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66 CHAPTER 5. FLAVOUR PHYSICS

2. The strong CP problem, that defines the QCD vaccuum. Why is its q parameter
experimentally constrained to be extremely small? For a priori no good reason.

3. The flavour puzzle. Why are there three generations of quarks and leptons? What
accounts for the very different masses and mixings? What fixes the size of CP-
violation, largely insufficient to explain the observed dominance of matter over anti-
matter?

The flavour puzzle, in particular, feeds into the first two tensions. For instance, within the SM
the top loop gives the main contribution to the EW hierarchy problem, while the strong CP
problem is an issue only in as much as all the quarks have non-zero masses. Furthermore,
many NP models designed to solve the EW hierarchy problem tend to worsen the strong CP
problem and generate unacceptably large contributions to electric dipole moments (EDMs), as a
consequence of the presence of CP-violation in non-chiral flavour changing couplings. All three
tensions in their core amount to the question of why certain parameters are very small. In natural
theories small numbers are explained by symmetries or dynamical assumptions, suggesting that
the SM needs to be extended in order to become a natural theory.

The underlying nature of CP violation, which is at the heart of many open questions, de-
serves special mention. On the one hand, the combination of the discrete symmetries C, P and
T is essential to the formulation of quantum field theory itself. On the other hand, CP viola-
tion is at the backbone of the SM three-family flavour puzzle and of the strong CP problem.
In addition, it is also an essential ingredient to generate the observed baryon asymmetry (as-
suming baryogenesis). From a practical perspective, it is one of the main driving forces behind
the present experimental efforts, especially in the neutrino sector. Finally, dark matter itself
may have flavour structure, and a true understanding of flavour would then require an interdis-
ciplinary exploration. As a side benefit, the present and planned flavour experiments are often,
without special requirements, sensitive to light dark matter candidates such as feebly interacting
particles.

The progress in understanding the above fundamental questions can be made through a
variety of tools: directly by increasing the energy at which the world of fundamental particles
and forces is explored, or indirectly by making precise measurements of rare or even SM forbid-
den processes, relying on quantum mechanical effects to probe shorter distances or effectively
higher energies. The expected experimental progress, especially with regards to the indirect
probes, can be neatly encoded in the model-independent tool of effective Lagrangians. As long
as the NP particles are heavier than the energy released in a given experiment, their impact can
be included via effective operators of increasing mass dimensions, constructed from the SM
fields. The resulting effective field theory (SM-EFT) has the following form:

Leff = LSM +
C5
LM

O(5) +Â
a

Ca
6

L2 O(6)
a + · · · . (5.1)

The dimension five (d = 5) operator O(5) breaks lepton number and, if present, induces Majo-
rana neutrino masses of order v2/LM, where LM is assumed to be much larger than the elec-
troweak (EW) scale v. The d = 6 operators O(6)

a encode the effects of NP particles of generic
mass L. Experiments probe the ratios Ca/L2.

For a qualitative appraisal, Fig. 5.1 illustrates the scales probed by the present flavour
experiments (light colours) and mid-term prospects, assuming Ca

6 ⇠ O(1) [258]. This can be
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Figure 16: General overview of cLFV observables (correlations) in the “3+2 toy model” pa-
rameter space. All active-sterile mixing angles as well as Dirac and Majorana CP phases
are randomly varied (see detailed description in the text). In all panels, m4 = 1 TeV, with
m5�m4 2 [40 MeV, 210 GeV]. Blue points correspond to vanishing phases, while orange denote
random values of all phases (�↵i and 'i, with i = 4, 5). Dotted (dashed) lines denote current
bounds (future sensitivity) as given in Table 1.

Profiting from the data collected leading to the results displayed in Fig. 16, we have tried to
infer which would be the required future sensitivity for the ⌧ � e channels so that the regimes
(mixing angles and CP phases) leading to predictions for µ ! e�, µ ! 3e, µ � e conversion
in Al, ⌧ ! 3µ and Z ! µ⌧ , all within future experimental sensitivities, would also be within
reach of ⌧ ! e� and ⌧ ! 3e dedicated searches. Requiring that at least 68% of the previously
mentioned subset be within ⌧ � e future reach would imply the following sensitivities16:

BR(⌧ ! e�) � 2 ⇥ 10�13 , BR(⌧ ! 3e) � 3 ⇥ 10�14 . (31)

In other words, should a signal of cLFV in µ � e and ⌧ � µ transitions be observed at the
current and near-future facilities, an improvement of circa 4 orders of magnitude in the ⌧ � e
sensitivity is needed in order to obtain competitive constraints from all flavour sectors on these
SM extensions via heavy neutral leptons.

5.2 Reconciling cLFV predictions with future observations

As discussed extensively in the previous (sub)sections, CPV phases can impact the predictions
for the cLFV observables, enhancing or suppressing the distinct rates. To conclude the dis-

16We have assumed the same ratio between the envisaged ⌧ ! e� and ⌧ ! 3e sensitivities as the one of the
future prospects of Belle II [58].
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FIG. 6: Br(µ → eγ) and Br(µ → 3e) as a function of ξ = (mN/mη+)2. A degenerate right-handed neutrino

spectrum has been assumed, see text for details. To the left for NH, whereas to the right for IH. The

horizontal dashed lines show the current upper bounds.

Since the photonic dipole operators contribute to both observables, the only way to obtain

Rµe > 1 is to have dominant contributions from box and/or photonic non-dipole diagrams in

µ → 3e (Z-penguins are suppressed by charged leptons and thus their contribution is always

negligible). Since the photonic non-dipole diagrams, given by the AND form factor, never exceed

the dipole ones as much as to compensate the large factor that multiplies |AD|2 in the branching

ratio formula (see Eq. (22)), they are never dominant. We are therefore left with a competition

between photonic dipole operators and box diagrams.

Assuming box dominance in µ → 3e and a degenerate right-handed neutrino spectrum one can

estimate

Rµe ∼ y4

48π2e2
H(ξ), (31)

where y is the average size of the Yukawa coupling and the function H(ξ) is defined as

H(ξ) =

(
1
2D1(ξ, ξ) + ξD2(ξ, ξ)

F2(ξ)

)2

. (32)

The function H(ξ) is shown in Fig. 5. Notice the cancellation for ξ = 1. This pole is caused by

an exact cancellation between the contributions from the loop functions D1 and D2. However, for

ξ ≪ 1 and ξ ≫ 1 one always has H(ξ) > 1.

It is clear from Eq. (31) and Fig. 5 that in order to increase the value of Rµe one requires

large Yukawa couplings and a large mass difference between the right-handed neutrinos and the η

scalars (in order to be far from ξ = 1). This is illustrated in Fig. 6, where we show Br(µ → eγ)

(blue) and Br(µ → 3e) (red) as a function of ξ = (mN/mη+)2. The horizontal dashed lines
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2. The strong CP problem, that defines the QCD vaccuum. Why is its q parameter
experimentally constrained to be extremely small? For a priori no good reason.

3. The flavour puzzle. Why are there three generations of quarks and leptons? What
accounts for the very different masses and mixings? What fixes the size of CP-
violation, largely insufficient to explain the observed dominance of matter over anti-
matter?

The flavour puzzle, in particular, feeds into the first two tensions. For instance, within the SM
the top loop gives the main contribution to the EW hierarchy problem, while the strong CP
problem is an issue only in as much as all the quarks have non-zero masses. Furthermore,
many NP models designed to solve the EW hierarchy problem tend to worsen the strong CP
problem and generate unacceptably large contributions to electric dipole moments (EDMs), as a
consequence of the presence of CP-violation in non-chiral flavour changing couplings. All three
tensions in their core amount to the question of why certain parameters are very small. In natural
theories small numbers are explained by symmetries or dynamical assumptions, suggesting that
the SM needs to be extended in order to become a natural theory.

The underlying nature of CP violation, which is at the heart of many open questions, de-
serves special mention. On the one hand, the combination of the discrete symmetries C, P and
T is essential to the formulation of quantum field theory itself. On the other hand, CP viola-
tion is at the backbone of the SM three-family flavour puzzle and of the strong CP problem.
In addition, it is also an essential ingredient to generate the observed baryon asymmetry (as-
suming baryogenesis). From a practical perspective, it is one of the main driving forces behind
the present experimental efforts, especially in the neutrino sector. Finally, dark matter itself
may have flavour structure, and a true understanding of flavour would then require an interdis-
ciplinary exploration. As a side benefit, the present and planned flavour experiments are often,
without special requirements, sensitive to light dark matter candidates such as feebly interacting
particles.

The progress in understanding the above fundamental questions can be made through a
variety of tools: directly by increasing the energy at which the world of fundamental particles
and forces is explored, or indirectly by making precise measurements of rare or even SM forbid-
den processes, relying on quantum mechanical effects to probe shorter distances or effectively
higher energies. The expected experimental progress, especially with regards to the indirect
probes, can be neatly encoded in the model-independent tool of effective Lagrangians. As long
as the NP particles are heavier than the energy released in a given experiment, their impact can
be included via effective operators of increasing mass dimensions, constructed from the SM
fields. The resulting effective field theory (SM-EFT) has the following form:

Leff = LSM +
C5
LM

O(5) +Â
a

Ca
6

L2 O(6)
a + · · · . (5.1)

The dimension five (d = 5) operator O(5) breaks lepton number and, if present, induces Majo-
rana neutrino masses of order v2/LM, where LM is assumed to be much larger than the elec-
troweak (EW) scale v. The d = 6 operators O(6)

a encode the effects of NP particles of generic
mass L. Experiments probe the ratios Ca/L2.

For a qualitative appraisal, Fig. 5.1 illustrates the scales probed by the present flavour
experiments (light colours) and mid-term prospects, assuming Ca

6 ⇠ O(1) [258]. This can be
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Figure 16: General overview of cLFV observables (correlations) in the “3+2 toy model” pa-
rameter space. All active-sterile mixing angles as well as Dirac and Majorana CP phases
are randomly varied (see detailed description in the text). In all panels, m4 = 1 TeV, with
m5�m4 2 [40 MeV, 210 GeV]. Blue points correspond to vanishing phases, while orange denote
random values of all phases (�↵i and 'i, with i = 4, 5). Dotted (dashed) lines denote current
bounds (future sensitivity) as given in Table 1.

Profiting from the data collected leading to the results displayed in Fig. 16, we have tried to
infer which would be the required future sensitivity for the ⌧ � e channels so that the regimes
(mixing angles and CP phases) leading to predictions for µ ! e�, µ ! 3e, µ � e conversion
in Al, ⌧ ! 3µ and Z ! µ⌧ , all within future experimental sensitivities, would also be within
reach of ⌧ ! e� and ⌧ ! 3e dedicated searches. Requiring that at least 68% of the previously
mentioned subset be within ⌧ � e future reach would imply the following sensitivities16:

BR(⌧ ! e�) � 2 ⇥ 10�13 , BR(⌧ ! 3e) � 3 ⇥ 10�14 . (31)

In other words, should a signal of cLFV in µ � e and ⌧ � µ transitions be observed at the
current and near-future facilities, an improvement of circa 4 orders of magnitude in the ⌧ � e
sensitivity is needed in order to obtain competitive constraints from all flavour sectors on these
SM extensions via heavy neutral leptons.

5.2 Reconciling cLFV predictions with future observations

As discussed extensively in the previous (sub)sections, CPV phases can impact the predictions
for the cLFV observables, enhancing or suppressing the distinct rates. To conclude the dis-

16We have assumed the same ratio between the envisaged ⌧ ! e� and ⌧ ! 3e sensitivities as the one of the
future prospects of Belle II [58].
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FIG. 6: Br(µ → eγ) and Br(µ → 3e) as a function of ξ = (mN/mη+)2. A degenerate right-handed neutrino

spectrum has been assumed, see text for details. To the left for NH, whereas to the right for IH. The

horizontal dashed lines show the current upper bounds.

Since the photonic dipole operators contribute to both observables, the only way to obtain

Rµe > 1 is to have dominant contributions from box and/or photonic non-dipole diagrams in

µ → 3e (Z-penguins are suppressed by charged leptons and thus their contribution is always

negligible). Since the photonic non-dipole diagrams, given by the AND form factor, never exceed

the dipole ones as much as to compensate the large factor that multiplies |AD|2 in the branching

ratio formula (see Eq. (22)), they are never dominant. We are therefore left with a competition

between photonic dipole operators and box diagrams.

Assuming box dominance in µ → 3e and a degenerate right-handed neutrino spectrum one can

estimate

Rµe ∼ y4

48π2e2
H(ξ), (31)

where y is the average size of the Yukawa coupling and the function H(ξ) is defined as

H(ξ) =

(
1
2D1(ξ, ξ) + ξD2(ξ, ξ)

F2(ξ)

)2

. (32)

The function H(ξ) is shown in Fig. 5. Notice the cancellation for ξ = 1. This pole is caused by

an exact cancellation between the contributions from the loop functions D1 and D2. However, for

ξ ≪ 1 and ξ ≫ 1 one always has H(ξ) > 1.

It is clear from Eq. (31) and Fig. 5 that in order to increase the value of Rµe one requires

large Yukawa couplings and a large mass difference between the right-handed neutrinos and the η

scalars (in order to be far from ξ = 1). This is illustrated in Fig. 6, where we show Br(µ → eγ)

(blue) and Br(µ → 3e) (red) as a function of ξ = (mN/mη+)2. The horizontal dashed lines

Figure 1: On the left, summary of several observables exhibiting a tension between the corresponding SM
prediction and associated experimental data (from [1]). On the right, sensitivity to the NP scale of present
and future flavour-dedicated facilities, inferred from generic EFT dimension-six operators (including meson,
lepton, EDMs, Higgs and top flavoured couplings), compared with the reach of direct flavour-blind searches
and EW precision measurements (grey). The effective coefficients are taken to be either O(1) (plain columns)
or suppressed by minimal flavour violation factors (hatched). Light (dark) colours correspond to present data
(mid-term prospects); from [2].

1. The probing power of flavour observables

Flavour physics has played a key role in the very construction of the Standard Model (SM).
Flavour violation in the quark sector is described by the so-called Cabibbo-Kobayashi-Maskawa
(CKM) paradigm, which has so far provided a mostly successful description of flavour transitions,
decays and CP violation. In addition to numerous theoretical caveats and three crucial observations
that the SM cannot account for - the baryon asymmetry of the Universe (BAU), the lack of a viable
dark matter (DM) candidate and neutrino oscillations - recent years have seen the emergence of
several “flavoured” tensions between SM prediction and observation, mostly at the level of 2f, or
above. A synthetic (incomplete) summary [1] is offered in the left panel of Fig. 1.

Clearly New Physics (NP) is required - but which is then the SM extension (or entirely
new framework) successfully accommodating all data? Although the LHC is yet to discover a
new resonance, flavoured observables - arising from searches at the high-intensity frontier - offer
numerous hints. While detailed comprehensive studies of well-motivated beyond the SM (BSM)
constructions must be carried out, the so-called effective field theory (EFT) approach offers a
model-independent tool allowing to identify and characterise generic classes of NP models in terms
of the hints provided by data. In the EFT approach, an effective Lagrangian generalises the SM one,
with the effects of unknown potentially heavy states encoded in new, high-order non renormalisable
terms,

Leff = LSM +
∑
=≥5

1
Λ=−4
NP
C= (6,., ...) O= (ℓ, @, �, W, ...) , (1)
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which are cast in terms of effective operators O= and coefficients C=, and of the NP scale, ΛNP.
Confronting the observableswritten in terms of the latter ingredients with data allows to infer bounds
on the ratios C=/Λ=−4

NP ; relying on simplicity (and naturality) arguments, one can set C=
8 9
= 1, which

thus allows inferring bounds on the scale of new physics to which the observables are sensitive to (in
view of the experimental prospects). As visible from the right panel of Fig. 1, flavour observables
as Y , charged lepton flavour violating (cLFV) muon decays and electric dipole moments (EDMs)
can probe NP scales as high as 105 TeV (or above), well beyond the sensitivity of any collider [2].

In the following sections we will briefly overview some topics in flavour physics, illustrating
the probing power of flavour, and its role in shedding light on the NP model at work.

2. Flavour and CP violation in the lepton sector

The (near) future experimental observation of any process violating lepton flavour (or total
lepton number), or of a sizeable lepton EDM clearly constitutes a discovery of New Physics,
revealing a departure from minimal BSM constructions in which the SM is extended via Dirac
massive neutrinos.

In the lepton sector, the EFT approach has been extensively pursued: recent comprehensive
analyses, focusing on complementary constraints on dimension 6 effective operators arising from
current bounds (and future sensitivities) on `→ 4W and `→ 34 decays as well as `− 4 conversion
in nuclei, allowed to cast a clear picture on the most constraining observables, and also emphasised
the relevance of taking into account all operators (indirect effects due to mixing and running) [3].

Specific cLFV signatures have been extensively investigated and highlighted as powerful means
to disentangle (and further learn about) certain mechanisms of neutrino mass generation; as an
example, recall that while in type I seesaw constructions one typically finds BR(`→ 4W)/BR(`→
34) ∼ 5 − 10 (for masses of the propagators in the TeV-ballpark), for a type III seesaw one has
BR(` → 4W)/BR(` → 34) ∼ 10−3, a consequence of having the cLFV 3-body decay occurring at
the tree-level (see, e.g. [4]). However, the presence of CP violating phases (Dirac and/or Majorana)
in association to the new lepton mixings can strongly impact such predictive scenarios.

As shown in [5], in a minimal extension of the SM via two heavy Majorana sterile states (thus
emulating a very minimal type I seesaw construction), CP violating phases can be at the source of
a strong loss of correlation between (otherwise correlated) observables; this is shown on the left
panel of Fig. 2, for the case of BR(` → 4W) versus CR(` − 4, Al), under the hypothesis of heavy
states with masses ≈ 1 TeV. The possible presence of such phases - which are a generic feature of
mechanisms of neutrino mass generation - should be also taken into account upon interpretation of
future data: regimes of large active-sterile mixings, which would be excluded due to conflict with
cLFV bounds, could be rendered experimentally viable should CP violating phases be present.

Another illustrative example of the probing power of cLFV observables can be found in scoto-
genic models (in which the SM is extended via inert scalar doublets and right-handed neutrinos [6]).
For instance, as shown in [7], cLFV rates, in particular BR(`→ 34) and BR(`→ 4W), could shed
light on the nature of the dark matter candidate (in this case, the inert scalar, as seen in the right
panel of Fig. 2); a future measurement of the ratio of rates for the latter cLFV observables could
further hint on the absolute neutrino mass scale.
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2. The strong CP problem, that defines the QCD vaccuum. Why is its q parameter
experimentally constrained to be extremely small? For a priori no good reason.

3. The flavour puzzle. Why are there three generations of quarks and leptons? What
accounts for the very different masses and mixings? What fixes the size of CP-
violation, largely insufficient to explain the observed dominance of matter over anti-
matter?

The flavour puzzle, in particular, feeds into the first two tensions. For instance, within the SM
the top loop gives the main contribution to the EW hierarchy problem, while the strong CP
problem is an issue only in as much as all the quarks have non-zero masses. Furthermore,
many NP models designed to solve the EW hierarchy problem tend to worsen the strong CP
problem and generate unacceptably large contributions to electric dipole moments (EDMs), as a
consequence of the presence of CP-violation in non-chiral flavour changing couplings. All three
tensions in their core amount to the question of why certain parameters are very small. In natural
theories small numbers are explained by symmetries or dynamical assumptions, suggesting that
the SM needs to be extended in order to become a natural theory.

The underlying nature of CP violation, which is at the heart of many open questions, de-
serves special mention. On the one hand, the combination of the discrete symmetries C, P and
T is essential to the formulation of quantum field theory itself. On the other hand, CP viola-
tion is at the backbone of the SM three-family flavour puzzle and of the strong CP problem.
In addition, it is also an essential ingredient to generate the observed baryon asymmetry (as-
suming baryogenesis). From a practical perspective, it is one of the main driving forces behind
the present experimental efforts, especially in the neutrino sector. Finally, dark matter itself
may have flavour structure, and a true understanding of flavour would then require an interdis-
ciplinary exploration. As a side benefit, the present and planned flavour experiments are often,
without special requirements, sensitive to light dark matter candidates such as feebly interacting
particles.

The progress in understanding the above fundamental questions can be made through a
variety of tools: directly by increasing the energy at which the world of fundamental particles
and forces is explored, or indirectly by making precise measurements of rare or even SM forbid-
den processes, relying on quantum mechanical effects to probe shorter distances or effectively
higher energies. The expected experimental progress, especially with regards to the indirect
probes, can be neatly encoded in the model-independent tool of effective Lagrangians. As long
as the NP particles are heavier than the energy released in a given experiment, their impact can
be included via effective operators of increasing mass dimensions, constructed from the SM
fields. The resulting effective field theory (SM-EFT) has the following form:

Leff = LSM +
C5
LM

O(5) +Â
a

Ca
6

L2 O(6)
a + · · · . (5.1)

The dimension five (d = 5) operator O(5) breaks lepton number and, if present, induces Majo-
rana neutrino masses of order v2/LM, where LM is assumed to be much larger than the elec-
troweak (EW) scale v. The d = 6 operators O(6)

a encode the effects of NP particles of generic
mass L. Experiments probe the ratios Ca/L2.

For a qualitative appraisal, Fig. 5.1 illustrates the scales probed by the present flavour
experiments (light colours) and mid-term prospects, assuming Ca

6 ⇠ O(1) [258]. This can be
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Figure 16: General overview of cLFV observables (correlations) in the “3+2 toy model” pa-
rameter space. All active-sterile mixing angles as well as Dirac and Majorana CP phases
are randomly varied (see detailed description in the text). In all panels, m4 = 1 TeV, with
m5�m4 2 [40 MeV, 210 GeV]. Blue points correspond to vanishing phases, while orange denote
random values of all phases (�↵i and 'i, with i = 4, 5). Dotted (dashed) lines denote current
bounds (future sensitivity) as given in Table 1.

Profiting from the data collected leading to the results displayed in Fig. 16, we have tried to
infer which would be the required future sensitivity for the ⌧ � e channels so that the regimes
(mixing angles and CP phases) leading to predictions for µ ! e�, µ ! 3e, µ � e conversion
in Al, ⌧ ! 3µ and Z ! µ⌧ , all within future experimental sensitivities, would also be within
reach of ⌧ ! e� and ⌧ ! 3e dedicated searches. Requiring that at least 68% of the previously
mentioned subset be within ⌧ � e future reach would imply the following sensitivities16:

BR(⌧ ! e�) � 2 ⇥ 10�13 , BR(⌧ ! 3e) � 3 ⇥ 10�14 . (31)

In other words, should a signal of cLFV in µ � e and ⌧ � µ transitions be observed at the
current and near-future facilities, an improvement of circa 4 orders of magnitude in the ⌧ � e
sensitivity is needed in order to obtain competitive constraints from all flavour sectors on these
SM extensions via heavy neutral leptons.

5.2 Reconciling cLFV predictions with future observations

As discussed extensively in the previous (sub)sections, CPV phases can impact the predictions
for the cLFV observables, enhancing or suppressing the distinct rates. To conclude the dis-

16We have assumed the same ratio between the envisaged ⌧ ! e� and ⌧ ! 3e sensitivities as the one of the
future prospects of Belle II [58].
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FIG. 6: Br(µ → eγ) and Br(µ → 3e) as a function of ξ = (mN/mη+)2. A degenerate right-handed neutrino

spectrum has been assumed, see text for details. To the left for NH, whereas to the right for IH. The

horizontal dashed lines show the current upper bounds.

Since the photonic dipole operators contribute to both observables, the only way to obtain

Rµe > 1 is to have dominant contributions from box and/or photonic non-dipole diagrams in

µ → 3e (Z-penguins are suppressed by charged leptons and thus their contribution is always

negligible). Since the photonic non-dipole diagrams, given by the AND form factor, never exceed

the dipole ones as much as to compensate the large factor that multiplies |AD|2 in the branching

ratio formula (see Eq. (22)), they are never dominant. We are therefore left with a competition

between photonic dipole operators and box diagrams.

Assuming box dominance in µ → 3e and a degenerate right-handed neutrino spectrum one can

estimate

Rµe ∼ y4

48π2e2
H(ξ), (31)

where y is the average size of the Yukawa coupling and the function H(ξ) is defined as

H(ξ) =

(
1
2D1(ξ, ξ) + ξD2(ξ, ξ)

F2(ξ)

)2

. (32)

The function H(ξ) is shown in Fig. 5. Notice the cancellation for ξ = 1. This pole is caused by

an exact cancellation between the contributions from the loop functions D1 and D2. However, for

ξ ≪ 1 and ξ ≫ 1 one always has H(ξ) > 1.

It is clear from Eq. (31) and Fig. 5 that in order to increase the value of Rµe one requires

large Yukawa couplings and a large mass difference between the right-handed neutrinos and the η

scalars (in order to be far from ξ = 1). This is illustrated in Fig. 6, where we show Br(µ → eγ)

(blue) and Br(µ → 3e) (red) as a function of ξ = (mN/mη+)2. The horizontal dashed lines
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2. The strong CP problem, that defines the QCD vaccuum. Why is its q parameter
experimentally constrained to be extremely small? For a priori no good reason.

3. The flavour puzzle. Why are there three generations of quarks and leptons? What
accounts for the very different masses and mixings? What fixes the size of CP-
violation, largely insufficient to explain the observed dominance of matter over anti-
matter?

The flavour puzzle, in particular, feeds into the first two tensions. For instance, within the SM
the top loop gives the main contribution to the EW hierarchy problem, while the strong CP
problem is an issue only in as much as all the quarks have non-zero masses. Furthermore,
many NP models designed to solve the EW hierarchy problem tend to worsen the strong CP
problem and generate unacceptably large contributions to electric dipole moments (EDMs), as a
consequence of the presence of CP-violation in non-chiral flavour changing couplings. All three
tensions in their core amount to the question of why certain parameters are very small. In natural
theories small numbers are explained by symmetries or dynamical assumptions, suggesting that
the SM needs to be extended in order to become a natural theory.

The underlying nature of CP violation, which is at the heart of many open questions, de-
serves special mention. On the one hand, the combination of the discrete symmetries C, P and
T is essential to the formulation of quantum field theory itself. On the other hand, CP viola-
tion is at the backbone of the SM three-family flavour puzzle and of the strong CP problem.
In addition, it is also an essential ingredient to generate the observed baryon asymmetry (as-
suming baryogenesis). From a practical perspective, it is one of the main driving forces behind
the present experimental efforts, especially in the neutrino sector. Finally, dark matter itself
may have flavour structure, and a true understanding of flavour would then require an interdis-
ciplinary exploration. As a side benefit, the present and planned flavour experiments are often,
without special requirements, sensitive to light dark matter candidates such as feebly interacting
particles.

The progress in understanding the above fundamental questions can be made through a
variety of tools: directly by increasing the energy at which the world of fundamental particles
and forces is explored, or indirectly by making precise measurements of rare or even SM forbid-
den processes, relying on quantum mechanical effects to probe shorter distances or effectively
higher energies. The expected experimental progress, especially with regards to the indirect
probes, can be neatly encoded in the model-independent tool of effective Lagrangians. As long
as the NP particles are heavier than the energy released in a given experiment, their impact can
be included via effective operators of increasing mass dimensions, constructed from the SM
fields. The resulting effective field theory (SM-EFT) has the following form:

Leff = LSM +
C5
LM

O(5) +Â
a

Ca
6

L2 O(6)
a + · · · . (5.1)

The dimension five (d = 5) operator O(5) breaks lepton number and, if present, induces Majo-
rana neutrino masses of order v2/LM, where LM is assumed to be much larger than the elec-
troweak (EW) scale v. The d = 6 operators O(6)

a encode the effects of NP particles of generic
mass L. Experiments probe the ratios Ca/L2.

For a qualitative appraisal, Fig. 5.1 illustrates the scales probed by the present flavour
experiments (light colours) and mid-term prospects, assuming Ca

6 ⇠ O(1) [258]. This can be
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Figure 16: General overview of cLFV observables (correlations) in the “3+2 toy model” pa-
rameter space. All active-sterile mixing angles as well as Dirac and Majorana CP phases
are randomly varied (see detailed description in the text). In all panels, m4 = 1 TeV, with
m5�m4 2 [40 MeV, 210 GeV]. Blue points correspond to vanishing phases, while orange denote
random values of all phases (�↵i and 'i, with i = 4, 5). Dotted (dashed) lines denote current
bounds (future sensitivity) as given in Table 1.

Profiting from the data collected leading to the results displayed in Fig. 16, we have tried to
infer which would be the required future sensitivity for the ⌧ � e channels so that the regimes
(mixing angles and CP phases) leading to predictions for µ ! e�, µ ! 3e, µ � e conversion
in Al, ⌧ ! 3µ and Z ! µ⌧ , all within future experimental sensitivities, would also be within
reach of ⌧ ! e� and ⌧ ! 3e dedicated searches. Requiring that at least 68% of the previously
mentioned subset be within ⌧ � e future reach would imply the following sensitivities16:

BR(⌧ ! e�) � 2 ⇥ 10�13 , BR(⌧ ! 3e) � 3 ⇥ 10�14 . (31)

In other words, should a signal of cLFV in µ � e and ⌧ � µ transitions be observed at the
current and near-future facilities, an improvement of circa 4 orders of magnitude in the ⌧ � e
sensitivity is needed in order to obtain competitive constraints from all flavour sectors on these
SM extensions via heavy neutral leptons.

5.2 Reconciling cLFV predictions with future observations

As discussed extensively in the previous (sub)sections, CPV phases can impact the predictions
for the cLFV observables, enhancing or suppressing the distinct rates. To conclude the dis-

16We have assumed the same ratio between the envisaged ⌧ ! e� and ⌧ ! 3e sensitivities as the one of the
future prospects of Belle II [58].
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FIG. 6: Br(µ → eγ) and Br(µ → 3e) as a function of ξ = (mN/mη+)2. A degenerate right-handed neutrino

spectrum has been assumed, see text for details. To the left for NH, whereas to the right for IH. The

horizontal dashed lines show the current upper bounds.

Since the photonic dipole operators contribute to both observables, the only way to obtain

Rµe > 1 is to have dominant contributions from box and/or photonic non-dipole diagrams in

µ → 3e (Z-penguins are suppressed by charged leptons and thus their contribution is always

negligible). Since the photonic non-dipole diagrams, given by the AND form factor, never exceed

the dipole ones as much as to compensate the large factor that multiplies |AD|2 in the branching

ratio formula (see Eq. (22)), they are never dominant. We are therefore left with a competition

between photonic dipole operators and box diagrams.

Assuming box dominance in µ → 3e and a degenerate right-handed neutrino spectrum one can

estimate

Rµe ∼ y4

48π2e2
H(ξ), (31)

where y is the average size of the Yukawa coupling and the function H(ξ) is defined as

H(ξ) =

(
1
2D1(ξ, ξ) + ξD2(ξ, ξ)

F2(ξ)

)2

. (32)

The function H(ξ) is shown in Fig. 5. Notice the cancellation for ξ = 1. This pole is caused by

an exact cancellation between the contributions from the loop functions D1 and D2. However, for

ξ ≪ 1 and ξ ≫ 1 one always has H(ξ) > 1.

It is clear from Eq. (31) and Fig. 5 that in order to increase the value of Rµe one requires

large Yukawa couplings and a large mass difference between the right-handed neutrinos and the η

scalars (in order to be far from ξ = 1). This is illustrated in Fig. 6, where we show Br(µ → eγ)

(blue) and Br(µ → 3e) (red) as a function of ξ = (mN/mη+)2. The horizontal dashed lines

Figure 2: On the left, predictions for BR(` → 4W) and CR(` − 4, Al) in a “3+2 toy model”, comparing the
CP conserving case (blue points) with that in which Dirac andMajorana CP phases are non-vanishing (orange
points); leading to the displayed results, all active-sterile mixing angles and phases were randomly varied.
Dotted (dashed) lines denote current bounds (future sensitivity); from [5]. On the right, predictions for
BR(`→ 4W) and BR(`→ 34) in a scotogenic model as a function of b = (<# /<[+ )2 (ratio of right-handed
neutrino and inert scalar masses), for a normal ordering of the light neutrino spectrum. The horizontal dashed
lines show the current upper bounds; from [7].

3. Anomalous magnetic moments: muon and electron

As extensively discussed (see G. Colangelo contribution [8]), following the recent experimental
and theoretical developments regarding the determination of the anomalous magnetic moment of
the muon, no definitive picture can be drawn concerning a possible tension between prediction and
observation; should Δ0` remain around 4f, NP must be called to provide a sizeable contribution,
and this will have strong implications on the classes of models capable of saturating such a large
discrepancy [9]. Many appealing SM extensions are capable of doing so (although LHC negative
search results pushes the mass of the mediators to be increasingly heavier...); some viable examples
include (minimal flavour-aligned) two-Higgs-doublet models [10], extensions via leptoquarks (see,
e.g. [11]), or supersymmetric (SUSY) models, both minimal or “flavoured” realisations [12] (in the
later case allowing to saturate Δ0` for TeV-scale superpartners, and lower tan V regimes).

Following the determination of U from Caesium atoms, a new tension with the SM emerged
concerning Δ04, O(−2.3f). Several attempts have been made to simultaneously explain both Δ0`
andΔ0Cs4 : among (many) other examples, light / ′ constructions (see, e.g. [13]), or scalar leptoquark
extensions [14] have been explored. More recently, relying on U as extracted from Rubidium atoms,
the SM prediction for 04 has become closer to the experimental value (Δ04 ∼ O(+1.7f)) [15].
The situation regarding both the determination of U and the subsequent prediction for Δ04 must be
clarified, hopefully leading to a more concrete picture of tensions concerning anomalous magnetic
moments of charged leptons.

4. Hadron flavours: from the Cabibbo angle anomaly to B-meson decays

Before moving to the discussion of anomalous patterns in observables related to B-meson
decays, we briefly comment on the so-called Cabibbo angle anomaly (CAA).
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4.1 The Cabibbo angle anomaly

A recent tension in the determination of CKM matrix elements (+D3 and +DB, leading to the
determination of the Cabbibo angle \�) has further suggested another potential manifestation of
NP: a deficit in the unitarity of the CKM first row (around the 3f level) has been identified, and
appears to be a consequence of a tension between the value of+D3 (as extracted from super-allowed
beta decays) and that of +DB as determined from kaon and tau decays. Interestingly, minimal SM
extensions, relying only in the modification of /aa and ,ℓa couplings (flavour conserving but
flavour non-universal) allow to reduce the discrepancies between direct and indirect determinations
of +DB, leading to preferred scenarios [16].

4.2 Anomalies in B-meson decays

Rare B-meson decays have become the object of increasing attention in view of their role
as probes of the SM paradigm of flavour; as seen in the synthesis displayed on the left panel of
Fig. 1, numerous discrepancies between SM prediction and observation, typically at the level of
2f (or above), have emerged in recent years, several suggesting the violation of lepton flavour
universality (LFUV). The ratios ' (∗) = BR(� →  (∗)``)/BR(� →  (∗)44) and '� (∗) =

BR(�→ � (∗)ga)/BR(�→ � (∗)ℓa) are examples of the latter. These B-meson decay “anomalies”
could offer valuable - if not crucial - insight into the structure of the NP model which in addition to
being at their source, could also possibly explain the other SM observational problems. Beginning
from experimental data, the EFT approach allows identifying viable classes of NP models, thus
paving the way to minimal BSM realisations, and possibly to complete constructions.

Several independent studies from distinct collaborations have identified key features allowing
to explain the neutral current anomalies, ' (∗) (in agreement with available data): only vector/axial
operators can satisfactorily succeed, with preferred (left-handed) NP couplings to muons. In
particular, the hypothesis �+9` = −�

+
10` together with non-vanishing flavour universal contributions

�*9 (see, e.g. [17, 18]), lead to the best fits; this is visible on the left panel of Fig. 3. Resolving the
charged current decay anomalies proves more challenging (especially in view of abundant related
experimental constraints). Single operator fits (vector operators,�+!

), or combinations of scalar and
tensor operators (�(! and�) ) constitute viable options [19], see right panel of Fig. 3. Realising the
above discussed requirements in concrete BSM constructions is not easy - especially since having a
common NP scale for the charged and neutral current candidates suggests that the couplings of the
latter should be significantly smaller (or then correspond to higher order contributions, in contrast to
the charged current transitions which are naturally realised at the tree level). While many appealing
solutions are already phenomenologically and/or experimentally ruled out, an (* (2)-singlet vector
leptoquark (LQ),*1, offers the only single-mediator solution to both ' (∗) and '� (∗) anomalies [20]
(noticing that such vector LQ constructions necessarily call upon some form of ultraviolet (UV)
completion). Other successful possibilities call upon sets of NP mediators, in particular pairs of
scalar LQs: '2 and (3 [21], or (1 and (3 [22].

In all cases, any BSM construction aiming at addressing ' (∗) and '� (∗) potentially opens
the door to new contributions to numerous flavoured processes, be it at high intensities or even at
colliders. It is important to notice that LFUV new interactions are expected to lead to (observable)
effects in  → caa, � → g(`)a,  → `a, � → �`a, � →  (∗)aa, � (2) → ga, � →  `g(4),

5



P
o
S
(
E
P
S
-
H
E
P
2
0
2
1
)
0
2
6

Flavour physics: quarks and leptons Ana M. Teixeira

−1.0 −0.8 −0.6 −0.4 −0.2 0.0 0.2

∆Cbsµµ
9 = −∆Cbsµµ

10

−1.50

−1.25

−1.00

−0.75

−0.50

−0.25

0.00

0.25

∆
C

u
n
iv

.
9

RK(∗)

ang. obs. B → K∗µµ

global b→ s``

13

Global Fit

CMS

SGPR

CMS

SGPR
� ������

�����

����/����

�+- �+

	
 �� �% ��

0.220 0.222 0.224 0.226 0.228

Vus

�1.0 �0.8 �0.6 �0.4 �0.2 0.0 0.2

�Cbsµµ
9 = ��Cbsµµ

10

�1.50

�1.25

�1.00

�0.75

�0.50

�0.25

0.00

0.25

�
C

u
n
iv

.
9

RK(⇤)

ang. obs. B ! K�µµ

global b ! s``

Figure 1: Likelihood contours (1�, 2� (and 3 � for the global fit)) in the plane of WET and SM-
EFT Wilson coe�cients. Dashed contour lines denote the situation prior to the updated 2021 RK

measurement, a pentagon the SM prediction, a diamond the “old” best fit point and a star the new
best fit point upon inclusion of the updated RK data. Left: Fit of WET coe�cients at 4.8 GeV with
the best fit point �Cbsµµ

9 = �0.34+0.08
�0.08 and �Cuniv.

9 = �0.74+0.19
�0.17. Right: Fit of SM-EFT coe�cients

at 2 TeV with the best fit point of (C1)
2223
`q = (2.9+0.6

�0.6)⇥10�4 TeV�2 and (C1)
3323
`q = 0.056+0.01

�0.01 TeV�2,
with a pull of 7.9� with respect to the SM prediction. Figures taken from Ref. [7].

b ! s`` contours are not independent of the semi-tauonic operators, an e↵ect of the RGE-induced
universal contributions to Cbs``

9 at the b-quark mass scale.
This correlation between the charged and neutral current anomalies at the high-energy scale

strongly hints towards a combined explanation of both tensions in a minimal model. For completeness,
in Appendix A we include updates on additional NP hypotheses.

Interestingly, the preferred structure of EFT operators (both in SM-EFT and WET) is naturally
generated by the SU(2)L-singlet vector LQ V1, contributing to both charged and neutral current
anomalous transitions at the tree-level, while evading stringent constraints from di ! dj⌫⌫̄ decays.

3 Vector leptoquarks

Gauge vector LQs, such as V1, naturally arise in (grand) unified theories, specifically from quark-lepton
unification, as it occurs in Pati-Salam models. In our study of Ref. [9], and instead of exploring a
specific UV completion for V1 leptoquarks, we chose to find requirements on the couplings of V1 to
the SM fermions in an e↵ective way. The subset of the relevant (left-handed 5) LQ couplings to SM
fermions can be parametrised in a general way as

L '
3X

i,j,k,l=1

V µ
1

⇣
d̄i

L�µKik
L `kL + ūj

LV †
ji�µKik

L UP
kl⌫

l
L

⌘
+ H.c. , (3)

where Kij
L denote the e↵ective LQ couplings and UP is the Pontecorvo-Maki-Nakagawa-Sakata (PMNS)

leptonic mixing matrix. The matching of the LQ couplings (at the LQ mass scale, mV1 ' 1.5 TeV) to
the WCs singled out by the EFT analysis can be done as follows:

Cij;``0
9,10 = ⌥ ⇡p

2GF ↵em V3j V ⇤
3i m

2
V1

⇣
Ki`0

L Kj`⇤
L

⌘
, CVL

jk,`i =

p
2

4 GF m2
V1

1

Vjk
(V KL UP )ji K

k`⇤
L . (4)

In the left panel of Figure 2 we show likelihood contours in the plane of the dominant LQ couplings.
Notice that one finds the same correlation between semi-muonic and semi-tauonic couplings in the
likelihood contours preferred by b ! s`` data as previously encountered in the EFT fits (cf. Figure 1).

5Due to the absence of strong hints suggesting non-vanishing right-handed contributions to the WET operators, we
restrict the LQ couplings to be left-handed.

3

4

FIG. 2. Predictions for RD⇤/RSM
D⇤ and R⇤c/RSM

⇤c
versus

RD/RSM
D in several EFT scenarios, see text for details. Cur-

rent 1� (2�) experimental constraints are depicted by the
darker (lighter) green region. Dashed lines correspond to ef-
fective couplings that are in tension with the B(Bc ! ⌧⌫) <
0.3 constraint.

(lepton) indices i(j). LQ couplings to diquarks are
neglected in order to guarantee the proton stabil-
ity [22]. After integrating out the LQ, we find that
the b ! s`�l `

+
k e↵ective coe�cients read

�Ckl
9 = ��Ckl

10 =
⇡v2

VtbV ⇤
ts↵em

ybk
L

�
ysl

L

�⇤

m2
S3

, (14)

which is indeed a pattern that can accommodate
b ! sµµ data, cf. Fig. 1. As for the charged current
transitions, b ! c`⌫̄`0 , the S3 scenario generates at
tree level

gVL
= � v2

4Vcb

yb`0
L (V yL)c`

m2
S3

, (15)

which is strictly negative if we account for the con-
straints coming from B ! K(⇤)⌫⌫̄ and �mBs

[1].
Therefore, this scenario is in conflict with results
presented in Table I and it cannot accommodate
Rexp

D(⇤) > RSM
D(⇤) as a small and positive gVL

value is
needed.

• S1 = (3̄,1, 1/3) : The weak singlet scalar LQ has
the peculiarity of contributing to the b ! c⌧ ⌫̄
transition at tree level, but only at loop level to
b ! s`` [23]. The S1 Yukawa Lagrangian reads

LS1
= yij

L QC
i i⌧2Lj S1 + yij

R uC
Ri`Rj S1 + h.c. , (16)

where yL and yR are the LQ Yukawa matrices, and
we neglect the diquark couplings for the same rea-
son as in the S3 case. The coe�cients Ckl

9 + Ckl
10

and Ckl
9 �Ckl

10 are generated at one-loop by yL and
yR, respectively, with the relevant expressions pro-
vided in Ref. [23]. This scenario contributes to the
b ! c`⌫̄`0 transitions via,

gVL
=

v2

4Vcb

yb`0
L

�
V y⇤

L

�
c`

m2
S1

, (17)

gSL
= �4gT = � v2

4Vcb

yb`0
L

�
yc`

R

�⇤

m2
S1

, (18)

at the matching scale µ = mS1 . Note, in particu-
lar, that both gVL

and gSL
= �4gT can accommo-

date the observed excesses in RD and RD⇤ , see also
Fig. 2.

• R2 = (3,2, 7/6) : The weak doublet was pro-
posed to separately explain the LFUV e↵ects in
the charged [24, 25] and in the neutral current
B-decays [26]. This is the only scalar LQ that
automatically conserves baryon number [27]. Its
Yukawa Lagrangian writes

LR2
= �yij

L uRiR2i⌧2Lj + yij
R QiR2`Rj + h.c. , (19)

with yL and yR being the LQ couplings to fermions.
At tree level one gets,

�Ckl
9 = �Ckl

10
tree
= � ⇡v2

2VtbV ⇤
ts↵em

ysk
R

�
ybl

R

�⇤

m2
R2

, (20)

a pattern excluded by the observed values of RK

and RK⇤ , viz. Fig. 1. If, however, one sets yR = 0,
the leading contribution to b ! sµµ arises at one-
loop level and the Wilson coe�cients verify �Cµµ

9 =

Figure 3: On the left, likelihood contours (1f, 2f (and 3f for the global fit)) in the plane of weak-EFT and
SM-EFTWilson coefficients (fit of EFT coefficients (at 4.8 GeV) with the best fit point Δ�1B``9 = −0.34+0.08

−0.08
and Δ�univ.

9 = −0.74+0.19
−0.17). Dashed contour lines denote the situation prior to the updated 2021 ' data,

a pentagon the SM prediction and a star the new best fit point (from [18]). On the right, predictions
for '� (∗) /'SM

� (∗)
in several EFT scenarios (see full discussion in [19]). Current 1f and 2f experimental

constraints are depicted by the darker (lighter) green region (dashed lines correspond to couplings in tension
with the BR(�2 → ga)< 0.3 constraint; from [19].

 → `4, g →  (c)ℓ, g → q`, g → 3`, g → `W, ` → 4W, ` − 4 conversion in nuclei, among
many others1... also possibly leading to (new) wide tails in the di-lepton invariant mass spectrum
at high ?) (di-muon, di-tau and cLFV `g).

In what follows we illustrate two minimal BSM constructions, relying in vector and in scalar
LQs. The first one consists in a SM extension via a single vector leptoquark and heavy vector-like
leptons [23]; the mixings of the latter (required to be (* (2)! doublets to avoid conflict with data
from / → ℓℓ′ decays) with the SM leptons lead to the desired pattern of non-universality in the
*1@ℓ couplings, which would otherwise be flavour universal. The most stringent constraints arise
from cLFV `− 4 conversion in nuclei and  ! → 4` decays, both processes occurring at tree-level.
The viable regimes of the model (in agreement with all experimental constraints and accounting
for both ' (∗) and '� (∗) ) lie within the future sensitivity of both Mu2e and COMET experiments
(dedicated to searching for ` − 4 conversion in Aluminium). This is shown in the left panel of
Fig. 4. A second illustrative example relies in a SM extension via two scalar leptoquarks, '2 and
(3 [24]. Complex �(! couplings allow to accommodate the tensions in ' (∗) and '� (∗) , with LQ
masses around the TeV; as seen from the right panel of Fig. 4, the model is characterised by a
significant enhancement of � →  (∗)aa decays (in comparison to the SM expectation), as well as

1It should be emphasised that the kaon sector will offer extensive opportunities to test and unveil NP constructions:
in addition to the  → caa modes, cLFV decays have been shown to be sensitive probes of many of the LFUV BSM
constructions under scrutiny.
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�ms since they are proportional to sin 2✓. Further inclusion
of B(⌧ ! µ�) / cos4 ✓ in the fit selects the solution with
|✓| ⇡ ⇡/2 as the only viable one. The results of our fit in the
gSL

complex plane are shown in Fig. 1 to 1� and 2� accura-
cies. The SM point is excluded with 3.8� significance, while
the best fit point provides a perfect agreement with RD(⇤) and
RK(⇤) . Interestingly, a simultaneous explanation of RD and
RD⇤ requires complex gSL

, which is why we consider com-
plex yb⌧

R [51, 52]. Note that the phase in yb⌧
R causes no ob-

servable CP violating effects. The best fit point is consistent
with the LHC constraints superimposed on the same plot. A
purely imaginary solution is:

Re[gSL
] = 0, |Im[gSL

]| = 0.59
�
+0.13
�0.14

�
1�

�
+0.20
�0.29

�
2�

. (14)

An important prediction of our scenario is that B(B ! Kµ⌧)
is bounded from above and below, as illustrated in Fig. 2. At
1� we obtain

1.1 ⇥ 10�7 <⇠ B(B ! Kµ±⌧⌥) <⇠ 6.5 ⇥ 10�7 . (15)

This value is smaller than the current B(B ! Kµ⌧)exp <
4.8 ⇥ 10�5 [53], which can certainly be improved by LHCb
and Belle-II. Note that our prediction can easily be translated
into similar modes via relations B(B ! K⇤µ⌧) ⇡ 1.9 ⇥
B(B ! Kµ⌧) and B(Bs ! µ⌧) ⇡ 0.9⇥B(B ! Kµ⌧) [54–
56]. Another important prediction of our set-up is a >⇠ 50%

enhancement of B(B ! K(⇤)⌫⌫), which can be tested in the
near future at Belle-II. Remarkably, these two observables are
highly correlated as depicted in Fig. 2. Furthermore, we pre-
dict a lower bound on B(⌧ ! µ�), which lies just below the

FIG. 1. Results of the flavor fit in the gSL plane, as defined in Eq. 6
for the transition b ! c⌧ ⌫̄⌧ . The allowed 1�(2�) regions are ren-
dered in red (orange). Separate constraints from RD and RD⇤ to
2� accuracy are shown by the blue and purple regions, respectively.
The LHC exclusions, as discussed in Sec. V, are depicted by the gray
regions.

current experimental limit,

B(⌧ ! µ�) >⇠ 1.5 ⇥ 10�8 . (16)

Finally, our description of the B-physics anomalies, and
most particularly RD(⇤) , strongly depends on the assumption
that the LQ states are not too far from the TeV scale. Thus,
these particles are necessarily accessible at the LHC, yielding
also predictions for the direct searches which we discuss next.

FIG. 2. B(B ! Kµ⌧) is plotted against R⌫⌫ = B(B !
K(⇤)⌫⌫̄)/B(B ! K(⇤)⌫⌫̄)SM for the 1� (red) and 2� (orange)
regions of Fig. 1. The black line denotes the current experimental
limit, R⇤

⌫⌫ < 2.7 [47].

V. LHC PHENOMENOLOGY

Direct searches at the LHC can play an important role in
constraining LQ model(s) aiming to explain the RD(⇤) and
RK(⇤) anomalies. In the following we show that the bench-
mark masses mR2

= 800 GeV and mS3
= 2 TeV are cur-

rently allowed by the high-pT and direct search experiments
at the LHC and present exclusion limits for a projected LHC
luminosity of 100 fb�1 of data.

High-pT di-tau tails The dominant NP contributions to
qq̄!⌧⌧ production, in view of the flavor structure of Eq. (4),
come from the t-channel exchange of R

5
3
2 and R

2
3
2 states in

charm and bottom annihilation, respectively. Similar contri-
butions from S3 depend on the value of the mixing angle ✓.
As discussed in Sec. IV, the low-energy fit prefers |✓| ⇡ ⇡/2.
In this case an almost exact flavor alignment takes place be-
tween ⌧ and the third quark generation, meaning that only the
exchange of S

� 1
3

3 from initial bb̄ collisions contributes to ⌧⌧
production. Following Ref. [57], we confront this scenario
with data by recasting the most recent search by ATLAS [58]
at 13 TeV and 36.1 fb�1 for a Z 0 ! ⌧had⌧̄had heavy resonance
in the high-mass tails. Our results for the 95% C.L. limits in
the yc⌧

L –(yb⌧
R /i) plane are given by the red exclusion region in

Fig. 3 for the two benchmark masses, |✓| ⇡ ⇡/2, and the LHC
luminosity of 100 fb�1.

5

FIG. 3: Here the preferred values of B(B ! Kµe) and
R⌫

K⇤ are shown, together with the present 95% CL limit
(red line) and the future prospects expected by

LHCb [72] and Belle II [71].

LQ generates ⌧ ! µ�, ⌧ ! 3µ, and ⌧ ! µee with rates
close to the present bounds (of the order of ⇠ 10�8).
The scalar �+, instead, mediates B(⌧ ! eµµ) ⇠ 10�9,
B(⌧ ! 3e) ⇠ 10�10, and B(⌧ ! e�) ⇠ 10�11 [41]. Also
for these channels Belle-II and LHCb are expected to
improve substantially on the present constraints by at
least one order of magnitude [71, 72].

Finally, while the large masses preferred by the fit are
beyond the reach of direct searches at LHC, e↵ects in
high-energy tails of Drell-Yan due to S1 are possible. At
FCC-hh the leptoquark could be produced on-shell and
a muon collider would be the ideal machine to study also
the scalar �+.

V. CONCLUSIONS

In this letter we propose a New Physics model address-
ing the most significant deviations from the SM observed
in flavour physics, while being at the same time consis-
tent with all phenomenological constraints. The model
is the first one that establishes a connection between all
four classes of flavour anomalies under the same LFU vi-
olating interpretation. Furthermore, since it comprises
of only two weak-singlet scalars: the leptoquark S1 and
the colorless �+, it is also the most minimal solution to
be proposed in the literature for a combined resolution
of them.

In the foreseeable future, the LHCb and Belle-II exper-
iments will clarify the nature of the present anomalies in
B-decays, while the Fermilab (g�2)µ experiment has al-
ready been collecting a large amount of additional data
that will allow to further reduce the experimental un-
certainty. In order to settle the CKM unitarity puzzle,
experimental developments are expected in the existing
precision observables used for the determination of the

Cabibbo angle [73] as well as further observables such as
hadronic ⌧ decays [74], the pion � decay [75] and the neu-
tron lifetime [32] that can provide complementary tests
in the future.

If any one of these signals will be further confirmed
by future data it would imply a revolution in our under-
standing of fundamental interactions. However, it is only
by the combination of several deviations in di↵erent ob-
servables that we might be able to pinpoint the precise
nature of the underlying New Physics.
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Appendix : Details on the constraints

Approximate expressions for the observables listed in
Table I are provided here. Unless stated otherwise, they
have been taken from Ref. [38], to which we refer for
more details. In those cases where analytic formulas are
not available or too complicated, we report approximate
numerical expressions.

– Meson mixing. The contribution to Bs and D0 me-
son mixing arises via the operators O1

Bs
= (s̄�µPLb)2 and

O1
D = (ū�µPLc)2, with coe�cients

C1
Bs

=
(�1L ⇤

b⌧ �1L
s⌧ )2

128⇡2M2
1

, C1
D =

(Vci�
1L ⇤
i↵ �1L

j↵V ⇤
uj)

2

128⇡2M2
1

. (A.1)

– B ! K(⇤)⌫⌫. The S1 couplings to left-handed
fermions also contribute to the decays B ! K(⇤)⌫⌫, the
leading dependence being

R⌫
K(⇤) ⇡ 1 + 34

�1L
s⌧ �

1L
b⌧

m2
1

+ 856
(�1L

s⌧ )2((�1L
bµ )2 + (�1L

b⌧ )2)

m4
1

,

(A.2)
where m1 = M1/TeV and R⌫

K(⇤) is defined as the ratio of
the branching ratio to the corresponding SM prediction.

– Bc ! ⌧⌫. The branching ratio of Bc ! ⌧⌫ is a sen-
sitive probe to scalar operators contributing to b ! c⌧⌫,
as the one induced by S1. It is given approximately by

B(Bc ! ⌧⌫) ⇡ 0.02 + 0.12
�1L

b⌧ �
1R
c⌧

m2
1

�
1 + 0.04 log m2

1

�
.

(A.3)
– LFU in B ! D`⌫. The large value of the �1L

bµ

and �1R
cµ couplings required to fit �aµ and to can-

cel an excessive contribution to ⌧ ! µ�, respectively,
could induce a too large deviation in the LFU ratio

18

FIG. 8. Benchmark scenario for Case 3 (with no symmetry) in the two-dimensional parameter plane (meb,�
0), while keeping

other free parameters fixed as shown in the figure. The labels for the shaded regions are the same as in Fig. 7. In addition, the
D0 ! µ+µ� constraint is shown by the blue shaded region (marked by the dashed blue boundary). The 2� (g � 2)µ region
covers almost the entire shown parameter space, so the 3� region is not shown. Also, as in Fig. 7, the horizontal hatched region
is theoretically disfavored from perturbativity constraint on �0 
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FIG. 9. Contributions to the B ! ⌧⌫ decay in RPV3: (a)
with LQD couplings only, and (b) with both LLE and LQD
couplings.

which includes processes involving both LLE and LQD
vertices; see Fig. 9. Notice that the extra factor in front

of the second term is due to the di↵erence between vector
and pseudoscalar current. The B ! ⌧⌫ channel has been
experimentally measured and the most updated results
is reported in Ref. [52]:

BR(B ! ⌧ ⌫̄)exp = (1.06 ± 0.19) ⇥ 10�4 , (62)

with a SM prediction of [53]:

BR(B ! ⌧ ⌫̄)SM = (0.947 ± 0.182) ⇥ 10�4 . (63)

Comparing these numbers for the experimental measure-
ment and SM calculation, a constraint could be imposed
on the combination of RPV couplings and masses of spar-
ticles in Eq. (60). In Figs. 6 and 8, this constraint has
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�ms since they are proportional to sin 2✓. Further inclusion
of B(⌧ ! µ�) / cos4 ✓ in the fit selects the solution with
|✓| ⇡ ⇡/2 as the only viable one. The results of our fit in the
gSL

complex plane are shown in Fig. 1 to 1� and 2� accura-
cies. The SM point is excluded with 3.8� significance, while
the best fit point provides a perfect agreement with RD(⇤) and
RK(⇤) . Interestingly, a simultaneous explanation of RD and
RD⇤ requires complex gSL

, which is why we consider com-
plex yb⌧

R [51, 52]. Note that the phase in yb⌧
R causes no ob-

servable CP violating effects. The best fit point is consistent
with the LHC constraints superimposed on the same plot. A
purely imaginary solution is:

Re[gSL
] = 0, |Im[gSL

]| = 0.59
�
+0.13
�0.14

�
1�

�
+0.20
�0.29

�
2�

. (14)

An important prediction of our scenario is that B(B ! Kµ⌧)
is bounded from above and below, as illustrated in Fig. 2. At
1� we obtain

1.1 ⇥ 10�7 <⇠ B(B ! Kµ±⌧⌥) <⇠ 6.5 ⇥ 10�7 . (15)

This value is smaller than the current B(B ! Kµ⌧)exp <
4.8 ⇥ 10�5 [53], which can certainly be improved by LHCb
and Belle-II. Note that our prediction can easily be translated
into similar modes via relations B(B ! K⇤µ⌧) ⇡ 1.9 ⇥
B(B ! Kµ⌧) and B(Bs ! µ⌧) ⇡ 0.9⇥B(B ! Kµ⌧) [54–
56]. Another important prediction of our set-up is a >⇠ 50%

enhancement of B(B ! K(⇤)⌫⌫), which can be tested in the
near future at Belle-II. Remarkably, these two observables are
highly correlated as depicted in Fig. 2. Furthermore, we pre-
dict a lower bound on B(⌧ ! µ�), which lies just below the

FIG. 1. Results of the flavor fit in the gSL plane, as defined in Eq. 6
for the transition b ! c⌧ ⌫̄⌧ . The allowed 1�(2�) regions are ren-
dered in red (orange). Separate constraints from RD and RD⇤ to
2� accuracy are shown by the blue and purple regions, respectively.
The LHC exclusions, as discussed in Sec. V, are depicted by the gray
regions.

current experimental limit,

B(⌧ ! µ�) >⇠ 1.5 ⇥ 10�8 . (16)

Finally, our description of the B-physics anomalies, and
most particularly RD(⇤) , strongly depends on the assumption
that the LQ states are not too far from the TeV scale. Thus,
these particles are necessarily accessible at the LHC, yielding
also predictions for the direct searches which we discuss next.

FIG. 2. B(B ! Kµ⌧) is plotted against R⌫⌫ = B(B !
K(⇤)⌫⌫̄)/B(B ! K(⇤)⌫⌫̄)SM for the 1� (red) and 2� (orange)
regions of Fig. 1. The black line denotes the current experimental
limit, R⇤

⌫⌫ < 2.7 [47].

V. LHC PHENOMENOLOGY

Direct searches at the LHC can play an important role in
constraining LQ model(s) aiming to explain the RD(⇤) and
RK(⇤) anomalies. In the following we show that the bench-
mark masses mR2

= 800 GeV and mS3
= 2 TeV are cur-

rently allowed by the high-pT and direct search experiments
at the LHC and present exclusion limits for a projected LHC
luminosity of 100 fb�1 of data.

High-pT di-tau tails The dominant NP contributions to
qq̄!⌧⌧ production, in view of the flavor structure of Eq. (4),
come from the t-channel exchange of R

5
3
2 and R

2
3
2 states in

charm and bottom annihilation, respectively. Similar contri-
butions from S3 depend on the value of the mixing angle ✓.
As discussed in Sec. IV, the low-energy fit prefers |✓| ⇡ ⇡/2.
In this case an almost exact flavor alignment takes place be-
tween ⌧ and the third quark generation, meaning that only the
exchange of S

� 1
3

3 from initial bb̄ collisions contributes to ⌧⌧
production. Following Ref. [57], we confront this scenario
with data by recasting the most recent search by ATLAS [58]
at 13 TeV and 36.1 fb�1 for a Z 0 ! ⌧had⌧̄had heavy resonance
in the high-mass tails. Our results for the 95% C.L. limits in
the yc⌧

L –(yb⌧
R /i) plane are given by the red exclusion region in

Fig. 3 for the two benchmark masses, |✓| ⇡ ⇡/2, and the LHC
luminosity of 100 fb�1.
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FIG. 3: Here the preferred values of B(B ! Kµe) and
R⌫

K⇤ are shown, together with the present 95% CL limit
(red line) and the future prospects expected by

LHCb [72] and Belle II [71].

LQ generates ⌧ ! µ�, ⌧ ! 3µ, and ⌧ ! µee with rates
close to the present bounds (of the order of ⇠ 10�8).
The scalar �+, instead, mediates B(⌧ ! eµµ) ⇠ 10�9,
B(⌧ ! 3e) ⇠ 10�10, and B(⌧ ! e�) ⇠ 10�11 [41]. Also
for these channels Belle-II and LHCb are expected to
improve substantially on the present constraints by at
least one order of magnitude [71, 72].

Finally, while the large masses preferred by the fit are
beyond the reach of direct searches at LHC, e↵ects in
high-energy tails of Drell-Yan due to S1 are possible. At
FCC-hh the leptoquark could be produced on-shell and
a muon collider would be the ideal machine to study also
the scalar �+.

V. CONCLUSIONS

In this letter we propose a New Physics model address-
ing the most significant deviations from the SM observed
in flavour physics, while being at the same time consis-
tent with all phenomenological constraints. The model
is the first one that establishes a connection between all
four classes of flavour anomalies under the same LFU vi-
olating interpretation. Furthermore, since it comprises
of only two weak-singlet scalars: the leptoquark S1 and
the colorless �+, it is also the most minimal solution to
be proposed in the literature for a combined resolution
of them.

In the foreseeable future, the LHCb and Belle-II exper-
iments will clarify the nature of the present anomalies in
B-decays, while the Fermilab (g�2)µ experiment has al-
ready been collecting a large amount of additional data
that will allow to further reduce the experimental un-
certainty. In order to settle the CKM unitarity puzzle,
experimental developments are expected in the existing
precision observables used for the determination of the

Cabibbo angle [73] as well as further observables such as
hadronic ⌧ decays [74], the pion � decay [75] and the neu-
tron lifetime [32] that can provide complementary tests
in the future.

If any one of these signals will be further confirmed
by future data it would imply a revolution in our under-
standing of fundamental interactions. However, it is only
by the combination of several deviations in di↵erent ob-
servables that we might be able to pinpoint the precise
nature of the underlying New Physics.
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Appendix : Details on the constraints

Approximate expressions for the observables listed in
Table I are provided here. Unless stated otherwise, they
have been taken from Ref. [38], to which we refer for
more details. In those cases where analytic formulas are
not available or too complicated, we report approximate
numerical expressions.

– Meson mixing. The contribution to Bs and D0 me-
son mixing arises via the operators O1

Bs
= (s̄�µPLb)2 and

O1
D = (ū�µPLc)2, with coe�cients

C1
Bs

=
(�1L ⇤

b⌧ �1L
s⌧ )2

128⇡2M2
1

, C1
D =

(Vci�
1L ⇤
i↵ �1L

j↵V ⇤
uj)

2

128⇡2M2
1

. (A.1)

– B ! K(⇤)⌫⌫. The S1 couplings to left-handed
fermions also contribute to the decays B ! K(⇤)⌫⌫, the
leading dependence being

R⌫
K(⇤) ⇡ 1 + 34

�1L
s⌧ �

1L
b⌧

m2
1

+ 856
(�1L

s⌧ )2((�1L
bµ )2 + (�1L

b⌧ )2)

m4
1

,

(A.2)
where m1 = M1/TeV and R⌫

K(⇤) is defined as the ratio of
the branching ratio to the corresponding SM prediction.

– Bc ! ⌧⌫. The branching ratio of Bc ! ⌧⌫ is a sen-
sitive probe to scalar operators contributing to b ! c⌧⌫,
as the one induced by S1. It is given approximately by

B(Bc ! ⌧⌫) ⇡ 0.02 + 0.12
�1L

b⌧ �
1R
c⌧

m2
1

�
1 + 0.04 log m2

1

�
.

(A.3)
– LFU in B ! D`⌫. The large value of the �1L

bµ

and �1R
cµ couplings required to fit �aµ and to can-

cel an excessive contribution to ⌧ ! µ�, respectively,
could induce a too large deviation in the LFU ratio
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FIG. 8. Benchmark scenario for Case 3 (with no symmetry) in the two-dimensional parameter plane (meb,�
0), while keeping

other free parameters fixed as shown in the figure. The labels for the shaded regions are the same as in Fig. 7. In addition, the
D0 ! µ+µ� constraint is shown by the blue shaded region (marked by the dashed blue boundary). The 2� (g � 2)µ region
covers almost the entire shown parameter space, so the 3� region is not shown. Also, as in Fig. 7, the horizontal hatched region
is theoretically disfavored from perturbativity constraint on �0 
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FIG. 9. Contributions to the B ! ⌧⌫ decay in RPV3: (a)
with LQD couplings only, and (b) with both LLE and LQD
couplings.

which includes processes involving both LLE and LQD
vertices; see Fig. 9. Notice that the extra factor in front

of the second term is due to the di↵erence between vector
and pseudoscalar current. The B ! ⌧⌫ channel has been
experimentally measured and the most updated results
is reported in Ref. [52]:

BR(B ! ⌧ ⌫̄)exp = (1.06 ± 0.19) ⇥ 10�4 , (62)

with a SM prediction of [53]:

BR(B ! ⌧ ⌫̄)SM = (0.947 ± 0.182) ⇥ 10�4 . (63)

Comparing these numbers for the experimental measure-
ment and SM calculation, a constraint could be imposed
on the combination of RPV couplings and masses of spar-
ticles in Eq. (60). In Figs. 6 and 8, this constraint has

Figure 4: On the left, regions in the plane of a SM extension via a single vector LQ and heavy vector-like
leptons, spanned by CR(` − 4, N) and BR( → `4), accommodating both ' (∗) and '� (∗) (blue) and
regions further complying with cLFV constraints (yellow). Dashed (dotted) lines denote current bounds
(future sensitivity); from [23]. On the right, BR(� →  (∗)aa)/BR(� →  (∗)aa)SM versus BR(� →  `g)
in a SM extension via two scalar leptoquarks, '2 and (3. The vertical black line denotes the associated
current limit. From [24].

to lower bounds on cLFV � →  `g (and g → `W, not displayed). All these features render these
constructions testable, and hence very appealing.

Before considering examples of more ambitious NP constructions, a few points must be
highlighted in what concerns (model-independent) searches for such flavoured constructions at
high-?) . Notice that from an EFT point of view, and given the fact that at the LHC five quark
flavours effectively play a role upon proton-proton collisions, the same 4-fermion operators at
the origin of B-meson decays can mediate interesting phenomena, and can be henced probed by
searches at high-?) . As recently shown [25], LHC limits inferred from searches of `g tails in
the high-?) regimes (especially in the high-luminosity runs) are expected to be very competitive,
outperforming the high-intensity searches for quarkonia (charmonium and bottomonium) decays
into `g. Likewise, di-tau tails (?? → gg) have also been shown to lead to model-independent
lower bounds on certain cLFV observables, as is the case of �→  `g [19].

5. New physics flavoured constructions

While numerous NP models successfully explain one or several SM problems and/or tensions
with experiment, the ultimate goal is to identify constructions addressing all the SM caveats, and
resolving its many tensions with observation2. Here, a very small set of examples is proposed,
aiming at illustrating the different possibilities.

Scalar LQ constructions aiming at accounting for ' (∗) and '� (∗) do not in general allow to
saturate the tensions in the anomalous magnetic moment of the muon [26]; however a coherent NP
pattern appears to be emerging: a very minimal SM extension via two scalars (scalar LQ (1, and
a charged (* (2)! singlet q+) [27] allows to simultaneously explain Δ0` and '� (∗) relying on (1,
the Cabibbo angle anomaly from contributions of q+, as well as ' (∗) , from the interplay of the

2Notice that Δ0` and the B-meson decay anomalies do not (in general) point towards compatible minimal NP models.
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�ms since they are proportional to sin 2✓. Further inclusion
of B(⌧ ! µ�) / cos4 ✓ in the fit selects the solution with
|✓| ⇡ ⇡/2 as the only viable one. The results of our fit in the
gSL

complex plane are shown in Fig. 1 to 1� and 2� accura-
cies. The SM point is excluded with 3.8� significance, while
the best fit point provides a perfect agreement with RD(⇤) and
RK(⇤) . Interestingly, a simultaneous explanation of RD and
RD⇤ requires complex gSL

, which is why we consider com-
plex yb⌧

R [51, 52]. Note that the phase in yb⌧
R causes no ob-

servable CP violating effects. The best fit point is consistent
with the LHC constraints superimposed on the same plot. A
purely imaginary solution is:

Re[gSL
] = 0, |Im[gSL

]| = 0.59
�
+0.13
�0.14

�
1�

�
+0.20
�0.29

�
2�

. (14)

An important prediction of our scenario is that B(B ! Kµ⌧)
is bounded from above and below, as illustrated in Fig. 2. At
1� we obtain

1.1 ⇥ 10�7 <⇠ B(B ! Kµ±⌧⌥) <⇠ 6.5 ⇥ 10�7 . (15)

This value is smaller than the current B(B ! Kµ⌧)exp <
4.8 ⇥ 10�5 [53], which can certainly be improved by LHCb
and Belle-II. Note that our prediction can easily be translated
into similar modes via relations B(B ! K⇤µ⌧) ⇡ 1.9 ⇥
B(B ! Kµ⌧) and B(Bs ! µ⌧) ⇡ 0.9⇥B(B ! Kµ⌧) [54–
56]. Another important prediction of our set-up is a >⇠ 50%

enhancement of B(B ! K(⇤)⌫⌫), which can be tested in the
near future at Belle-II. Remarkably, these two observables are
highly correlated as depicted in Fig. 2. Furthermore, we pre-
dict a lower bound on B(⌧ ! µ�), which lies just below the

FIG. 1. Results of the flavor fit in the gSL plane, as defined in Eq. 6
for the transition b ! c⌧ ⌫̄⌧ . The allowed 1�(2�) regions are ren-
dered in red (orange). Separate constraints from RD and RD⇤ to
2� accuracy are shown by the blue and purple regions, respectively.
The LHC exclusions, as discussed in Sec. V, are depicted by the gray
regions.

current experimental limit,

B(⌧ ! µ�) >⇠ 1.5 ⇥ 10�8 . (16)

Finally, our description of the B-physics anomalies, and
most particularly RD(⇤) , strongly depends on the assumption
that the LQ states are not too far from the TeV scale. Thus,
these particles are necessarily accessible at the LHC, yielding
also predictions for the direct searches which we discuss next.

FIG. 2. B(B ! Kµ⌧) is plotted against R⌫⌫ = B(B !
K(⇤)⌫⌫̄)/B(B ! K(⇤)⌫⌫̄)SM for the 1� (red) and 2� (orange)
regions of Fig. 1. The black line denotes the current experimental
limit, R⇤

⌫⌫ < 2.7 [47].

V. LHC PHENOMENOLOGY

Direct searches at the LHC can play an important role in
constraining LQ model(s) aiming to explain the RD(⇤) and
RK(⇤) anomalies. In the following we show that the bench-
mark masses mR2

= 800 GeV and mS3
= 2 TeV are cur-

rently allowed by the high-pT and direct search experiments
at the LHC and present exclusion limits for a projected LHC
luminosity of 100 fb�1 of data.

High-pT di-tau tails The dominant NP contributions to
qq̄!⌧⌧ production, in view of the flavor structure of Eq. (4),
come from the t-channel exchange of R

5
3
2 and R

2
3
2 states in

charm and bottom annihilation, respectively. Similar contri-
butions from S3 depend on the value of the mixing angle ✓.
As discussed in Sec. IV, the low-energy fit prefers |✓| ⇡ ⇡/2.
In this case an almost exact flavor alignment takes place be-
tween ⌧ and the third quark generation, meaning that only the
exchange of S

� 1
3

3 from initial bb̄ collisions contributes to ⌧⌧
production. Following Ref. [57], we confront this scenario
with data by recasting the most recent search by ATLAS [58]
at 13 TeV and 36.1 fb�1 for a Z 0 ! ⌧had⌧̄had heavy resonance
in the high-mass tails. Our results for the 95% C.L. limits in
the yc⌧

L –(yb⌧
R /i) plane are given by the red exclusion region in

Fig. 3 for the two benchmark masses, |✓| ⇡ ⇡/2, and the LHC
luminosity of 100 fb�1.
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FIG. 3: Here the preferred values of B(B ! Kµe) and
R⌫

K⇤ are shown, together with the present 95% CL limit
(red line) and the future prospects expected by

LHCb [72] and Belle II [71].

LQ generates ⌧ ! µ�, ⌧ ! 3µ, and ⌧ ! µee with rates
close to the present bounds (of the order of ⇠ 10�8).
The scalar �+, instead, mediates B(⌧ ! eµµ) ⇠ 10�9,
B(⌧ ! 3e) ⇠ 10�10, and B(⌧ ! e�) ⇠ 10�11 [41]. Also
for these channels Belle-II and LHCb are expected to
improve substantially on the present constraints by at
least one order of magnitude [71, 72].

Finally, while the large masses preferred by the fit are
beyond the reach of direct searches at LHC, e↵ects in
high-energy tails of Drell-Yan due to S1 are possible. At
FCC-hh the leptoquark could be produced on-shell and
a muon collider would be the ideal machine to study also
the scalar �+.

V. CONCLUSIONS

In this letter we propose a New Physics model address-
ing the most significant deviations from the SM observed
in flavour physics, while being at the same time consis-
tent with all phenomenological constraints. The model
is the first one that establishes a connection between all
four classes of flavour anomalies under the same LFU vi-
olating interpretation. Furthermore, since it comprises
of only two weak-singlet scalars: the leptoquark S1 and
the colorless �+, it is also the most minimal solution to
be proposed in the literature for a combined resolution
of them.

In the foreseeable future, the LHCb and Belle-II exper-
iments will clarify the nature of the present anomalies in
B-decays, while the Fermilab (g�2)µ experiment has al-
ready been collecting a large amount of additional data
that will allow to further reduce the experimental un-
certainty. In order to settle the CKM unitarity puzzle,
experimental developments are expected in the existing
precision observables used for the determination of the

Cabibbo angle [73] as well as further observables such as
hadronic ⌧ decays [74], the pion � decay [75] and the neu-
tron lifetime [32] that can provide complementary tests
in the future.

If any one of these signals will be further confirmed
by future data it would imply a revolution in our under-
standing of fundamental interactions. However, it is only
by the combination of several deviations in di↵erent ob-
servables that we might be able to pinpoint the precise
nature of the underlying New Physics.
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Appendix : Details on the constraints

Approximate expressions for the observables listed in
Table I are provided here. Unless stated otherwise, they
have been taken from Ref. [38], to which we refer for
more details. In those cases where analytic formulas are
not available or too complicated, we report approximate
numerical expressions.

– Meson mixing. The contribution to Bs and D0 me-
son mixing arises via the operators O1

Bs
= (s̄�µPLb)2 and

O1
D = (ū�µPLc)2, with coe�cients

C1
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=
(�1L ⇤
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D =
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– B ! K(⇤)⌫⌫. The S1 couplings to left-handed
fermions also contribute to the decays B ! K(⇤)⌫⌫, the
leading dependence being
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(A.2)
where m1 = M1/TeV and R⌫

K(⇤) is defined as the ratio of
the branching ratio to the corresponding SM prediction.

– Bc ! ⌧⌫. The branching ratio of Bc ! ⌧⌫ is a sen-
sitive probe to scalar operators contributing to b ! c⌧⌫,
as the one induced by S1. It is given approximately by

B(Bc ! ⌧⌫) ⇡ 0.02 + 0.12
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1 + 0.04 log m2
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(A.3)
– LFU in B ! D`⌫. The large value of the �1L

bµ

and �1R
cµ couplings required to fit �aµ and to can-

cel an excessive contribution to ⌧ ! µ�, respectively,
could induce a too large deviation in the LFU ratio
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FIG. 8. Benchmark scenario for Case 3 (with no symmetry) in the two-dimensional parameter plane (meb,�
0), while keeping

other free parameters fixed as shown in the figure. The labels for the shaded regions are the same as in Fig. 7. In addition, the
D0 ! µ+µ� constraint is shown by the blue shaded region (marked by the dashed blue boundary). The 2� (g � 2)µ region
covers almost the entire shown parameter space, so the 3� region is not shown. Also, as in Fig. 7, the horizontal hatched region
is theoretically disfavored from perturbativity constraint on �0 
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FIG. 9. Contributions to the B ! ⌧⌫ decay in RPV3: (a)
with LQD couplings only, and (b) with both LLE and LQD
couplings.

which includes processes involving both LLE and LQD
vertices; see Fig. 9. Notice that the extra factor in front

of the second term is due to the di↵erence between vector
and pseudoscalar current. The B ! ⌧⌫ channel has been
experimentally measured and the most updated results
is reported in Ref. [52]:

BR(B ! ⌧ ⌫̄)exp = (1.06 ± 0.19) ⇥ 10�4 , (62)

with a SM prediction of [53]:

BR(B ! ⌧ ⌫̄)SM = (0.947 ± 0.182) ⇥ 10�4 . (63)

Comparing these numbers for the experimental measure-
ment and SM calculation, a constraint could be imposed
on the combination of RPV couplings and masses of spar-
ticles in Eq. (60). In Figs. 6 and 8, this constraint has
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�ms since they are proportional to sin 2✓. Further inclusion
of B(⌧ ! µ�) / cos4 ✓ in the fit selects the solution with
|✓| ⇡ ⇡/2 as the only viable one. The results of our fit in the
gSL

complex plane are shown in Fig. 1 to 1� and 2� accura-
cies. The SM point is excluded with 3.8� significance, while
the best fit point provides a perfect agreement with RD(⇤) and
RK(⇤) . Interestingly, a simultaneous explanation of RD and
RD⇤ requires complex gSL

, which is why we consider com-
plex yb⌧

R [51, 52]. Note that the phase in yb⌧
R causes no ob-

servable CP violating effects. The best fit point is consistent
with the LHC constraints superimposed on the same plot. A
purely imaginary solution is:

Re[gSL
] = 0, |Im[gSL

]| = 0.59
�
+0.13
�0.14

�
1�

�
+0.20
�0.29

�
2�

. (14)

An important prediction of our scenario is that B(B ! Kµ⌧)
is bounded from above and below, as illustrated in Fig. 2. At
1� we obtain

1.1 ⇥ 10�7 <⇠ B(B ! Kµ±⌧⌥) <⇠ 6.5 ⇥ 10�7 . (15)

This value is smaller than the current B(B ! Kµ⌧)exp <
4.8 ⇥ 10�5 [53], which can certainly be improved by LHCb
and Belle-II. Note that our prediction can easily be translated
into similar modes via relations B(B ! K⇤µ⌧) ⇡ 1.9 ⇥
B(B ! Kµ⌧) and B(Bs ! µ⌧) ⇡ 0.9⇥B(B ! Kµ⌧) [54–
56]. Another important prediction of our set-up is a >⇠ 50%

enhancement of B(B ! K(⇤)⌫⌫), which can be tested in the
near future at Belle-II. Remarkably, these two observables are
highly correlated as depicted in Fig. 2. Furthermore, we pre-
dict a lower bound on B(⌧ ! µ�), which lies just below the

FIG. 1. Results of the flavor fit in the gSL plane, as defined in Eq. 6
for the transition b ! c⌧ ⌫̄⌧ . The allowed 1�(2�) regions are ren-
dered in red (orange). Separate constraints from RD and RD⇤ to
2� accuracy are shown by the blue and purple regions, respectively.
The LHC exclusions, as discussed in Sec. V, are depicted by the gray
regions.

current experimental limit,

B(⌧ ! µ�) >⇠ 1.5 ⇥ 10�8 . (16)

Finally, our description of the B-physics anomalies, and
most particularly RD(⇤) , strongly depends on the assumption
that the LQ states are not too far from the TeV scale. Thus,
these particles are necessarily accessible at the LHC, yielding
also predictions for the direct searches which we discuss next.

FIG. 2. B(B ! Kµ⌧) is plotted against R⌫⌫ = B(B !
K(⇤)⌫⌫̄)/B(B ! K(⇤)⌫⌫̄)SM for the 1� (red) and 2� (orange)
regions of Fig. 1. The black line denotes the current experimental
limit, R⇤

⌫⌫ < 2.7 [47].

V. LHC PHENOMENOLOGY

Direct searches at the LHC can play an important role in
constraining LQ model(s) aiming to explain the RD(⇤) and
RK(⇤) anomalies. In the following we show that the bench-
mark masses mR2

= 800 GeV and mS3
= 2 TeV are cur-

rently allowed by the high-pT and direct search experiments
at the LHC and present exclusion limits for a projected LHC
luminosity of 100 fb�1 of data.

High-pT di-tau tails The dominant NP contributions to
qq̄!⌧⌧ production, in view of the flavor structure of Eq. (4),
come from the t-channel exchange of R

5
3
2 and R

2
3
2 states in

charm and bottom annihilation, respectively. Similar contri-
butions from S3 depend on the value of the mixing angle ✓.
As discussed in Sec. IV, the low-energy fit prefers |✓| ⇡ ⇡/2.
In this case an almost exact flavor alignment takes place be-
tween ⌧ and the third quark generation, meaning that only the
exchange of S

� 1
3

3 from initial bb̄ collisions contributes to ⌧⌧
production. Following Ref. [57], we confront this scenario
with data by recasting the most recent search by ATLAS [58]
at 13 TeV and 36.1 fb�1 for a Z 0 ! ⌧had⌧̄had heavy resonance
in the high-mass tails. Our results for the 95% C.L. limits in
the yc⌧

L –(yb⌧
R /i) plane are given by the red exclusion region in

Fig. 3 for the two benchmark masses, |✓| ⇡ ⇡/2, and the LHC
luminosity of 100 fb�1.
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FIG. 3: Here the preferred values of B(B ! Kµe) and
R⌫

K⇤ are shown, together with the present 95% CL limit
(red line) and the future prospects expected by

LHCb [72] and Belle II [71].

LQ generates ⌧ ! µ�, ⌧ ! 3µ, and ⌧ ! µee with rates
close to the present bounds (of the order of ⇠ 10�8).
The scalar �+, instead, mediates B(⌧ ! eµµ) ⇠ 10�9,
B(⌧ ! 3e) ⇠ 10�10, and B(⌧ ! e�) ⇠ 10�11 [41]. Also
for these channels Belle-II and LHCb are expected to
improve substantially on the present constraints by at
least one order of magnitude [71, 72].

Finally, while the large masses preferred by the fit are
beyond the reach of direct searches at LHC, e↵ects in
high-energy tails of Drell-Yan due to S1 are possible. At
FCC-hh the leptoquark could be produced on-shell and
a muon collider would be the ideal machine to study also
the scalar �+.

V. CONCLUSIONS

In this letter we propose a New Physics model address-
ing the most significant deviations from the SM observed
in flavour physics, while being at the same time consis-
tent with all phenomenological constraints. The model
is the first one that establishes a connection between all
four classes of flavour anomalies under the same LFU vi-
olating interpretation. Furthermore, since it comprises
of only two weak-singlet scalars: the leptoquark S1 and
the colorless �+, it is also the most minimal solution to
be proposed in the literature for a combined resolution
of them.

In the foreseeable future, the LHCb and Belle-II exper-
iments will clarify the nature of the present anomalies in
B-decays, while the Fermilab (g�2)µ experiment has al-
ready been collecting a large amount of additional data
that will allow to further reduce the experimental un-
certainty. In order to settle the CKM unitarity puzzle,
experimental developments are expected in the existing
precision observables used for the determination of the

Cabibbo angle [73] as well as further observables such as
hadronic ⌧ decays [74], the pion � decay [75] and the neu-
tron lifetime [32] that can provide complementary tests
in the future.

If any one of these signals will be further confirmed
by future data it would imply a revolution in our under-
standing of fundamental interactions. However, it is only
by the combination of several deviations in di↵erent ob-
servables that we might be able to pinpoint the precise
nature of the underlying New Physics.
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Appendix : Details on the constraints

Approximate expressions for the observables listed in
Table I are provided here. Unless stated otherwise, they
have been taken from Ref. [38], to which we refer for
more details. In those cases where analytic formulas are
not available or too complicated, we report approximate
numerical expressions.

– Meson mixing. The contribution to Bs and D0 me-
son mixing arises via the operators O1

Bs
= (s̄�µPLb)2 and

O1
D = (ū�µPLc)2, with coe�cients

C1
Bs

=
(�1L ⇤

b⌧ �1L
s⌧ )2

128⇡2M2
1

, C1
D =

(Vci�
1L ⇤
i↵ �1L

j↵V ⇤
uj)

2

128⇡2M2
1

. (A.1)

– B ! K(⇤)⌫⌫. The S1 couplings to left-handed
fermions also contribute to the decays B ! K(⇤)⌫⌫, the
leading dependence being

R⌫
K(⇤) ⇡ 1 + 34

�1L
s⌧ �

1L
b⌧

m2
1

+ 856
(�1L

s⌧ )2((�1L
bµ )2 + (�1L

b⌧ )2)

m4
1

,

(A.2)
where m1 = M1/TeV and R⌫

K(⇤) is defined as the ratio of
the branching ratio to the corresponding SM prediction.

– Bc ! ⌧⌫. The branching ratio of Bc ! ⌧⌫ is a sen-
sitive probe to scalar operators contributing to b ! c⌧⌫,
as the one induced by S1. It is given approximately by

B(Bc ! ⌧⌫) ⇡ 0.02 + 0.12
�1L

b⌧ �
1R
c⌧

m2
1

�
1 + 0.04 log m2

1

�
.

(A.3)
– LFU in B ! D`⌫. The large value of the �1L

bµ

and �1R
cµ couplings required to fit �aµ and to can-

cel an excessive contribution to ⌧ ! µ�, respectively,
could induce a too large deviation in the LFU ratio
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FIG. 8. Benchmark scenario for Case 3 (with no symmetry) in the two-dimensional parameter plane (meb,�
0), while keeping

other free parameters fixed as shown in the figure. The labels for the shaded regions are the same as in Fig. 7. In addition, the
D0 ! µ+µ� constraint is shown by the blue shaded region (marked by the dashed blue boundary). The 2� (g � 2)µ region
covers almost the entire shown parameter space, so the 3� region is not shown. Also, as in Fig. 7, the horizontal hatched region
is theoretically disfavored from perturbativity constraint on �0 
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FIG. 9. Contributions to the B ! ⌧⌫ decay in RPV3: (a)
with LQD couplings only, and (b) with both LLE and LQD
couplings.

which includes processes involving both LLE and LQD
vertices; see Fig. 9. Notice that the extra factor in front

of the second term is due to the di↵erence between vector
and pseudoscalar current. The B ! ⌧⌫ channel has been
experimentally measured and the most updated results
is reported in Ref. [52]:

BR(B ! ⌧ ⌫̄)exp = (1.06 ± 0.19) ⇥ 10�4 , (62)

with a SM prediction of [53]:

BR(B ! ⌧ ⌫̄)SM = (0.947 ± 0.182) ⇥ 10�4 . (63)

Comparing these numbers for the experimental measure-
ment and SM calculation, a constraint could be imposed
on the combination of RPV couplings and masses of spar-
ticles in Eq. (60). In Figs. 6 and 8, this constraint has

Figure 5: On the left, preferred values for BR(�→  (∗)aa) and BR(�→  `4) in a SM extension via two
scalars ((1 and q+, see [27]). Lines denote current (95% C.L.) limit and future prospects; from [27]. On
the right, benchmark scenario for an R-parity violating SUSY case, displaying the viable regimes complying
with all requirements in the plane spanned by the RpV coupling _′ and<1̃' squark mass; from [28], to which
we refer for complete details and discussion.

loop-level contributions of both scalars. As already encountered, this minimal construction leads
to enhanced rates for �→  (∗)aa and �→  `4 decays, as visible in the left panel of Fig. 5.

As recently shown, R-parity violating SUSY constructions (in particular realisations in which
the third sfermion family is the lightest) [28] allow, in addition to addressing ' (∗) and '� (∗) ,
accounting for neutrino mass generation (at the loop-level) and even to explain the ANITA balloon
detector anomalous events. Once all constraints are taken into account, as manifest from the right
panel of Fig. 5, the (small) viable region of the parameter space renders the model comparatively
testable.

Finally, UV-complete models based on variants of the original Pati-Salam (* (4) × (* (2)! ×
(* (2)' have been extensively explored to address the different anomalies and tensions; flavour
non-universal Pati-Salam constructions, as is the case of the so-called “4321” flavoured models,
are amongst the most successful attempts at UV completion, offering excellent prospects for model
building and quark-lepton unification (see, e.g. [29]).

Finally, it must be mentioned that symmetries play a key role in addressing the flavour puzzle:
discrete or continuous, gauge or flavoured, symmetries allow to reduce the arbitrariness of the flavour
sources (couplings, etc.), also allowing to relate the quark and lepton sectors, further offering
a “rationale” framework to parametrise Nature’s choices in flavour. The action of symmetries
dramatically increases the predictive power of a given construction, rendering it in turn more
testable.
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6. Outlook and prospects

Other than paving the way to the very construction of the SM, recent years have seen flavour
emerging as a powerful tool, pointing the way to going beyond the SM and offering valuable hints
in the identification of the NP model at work. From the discovery of neutrino oscillations, high-
intensity flavour probes have been steadily suggesting numerous tensions with the SM, from the
anomalous magnetic moments of the muon (and electron) to several B-meson related observables.

While more data is being anxiously awaited for (on 0exp` , on B-meson as well as on beauty-
and charmed-baryon decays from LHC and Belle II, from kaon experiments, cLFV dedicated
searches...), a huge effort is also being currently carried on the theory front. Identifying “tensions”
with SM predictions calls upon precise experimental data, as well as accurate theory predictions.
Reducing theory uncertainties requires progress in many fields, from higher-order contributions,
lattice QCD, computation of hadronic/nuclear matrix elements...

In addition to carefully following numerous observables where effects of NP might indirectly
show up, a common goal is to identify further clean and/or optimised quantities, be them related
to the baryon, meson or lepton sectors. Likewise, comprehensive, UV-complete models (possibly
symmetry strengthened) must be explored, in a systematic approach to hopefully putting together -
piece by piece - the flavour puzzle.
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