low recoil (or high ) limit; we 
extrapolate to the whole kinematical region introducing appropriate 
form factors. 


‣ Considering the largest  decays, we classify all the possible 
intermediate states that allow a parity-conserving strong interaction 
with the kaon.


‣ We write the simplest effective interactions able to reproduce these 
discontinuities.

B0 → K0ℓ̄ℓ

B

q2

B

from 
data

from 
HHChPT + 

QED

from 
HHChPT • Use of heavy hadron chiral perturbation theory +

data + QED to determine the various vertices
• Better reliability at maximum q2

• The tower of all possible combinations of states is
accounted for by multiplicity factors based on the
respective branching ratio
• Relative phases and how various contributions

add up depend on unknown relative phases
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G. isidori, Z. Polonsky, A.Tinari, ’24 + WIP
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News from the latticeA (very) challenging calculation

• We focus on the charming
penguin diagram in the figure.

• We have investigated the
possibility of computing this
diagram on a single Extended
Twisted Mass (ETM) gauge
ensemble (a ƒ 0.08 fm).

• We considered a single heavy quark mass mh = 2mc < mb, and single photon
momentum q ƒ 250 MeV in the decaying meson rest frame.

• A full calculation requires handling both the IR part (through the SFR/HLT
method) and the UV part (renormalization of the relevant matrix elements).

• For now we only performed a proof-of-principles calculation to show that the IR
part (the previously-considered limiting factor) can be controlled.

• However, this is the first time charming penguin diagrams are investigated on
the lattice. 1

Hµ(q) ∼
∫ ∞
E0

dE

2π

ρµ(E,q)

E −mB − iε

⇒ Spectral densities are connected to correlation functions

Cµ(t,q) ∼
∫ ∞
E0

dE

2π
e−Etρµ(E,q)

One has to solve a very complicated inverse problem
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News from the lattice

Solution: smeared correlators

Hµ(q) ∼
∫ ∞
E0

dE

2π

ρµ(E,q)

E −mB − iε
= lim
ε→0

∫ ∞
E0

dE

2π
Kε(E,q)ρµ(E,q)

• The smearing makes the problem solvable in a finite volume

• This technique has been successfully applied to various problems like g − 2
computation, inclusive semileptonic D decays

Comparison with the simple model

The comparison between model and lattice data is qualitative. Overall scale (due to
the missing renormalization in our results) adjusted to make model and data agree at
low values of m (turns out to be ƒ 1). Discretization e�ects are present in the data

(especially relevant at large m).
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No orders-of-magnitude di�erence between model and lattice data for all m and Á

explored. However, this is only the Oc
1 contribution! 8

• Extend to B → K`+`−

• Attempt the ε→ 0 limit

• Include more ensembles

• Perform non-perturbative
renormalisation

Bs → ηs`
+`−

[G.Gagliardi at BFA]
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The B(s) → D∗(s)K(π) decays
Why?
⇒ crucial inputs to extract fragmentation fractions from data

A(B̄0
q → D∗+q L−) = −iGF√

2
V ∗uq2Vcba1(D∗+q L−)fL

×AB̄q→D
∗
q

0 (M2
L)2MD∗q ε

∗(λ = 0) · q

• Currently a 4σ descrepancy
MB, Huber, Gubernari, Jung, van Dyk, ’20

• Initiated further works on
power correction

M.L. Piscopo, A. Rusov, ’23
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• New form factor analyses suggest a
15% downward shift in the scalar
form factor
• This would reduce the tension with

experimental data
• This is just for B → D∗, B → D is

unchanged at the current status

MB, Gubernari, Jung, van Dyk, in preparation
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Beyond the LHC and Belle II

21/25



2010 2020 2030 2040
Year

0

50

100

150

200

250

300

350

]
-1

In
t. 

lu
m

in
os

ity
 [f

bLS
1

LS
2

LS
3

LS
4

LS
5

Run 1 Run 2 Run 3 Run 4 Run 5 Run 6

0
2

4

6

8

10
12

14

16

]
-1 s

-2
 c

m
33

In
st.

 lu
m

in
os

ity
 [1

0

2

Physics programme limited by detector, and NOT by the LHC, so there’s 
a clear case for an ambitious plan of upgrades

LHCb upgrades

Upgrade IIUpgrade I

Upgrade II

Potentially the only general purpose flavour physics facility in the world 
on this timescale

schedule updated beginning of 2022
• Detector installation 

during LS4  (2033)

• Lpeak = 1.5x1034 cm-2 s-1

•  Lint =  ~50 fb-1 per year, 
≥300 fb-1 during Run 5 & 6 

 European Strategy Update 2020   "The  full potential of the LHC and 
the HL-LHC, including the study of flavour physics, should be exploited”  
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Projected by SuperKEKB/Belle II

• Both the LHCb and Belle II programs are supported by not only unprecedented
datasets, but also by software and analysis improvements

• What can be yet improved?
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FCC-ee flavour opportunities

FCC: combines some of the best features of pp colliders and B factories

• High statistics

• Relatively clean environment due to high boost of b quarks

⇒ unique opportunity to study flavour under all possible angles

⇒ all possible decay modes are accessible
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B → K∗e+e− at FCC-ee

• Reconstruction is as good as for muons

⇒ estimated around ∼ 80%∗ in all phase space

• The statistical error is below 1% and half of what is expected from HL-LHC

• Only B(B → K∗e+e−)

• High Lumy projections: σstat = σsyst

• Theory projections:

P1 :σFi → σFi/2 ,

P2 :σFi → σFi/5 ,

• Only with P2 we can fully exploit the
FCC-ee statistics

current

HL-LHC+P1

FCC+P1

FCC+P2

MB, C. Cornella, J. Davighi, ’25

*estimates fromB → K∗τ+τ− studies
confirmed by ad hoc simulations by S. Monteil
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Conclusions

• Flavour physics is a powerful test for new physics living at different energy
scales

• We have a lot of puzzles to solve, but this is just a sign of the advancements in
both theory and experiments

• One of the most urgent puzzle to resolve concerns Vcb and Vub

• Precise SM predictions are the key to unveiling potential NP signals

• The excellent experimental prospects, on the short and long term, combining
with theory and experimental advancements
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