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1. The flavour anomalies

Over the past few years, several measurements have shown evidence for deviations from the
Standard Model (SM) predictions in B-meson decays, which are also known as the flavour anoma-
lies. Some of these deviations hint at violation of lepton flavour universality (LFU), which is
preserved by the SM to a high degree. The measurements showing discrepancies can be divided
into three categories:

1. The b→→→ s µµµ+++µµµ−−− anomaly: Several measurements by the LHCb collaboration of observ-
ables based on the b→ s µ+µ− transition deviate from the SM predictions by 2-3σ . These
are in particular

• the angular observable P′5 in B→ K∗µ+µ− [4],

• branching ratios of B→ Kµ+µ−, B→ K∗µ+µ−, and Bs→ φ µ+µ− [5 – 7].

2. Hints for LFU violation in neutral current decays: Measurements by the LHCb collabo-
ration of the LFU ratios

RK(∗) =
BR(B→ K(∗)µ+µ−)
BR(B→ K(∗)e+e−)

, (1.1)

which are based on the neutral current transition b→ s`+`−, deviate from the SM prediction.
In the SM, these ratios are unity to a very good approximation. RK measured in the q2

bin1 [1.1,6.0] GeV2 and RK∗ measured in the bins [0.045,1.1] GeV2 and [1.1,6.0] GeV2

show deviations by about 2.5σ each [8, 9]. A recent measurement of RK∗ in several q2

bins by the Belle collaboration, which has considerably larger uncertainties than the LHCb
measurement, is compatible with the LHCb result as well as with the SM prediction [10].

3. Hints for LFU violation in charged current decays: Measurements by BaBar, Belle, and
LHCb of the LFU ratios

RD(∗) =
BR(B→ D(∗)τν)

BR(B→ D(∗)`ν)
, ` ∈ {e,µ}, (1.2)

which are based on the charged current transition b→ c`ν , show a combined deviation from
the SM predictions by 3.1σ [11 – 19].

Interestingly, the b→ s µ+µ− anomaly and the hints for LFU violation in RK(∗) can both be ex-
plained simultaneously by new physics (NP) contributing to the b→ s`+`− transition [20 – 33]. At
the b-quark-mass scale, such contributions can be described by an effective Hamiltonian

H bs``
eff = H bs``

eff, SM +H bs``
eff, NP , (1.3)

where H bs``
eff, NP parameterizes the NP effects and contains the terms2

H bs``
eff, NP ⊃−

4GF√
2

VtbV ∗ts
e2

16π2 ∑
`=e,µ

∑
i=9,10

(
C`

i O`
i +C′`i O′`i

)
+h.c. , (1.4)

1q2 is the dilepton invariant mass squared.
2H bs``

eff, NP also contains terms involving e.g. the dipole operators O(′)bs
7 and the scalar operators O(′)`

S,P , which are not
considered here. For a recent analysis of NP effects in b→ s`+`− at the b-quark scale taking into account also dipole
and scalar operators, see e.g. [30].
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where the operators O(′)`
9,10 are given by

O`
9 = (s̄γµPLb)( ¯̀γµ`) , O′`9 = (s̄γµPRb)( ¯̀γµ`) , (1.5)

O`
10 = (s̄γµPLb)( ¯̀γµ

γ5`) , O′`10 = (s̄γµPRb)( ¯̀γµ
γ5`) . (1.6)

Taking into account a large number of observables, several analyses have shown that a NP con-
tribution to the muonic Wilson coefficients Cµ

9 and Oµ

10 can give a very good description of the
experimental data on b→ s`+`− processes [20 – 33]. In particular, the two scenarios with NP
in a single combination of Wilson coefficients that yield the best fits to b→ s`+`− data and can
simultaneously explain the b→ s µ+µ− anomaly and the RK(∗) measurements are [30]

• Cµµµ

9 ===−−−0.95+0.16
−0.15: a negative contribution to the coefficient of the operator that couples left-

handed b and s quarks to a muon vector current,

• Cµµµ

9 ===−−−Cµµµ

10 ===−−−0.53+0.08
−0.09: a negative contribution to the coefficient of the operator that

couples left-handed b and s quarks to left-handed muons.

Explaining only the b→ s µ+µ− anomaly is also possible with lepton-universal Wilson coeffi-
cients. LFU violation in RK(∗) can also be explained using only electron Wilson coefficients. How-
ever, the simultaneous explanation of both anomalies necessarily requires a contribution to the
muon coefficients.

To address also the hints for LFU violation in the charged current b→ c`ν transitions, one has
to consider additional effective operators not contained in eq. (1.3). In the SM, b→ c`ν decays are
tree level processes, while the b→ s`` decays are rare decays that are forbidden at tree level and
are loop and CKM suppressed. Therefore, in order to generate the amount of LFU violation seen
by experiments, the NP contributions – which have to compete with those from the SM – need to
be much larger for b→ c`ν than for b→ s``. Such large contributions require a relatively low NP
scale and usually also affect other observables. This makes it rather challenging to construct models
that can explain RD(∗) while satisfying all other direct and indirect constraints. In this article, the
focus lies on solutions of the b→ s`` anomalies. Still, LFU violation in charged current decays is
considered in the context of the model discussed in section 3.

A plethora of models has been constructed to specifically address the flavour anomalies (for
a review, see [34]). However, instead of building a new model, it is also interesting to investigate
whether a model that has been constructed as solution to a problem of the SM can actually also
explain the flavour anomalies. One of the problems of the SM is the so called naturalness problem.
This problem arises because the Higgs mass squared m2

h receives quantum correction to its bare
mass squared m2

0 that are proportional to the cutoff scale of the SM squared Λ2
NP. If there is no

NP between the electroweak (EW) scale ∼ 100 GeV and the Planck scale ∼ 1019 GeV, then the
quantum corrections are of the size of the Planck scale squared and m2

0 has to be extremely fine
tuned to get a Higgs mass of the order of the EW scale. To avoid this fine-tuning, a NP sector is
required at a scale ΛNP not too far above the EW scale and this NP sector must not reintroduce the
naturalness problem for energies higher than ΛNP. This is interesting since the flavour anomalies
hint at NP degrees of freedom below a scale of ΛNP ∼ 100 TeV [21, 35], suggesting a possible
connection to the NP sector that solves the naturalness problem. Among the prime candidates for
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solutions to the naturalness problem are supersymmetric models like the MSSM and composite
Higgs models (CHMs). While it has been shown that it is not possible to accommodate the flavour
anomalies in the MSSM [36], their explanation in CHMs is discussed here.

A key ingredient of many CHMs is a mixing between elementary and composite fermions that
leads to the partial compositeness of the SM-like mass eigenstates. As has been shown in [1],
partial compositeness can play a prominent role in the explanation of the flavour anomalies in
CHMs. In section 2, a simple model featuring partial compositeness is presented as a solution of the
b→ s`` anomalies. The flavour phenomenology of a UV completion of CHMs called fundamental
partial compositeness is discussed in section 3 and it is shown that the minimal fundamental partial
compositeness (MFPC) model is capable of explaining the anomalies in rare B decays.

2. Explaining the anomalies in rare B decays with partial compositeness

CHMs can solve the naturalness problem of the SM since in these models, the Higgs field
is not an elementary scalar but a bound state of a new strong interaction. Therefore, above the
compositeness scale ΛNP of this new strong interaction, there is simply no Higgs field and the
naturalness problem does not arise. Since no composite states have been observed so far except for
the potentially composite Higgs, the scale ΛNP has to be considerably larger than the Higgs mass.
The lightness of the Higgs compared to the scale ΛNP can be explained if the Higgs is actually a
pseudo-Nambu-Goldstone boson (pNGB) of a global symmetry that is spontaneously broken by
the new strong interaction [37, 38].

In this case, the Lagrangian of the model has the form

LCHM = Lelemenary +Lcomposite +Lmixing, (2.1)

where Lelemenary contains the SM fields except for the Higgs and Lcomposite contains the compos-
ite Higgs as well as other composite bound states like composite vector bosons and composite
fermions. To generate the SM Yukawa couplings, the elementary fermions have to interact with
the composite Higgs. However, a direct interaction between the elementary fermions and the com-
posite sector generically leads to experimentally excluded large contributions to flavour-changing
neutral currents (FCNCs) [39, 40]. An alternative proposed in [41] is to only couple the compos-
ite fermions directly to the Higgs and to introduce mixing terms in Lmixing that linearly couple
the elementary to the composite fermions. The mixing terms and the resulting coupling between
the composite Higgs and the elementary fermions is shown in a diagrammatic way in fig. 1. It is
interesting to note that in this setup, the coupling of the Higgs to the composite fermions can be

fL FR FL

H

fR

+ +

Figure 1: Illustration of the Higgs coupling to composite fermions and the mixing between ele-
mentary and composite fermions.
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Figure 2: Tree-level contributions to b→ s`+`− (a) and Bs mixing (b).

chosen to be flavour universal and the complete flavour structure is then contained in the mixing
terms. Due to the mixing terms, the mass eigenstates in the model are actually superpositions of
elementary and composite fields. The light SM-like mass eigenstates are mainly elementary, but
still partially composite. The size of the mixing terms determines the mixing angle between ele-
mentary states and SM-like mass eigenstates. The sine of this mixing angle is usually called the
degree of compositeness. The effective SM Yukawa couplings that couple the light mass eigenstates
to the composite Higgs then depend on the product of a left-handed and a right-handed degree of
compositeness.

Given the above setup and considering only composite states with SM quantum numbers3, it
has been shown in [1] that only the diagram in fig. 2a, in which a neutral composite vector boson
Z′ is exchanged, can result in an LFU violating tree-level contribution to b→ s`+`−. This diagram
contains a mixing of each external elementary fermion with its composite fermion partner. This
is necessary for a tree-level Z′bs coupling as well as for a LFU violating Z′`` coupling. If muons
have a sizable degree of compositeness while electrons have a negligible one, the diagram in fig. 2a
contributes essentially only to b→ s µ+µ− and LFU is violated. As discussed in section 1, the
experimental data prefers either

• a negative contribution to Cµ

9 or

• a negative contribution to Cµ

9 =−Cµ

10.

Both solutions require left-handed b and s quarks with a sizable degrees of compositeness. The first
solution involves a muon vector current and would thus require sizable degrees of compositeness of
left-handed and right-handed muons. However, the product of both enters the effective SM Yukawa
coupling of the muon and has to be small to yield the correct muon mass. The second solution,
on the other hand, requires only a sizable degree of compositeness of left-handed muons sµL . This
second solution seems possible. Several experimental bounds apply to this scenario:

• Bs-B̄s mixing: Given the flavour changing couplings of left-handed b and s quarks to the Z′,
a NP contribution to Bs-B̄s mixing from the diagram in fig. 2b cannot be avoided. Hence,
the experimental bound from Bs-B̄s mixing provides an upper bound on the size of the Z′bs
coupling and in turn leads to a lower bound on sµµµL . Using the diagram in fig. 2b, one can
express the Z′bs coupling in terms of a shift in the mass difference ∆Ms in Bs mixing.

3An early explanation of the flavour anomalies in CHMs employs composite leptoquarks [42].
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Figure 3: Contours of constant Cµ

9 −Cµ

10 when assuming a 10% shift in ∆Ms (green lines) and
contours of constant relative shift in the Fermi constant δGF/GF (red lines). The shaded areas
correspond to the 1σ (dark green) and 2σ (light green) regions around the best-fit value of a global
fit [30] in a scenario with a NP contribution to Cµ

9 =−Cµ

10.

• Electroweak precision tests (EWPTs): The presence of a non-zero Z′µLµL coupling gener-
ically implies corrections to the Zµµ , W µνµ , and Zνµνµ couplings, which are constrained
by EWPTs.

– Zµµµµµµ: Constraints from a modification of this coupling can be avoided by protecting4

it with a discrete symmetry [44, 45].

– Wµµµνννµµµ : The modification of this coupling due to the presence of a non-zero sµL results
in a NP contribution to the muon lifetime. This shifts the Fermi constant GF , which
is extracted from muon decay. The constraint on GF is strongly correlated with the
constraint on the electroweak T parameter such that the bound on the latter can be
translated into a bound on the relative shift in the Fermi constant |δGF/GF | . 0.002.
This then leads to an upper bound on sµµµL .

– Zνννµµµνννµµµ : The contribution to this coupling is equal5 to the contribution to the W µνµ

coupling and leads to a shift in the effective number of light neutrino species Nν . In-

4Only the tree-level coupling can be protected and one-loop corrections might be relevant [43]. However, they
depend on the particle content of a complete model and cannot be computed reliably in the simplified model considered
here.

5This equality holds at tree-level if the Zµµ coupling is protected by a discrete symmetry.
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terestingly, this shift does not lead to a constraint but actually improves the agreement
with LEP data [46], which shows a 2σ deviation from the SM value of Nν .

Expressing the Z′bs coupling in terms of a shift in ∆Ms, the diagram in fig. 2a leads to a
contribution to Cµ

9 −Cµ

10 given by

Cµ

9 −Cµ

10 ≈±0.92
[

1.7TeV
f

][ sµL

0.6

]2
[ |∆Ms−∆MSM

s |
0.1∆MSM

s

]1/2

, (2.2)

where f is the NP scale6. Saturating the bound from Bs-B̄s mixing by assuming a 10% correction
to ∆Ms, the result only depends on the degree of compositeness of the left-handed muon sµL and
on the NP scale f . Lines of constant Cµ

9 −Cµ

10 using this assumption are shown in fig. 3 along
with lines of constant shifts of the Fermi constant. Requiring |δGF/GF |. 0.002, one finds that the
b→ s µ+µ− anomaly and the hints for LFU violation in neutral current decays can be explained
with a sizable degree of compositeness of left-handed muons sµL ≈ 0.6 and a NP scale f ≈ 1.7 TeV.

3. Flavour physics and flavour anomalies in the MFPC model

The analysis in section 2 shows that a simplified model with partial compositeness can explain
the anomalies in rare B decays. In view of this proof of principle, it is interesting to investigate
whether such an explanation is still possible in a UV-complete model. UV complete fundamental
partial compositeness (FPC) models have been proposed in [47]7. In these models, a new strong
force called technicolor (TC) confines new TC-charged fermions and scalars. These so called
technifermions F and techniscalars S are supposed to form bound states below the confinement
scale ΛTC. In particular, a composite Higgs boson can be realised as an (FF ) bound state, whereas
(FS ) bound states provide composite fermions that can mix with elementary fermions f and thus
lead to partial compositeness. The Lagrangian of an FPC model takes the form

LFPC = Lelemenary +LTC +LYukawa, (3.1)

where Lelemenary contains the SM fields except for the Higgs and LTC contains the TC gauge
bosons, the technifermions, and the techniscalars. Partial compositeness requires that (FS )

bound states have the same quantum numbers as the SM fermions. In this case, the symmetries of
the FPC model allow Yukawa coupling terms that couple an elementary fermion to a technifermion
and a techniscalar. These terms are contained in LYukawa.

It is instructive to compare the FPC model in the UV above ΛTC, which is described by the
Lagrangian in eq. (3.1), to its effective theory in the IR below ΛTC, which is a CHM described by
the Lagrangian in eq. (2.1). When going from the UV to the IR the different parts of the Lagrangian

6 f sets the mass scale of the composite resonances. The mass of the composite vector boson Z′ is given by m2
Z′ =

f 2 g2
Z′

2 , where gZ′ is the coupling constant associated with the coupling between the Z′ and the composite fermions. In a
model in which the composite Higgs is a pNGB, f is the pNGB decay constant (in analogy with the pion decay constant
in QCD).

7For other attempts to construct UV-complete CHMs, see [48 – 52].
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are replaced as follows:
Lelemenary

IR−→ Lelemenary,

LTC
IR−→ Lcomposite,

LYukawa
IR−→ Lmixing,

i.e. Lelemenary is unchanged while LTC and LYukawa in the FPC model in the UV are replaced by
Lcomposite and Lmixing in the CHM in the IR. The fact that the Yukawa terms correspond to the
mixing terms can also be illustrated in a diagrammatic way,

f

S

F

IR−→
f F

+ ,

i.e. the Yukawa terms coupling f , F , and S become mixing terms once the fermionic bound states
F ∼ (FS ) are formed.

For investigating the phenomenology of an FPC model at and below the EW scale, it is conve-
nient to consider an effective field theory (EFT) in which only the elementary fields and the pNGBs
are kept as dynamical degrees of freedom, while all other effects of the strongly coupled TC sector
are encoded in Wilson coefficients of effective operators. For the minimal8 FPC (MFPC) model,
this EFT has been constructed in [53]. In the MFPC model, the flavour structure is completely
determined by the fundamental Yukawa terms that couple elementary fermions to technifermions
and techniscalars. In the MFPC-EFT, these fundamental Yukawa couplings enter the Wilson co-
efficients of effective Operators. In particular, the Wilson coefficients that yield the mass terms
of SM fermions and the CKM matrix are proportional to a product of two fundamental Yukawa
coupling Matrices, while the coefficients of four-fermion Operators are proportional to a product
of four fundamental Yukawa coupling matrices. The latter originate e.g. from box-like diagrams in
the UV, as depicted in the following:

S

F

S

F

f3k

f2 j

f4l

f1i

EFT−−→

f3k

f2 j

f4l

f1i

∝ (yT
f1

y f2)i j (yT
f3

y f4)kl

Although the overall size of the Wilson coefficients depends on non-perturbative effects from the
strong TC interaction between F and S , the flavour structure of the Wilson coefficients is com-
pletely determined by the fundamental Yukawa couplings and therefore independent of the strong
interaction effects. This makes the MFPC-EFT especially suitable for an analysis of the flavour
phenomenology of the MFPC model.

Such an analysis has been performed in [2] and is described in the following. It considers all 37
parameters of the MFPC-EFT that are relevant for the flavour observables. These are 14 parameters

8The MFPC model is minimal in the sense that its pNGB sector features only one singlet scalar in addition to the
electroweak doublet that serves as the composite Higgs field.
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encoding the strong interaction effects, 22 parameters that specify the fundamental Yukawa matri-
ces, and ΛTC that sets the scale of the strong coupling. These parameters are then constrained by
requiring correct SM fermion masses and CKM elements and by considering constraints from elec-
troweak scale observables and low-energy flavour observables. The constrained parameter space is
then used to make predictions for the observables related to the flavour anomalies, in particular the
LFU observables RK(∗) and RD(∗) .

At the EW scale, constraints from the LEP measurements [46] of the Z partial widths are
considered. These observables are defined as

Re =
Γ(Z→ qq̄)
Γ(Z→ eē)

, Rµ =
Γ(Z→ qq̄)
Γ(Z→ µµ̄)

, Rτ =
Γ(Z→ qq̄)
Γ(Z→ ττ̄)

,

Rb =
Γ(Z→ bb̄)
Γ(Z→ qq̄)

, Rc =
Γ(Z→ cc̄)
Γ(Z→ qq̄)

.

Their theoretical predictions are computed in the MFPC-EFT at the EW scale.
For taking into account the low-energy flavour observables, the MFPC-EFT is first matched

to the weak effective theory (WET) at the EW scale by integrating out all particles heavier than
the b quark. Theoretical predictions for all flavour observables are then computed from Wilson
coefficients in the WET. The flavour observables considered as constraints are

• Meson-antimeson mixing observables:

– Indirect CP violation in kaon mixing: εεεKKK [54].

– Mixing-induced CP asymmetries in the Bd and Bs systems: SSSψψψKKKSSS and SSSψψψφφφ [55].

– Mass differences in Bd and Bs systems: ∆∆∆MMMd and ∆∆∆MMMs [55].

• Charged-current semi-leptonic decays:

– BR(((πππ+++→→→ eeeννν))) [56], based on d→ ueν .

– BR(((KKK+++→→→ µµµννν))), BR(((KKK+++→→→ eeeννν)))/BR(((KKK+++→→→ µµµννν))) [54], based on s→ueν , s→uµν .

– BR(((BBB→→→ DDDeeeννν))), BR(((BBB→→→ DDDµµµννν))) [55], based on b→ ceν , b→ cµν .

These observables are especially important to constrain the CKM elements and to provide
tests of e-µ universality.

A parameter scan of the MFPC-EFT is challenging due to the large number of parameters.
Therefore, a numerical method is employed that consists of two steps.

• Step 1:

– For applying the constraints from quark masses and CKM elements, the χ2 function9

χ2
mass,CKM is constructed, which depends on only 19 of the 37 parameters.

9The χ2 function has a small value if the theoretical predictions are close to the experimental observations and
therefore can be used to quantify the agreement between theoretical predictions and experimental data. For more details,
see [2, 3].
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Figure 4: Predictions for LFU observables RD(∗) . Gray points are excluded by LEP data. Blue
points are allowed by all constraints. The plot also shows the 1-5σ contours of the experimental
world combination as presented at Moriond 2019 [18].

– A numerical minimization of χ2
mass,CKM is performed for 100 k random starting points.

– The regions around the local minima of χ2
mass,CKM are sampled using Markov Chains

from the pypmc package [57]. For each local minimum, 1000 points close to the
minimum are determined.

This first step yields 100 M parameter points that predict the correct quark masses and CKM
elements.

• Step 2:

– The remaining 18 parameters are chosen randomly for each of the 100 M points that
have been determined in step 1.

– For each of the 100 M parameters points, predictions for the EW scale and flavour
observables listed above are computed using the flavio code [58].

– The predictions are compared to experimental data. Parameter points that are excluded
by experimental data are discarded.

This two-step numerical parameter scan results in parameter points that predict the correct quark
masses and CKM elements and satisfy all applied constraints from EW scale and flavour observ-
ables. As expected from a comparison with other analyses of models with partial composite-
ness [59 – 61], the observable εK , which measures indirect CP violation in kaon mixing, provides
the strongest constraint. However, still a large number of points is found that can satisfy all con-
straints. These parameter points are then used to make predictions for the LFU observables RD(∗)

and RK(∗)

The predictions for RD(∗) are shown in figure 4. It is found that the model cannot accommodate
the central value of the Moriond 2019 world combination [18]. Such large values for RD and

9
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Figure 5: Left: Predictions for LFU observables RK(∗) in the MFPC model for points allowed by all
constraints. Right: Generic predictions in several NP scenarios. Unprimed Wilson coefficients are
varied between −1.5 and 1.5; primed coefficients are varied between −0.15 and 0.15.

RD∗ would require a huge degree of compositeness of the τ lepton, which is excluded by the LEP
measurements of Z partial widths. However, the tension with experimental data can be slightly
reduced compared to the SM.

Predictions for the LFU observables RK and RK∗ in the MFPC model for all allowed points
are shown in figure 5 left. These points roughly correspond to the generic NP scenarios depicted
in figure 5 right. The plots show that the MFPC model is actually able to explain the hints for
LFU violation in neutral-current B decays at the 1σ level. Such an explanation corresponds to a
NP contribution to either Cµ

9 = −Cµ

10 < 0, Ce
9 = −Ce

10 > 0, or Ce
9 = Ce

10 < 0. While the scenarios
featuring NP contributions to the electron Wilson coefficients can explain RK(∗) , an explanation of
the b→ sµµ anomaly requires a contribution to muon Wilson coefficients, singling out the scenario
Cµ

9 =−Cµ

10 < 0. The MFPC model is thus capable of explaining all anomalies in rare B decays.

4. Conclusions

Tensions between experimental data and SM predictions of B-decay observables hint at LFU
violating NP. Models with partial compositeness generically violate LFU and are thus good candi-
dates for explaining these tensions. Using most recent experimental data, the analyses originally
performed in [1 – 3] are updated. It is found that

• A simplified model with partial compositeness can explain the anomalies in rare B decays.

– The explanation corresponds to a NP contribution to Cµ

9 =−Cµ

10 < 0.

– A deviation in Bs-B̄s mixing is predicted.

– A correction to the Fermi constant yields the strongest constraint from EWPTs if tree
level Z couplings are protected by a discrete symmetry.

10
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• A comprehensive numerical analysis of flavour and EW scale effects of a UV complete model
featuring partial compositeness, the MFPC model, has been performed.

– The numerical method used in this analysis makes it possible to perform a scan of the
high dimensional parameter space.

– The strongest constraint is due to εK , but a large number of parameter points satisfy this
constraint.

– Very large deviations of RD(∗) from their SM values are in conflict with LEP measure-
ments of Z partial widths such that the central values of the Moriond 2019 experimental
world combination cannot be accommodated by the model. However, the tensions can
be slightly reduced.

– All anomalies in rare B decays can be explained by the MFPC model. This explanation
corresponds to a NP contribution to Cµ

9 =−Cµ

10 < 0.
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