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Flavour physics plays a crucial role in the search for physics beyond
the Standard Model (SM). While B physics offers many observables to
look for deviations from the SM, the highest new physics sensitivity can
be obtained in the rare kaon decays K → πνν. Of particular interest are
correlations between various flavour violating observables that allow to
test the symmetries and the operator structure of the new physics flavour
sector. New physics searches in rare meson decays are complemented by
searches for new flavour violating interactions in the production and decay
of new particles at the LHC and in dark matter phenomenology.
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1 Physics Beyond the Standard Model?

The Standard Model (SM) has so far been extremely successful in explaining par-
ticle physics data. Nonetheless several reasons let us believe that it is incomplete
and needs to be extended by beyond the Standard Model (BSM) particles and in-
teractions. The SM flavour sector introduces a large number of parameters with a
very hierarchical pattern. It is expected that a fundamental theory should require
a smaller number of parameters and explain the origin of flavour by some (approxi-
mate) symmetry. Besides, the SM does not provide a dark matter (DM) candidate
and cannot accommodate the dark energy and the baryon asymmetry of the universe.
Last but not least within the SM the origin of electroweak (EW) symmetry breaking
is left unexplained and the Higgs mass is subject to fine tuning, unless new physics
at the TeV scale stabilises it.

Many BSM models have been suggested which solve one or several of these puz-
zles. Extensive searches have been performed, both directly and indirectly, and high
hopes have been pinned especially on the LHC. Yet unfortunately so far no sign of
new physics has been found and the data are in impressive agreement with the SM
predictions.

With the 13TeV run of the LHC starting soon, we are now confronted with the
possibilities that either new particles will be found in the very near future, or that
we may have to wait for a very long time in case they are out of the LHC reach.
Preparing ourselves for both scenarios, it is crucial to remember the important role
of indirect tests of new physics, in particular in the flavour sector.

In the exciting case of a direct LHC discovery, it will be crucial to measure as many
observables as possible in order to understand the nature and the coupling structure
of the new particle zoo inhabitants. Especially the flavour structure is non-trivial to
access in high energy collisions, so that complementary information from the flavour
precision frontier is required. On the other hand if no new physics is seen by ATLAS
and CMS our best hope will be to look for deviations from the SM in precision data.
Again flavour changing neutral current (FCNC) observables play a unique role due
to their sensitivity to very high new physics scales, as we discuss next.

2 New Physics Reach of Flavour Physics

FCNC processes within the SM suffer from a strong four-fold suppression: Due to
the unitarity of the CKM matrix they arise first at the one-loop level, and they are
further suppressed by small quark masses, i. e. the GIM-mechanism [1]. Thirdly some
FCNC transitions receive a further suppression from the pure V − A structure of
charged current interactions mediating flavour violation in the SM. Last but not least
any flavour violating effect in the SM is strongly suppressed by the smallness of the
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CKM mixing angles. The CKM hierarchy also predicts a specific pattern of effects in
the various meson systems:

V ∗

tsVtd
︸ ︷︷ ︸

K system

∼ 5 · 10−4 ≪ V ∗

tbVtd
︸ ︷︷ ︸

Bd system

∼ 10−2 < V ∗

tbVts
︸ ︷︷ ︸

Bs system

∼ 4 · 10−2 , (1)

i. e. FCNC and CP violating rates are generally smallest in the kaon system.
In principle all of these suppression mechanisms can be absent in BSM scenarios,

so that large deviations from the SM predictions can generally be expected in FCNC
observables, especially in the K meson sector. However such large deviations have
not been observed, telling us that either new physics must involve some kind of
suppression of FCNC effects, or that it can arise only at very high scales.

The latter leads us to the question which scales can possibly be probed by rare
flavour violating decays. The pattern of CKM suppressions (1) lets us suspect that
rare kaon decays be the best place to look for new physics at very high energy scales.
Particularly suited are the decays K+ → π+νν and KL → π0νν which are famous for
their outstanding theoretical cleanliness and extreme suppression within the SM.

Figure 1: The charged and neutral K → πνν branching ratios for various realisations
of a flavour changing Z ′ gauge boson [2].

Indeed in [2], studying the effects of a flavour violating Z ′ gauge boson, these
channels have been found to be sensitive to new physics scales as large as ∼ 1000TeV

even after taking into account the constraints from K0 − K
0
mixing. The K →

πνν decays are thus sensitive to the zeptouniverse, corresponding to length scales

∼< 10−21m or equivalently ∼> 200TeV. The left plot in figure 1 shows the effects
of a flavour changing Z ′ with mass MZ′ = 500TeV and both left- and right-handed
couplings to quarks. The sizeable deviations from the SM value are possible thanks to

the possible cancellation of the various operator contributions to K0 −K
0
mixing. If

on the other hand, as shown in the right plot, only left- (or right-)handed couplings to
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quarks are present, the new physics reach of the K → πνν system is somewhat more
modest – yet still better than that of any direct search experiment in the foreseeable
future.

While rare K decays are in general most sensitive to very high new physics scales,
we note in passing that also the Bs,d → µ+µ− decays are able to probe the zeptouni-
verse [2], at least in the case of a heavy flavour violating neutral scalar.

Before moving on, let us again turn our attention to the plots in figure 1. Apart
from the vastly different Z ′ mass scales, there are two other striking observations to
be made.

First, the predictions for the K → πνν branching ratios depend strongly on the
values of the CKM parameters |Vub| and |Vcb|, whose inclusive and exclusive values
are indicated by the different colours in the plots. A precise determination of these
parameters is therefore crucial to fully explore the potential of rare decays.

Second, the presence of only left- (or right-)handed Z ′ interactions leads to a
very specific cross-like correlation in the K → πνν plane. This correlation has been
observed in other models with only left-handed flavour violating interactions before
(see e. g. [3–5]) and has been studied in a model independent manner in [6]. The
observed cross structure is a direct consequence of the strong constraint from CP

violation in K0 −K
0
mixing, measured by the parameter εK , allowing only for very

specific phases of the new physics s → d amplitude. Such direct correspondence
between ∆S = 2 and ∆S = 1 processes is however possible only in the absence of the

chirally enhanced left-right operator contributions to K0 −K
0
mixing. In this sense

the correlation between the charged and neutral K → πνν modes can be viewed as a

test of the operator structure in K0 −K
0
mixing.

3 Rare Decays and their Correlations

As we have just seen for the example of K → πνν decays, correlations between
FCNC observables play a crucial role in deciphering the origin of new flavour violating
effects. With the ultimate goal to understand the underlying symmetries and coupling
structure of the new physics at work, it is therefore mandatory to obtain as many
precise measurements of flavour violating observables as possible and to look for model
distinguishing correlations between them.

Generally such correlations can be divided into two classes. Correlations between
different observables within a given meson system are sensitive to the new physics
operator structure, as we have seen in the case of K → πνν. Correlations between
different meson systems on the other hand test the possible flavour symmetries of the
model at work. For example models with a U(2)3 flavour symmetry predict specific
relations between b → d and b → s transitions.

A prime example for testing the new physics operator structure is given by the
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model independent studies of radiative and semileptonic b → s transitions, like B →
Xsγ, B → K(∗)µ+µ− etc. After LHCb announced a 3.7σ local discrepancy in P ′

5 [7],
one of the angular observables describing the B → K∗µ+µ− differential decay rate,
this field received particular theoretical attention. Several model independent fits to
the Wilson coefficients of the b → sµ+µ− effective Hamiltonian have been performed
[8–11], with the outcome that a large negative contribution CNP

9 to the effective four
fermion coupling (bs)V−A(µµ)V is necessary to accommodate the observed deviation.
The most recent fit can be found in [11], see also figure 2.

Figure 2: Model independent fit for the Wilson coefficients C9 and C10 [11].

While such large deviation from the SM, if confirmed, would be an exciting new
physics signature it turns out to be rather difficult to generate in popular extensions
of the SM. Both in supersymmetric models and in models with partial compositeness,
b → sµ+µ− transitions are dominated by Z boson exchanges. The vectorial coupling
of the Z boson to muons is however accidentally suppressed so that it appears impos-
sible to generate a large shift in C9 without affecting C10 in an even more pronounced
manner. An interesting model which can explain the LHCb data has been proposed
in [12]. It is based on gauging Lµ − Lτ number, where Li denotes the lepton flavour
number of i = µ, τ .

Another correlation that has recently attracted a lot of attention is the one be-
tween the branching ratios B(Bs → µ+µ−) and B(Bd → µ+µ−). With the recent
measurement of the flavour averaged Bs → µ+µ− branching ratio by LHCb and
CMS [13–15] and the two-sided bound on Bd → µ+µ−, we have at hand not only yet
another important probe of the SM, but – in case of a deviation from the SM predic-
tion – at the same time an equally powerful test of the new physics flavour structure.
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Any deviation from the straight green line indicated in figure 3 would rule out the
Minimal Flavour Violation hypothesis [16–18] as well as models with a U(2)3 flavour
symmetry [19–21]. While due to the large uncertainties the experimental results are
currently fully consistent with the SM prediction, there is still a lot of room for a
striking deviation on which the 13TeV LHC run may shed light.

Figure 3: Branching ratios of Bs,d → µ+µ− [15].

To conclude this section, let us stress once more the importance of rare flavour
and CP violating decays in searching for physics beyond the SM. Rare meson decays
have been an active and successful field of research for many decades. They offer a
plethora of observables, many of which by now have reached an impressive precision.
As we have seen correlations between different decay modes play a central role in
constraining the SM and new physics flavour structure.

4 Interplay with other New Physics Searches

Despite the great success ofK and B physics in constraining the SM, unfortunately so
far no clear sign of new physics has been found in these fields. Furthermore even if one
or several of the present small hints for a deviation will eventually become a convincing
discrepancy, the precesses at hand only provide an indirect probe of new flavour
violating interactions. Additionally with rareK and B decays only it is difficult, if not
impossible, to access flavour violation in top and Higgs couplings. Therefore in order
to fully exploit the new physics flavour structure new complementary observables are
needed. Besides the direct searches for flavour violating top and Higgs couplings and
charged lepton flavour violating processes, these include the study of flavour violating
interactions of new particles at the LHC and the phenomenology of flavoured dark
matter. In this section we will briefly review an example for each of the latter two.
We start with the LHC phenomenology of flavour violating stops, the supersymmetric
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partners of the top quark. Subsequently we turn our attention to a simplified model
for dark matter carrying flavour quantum number and mediating flavour violation to
the SM quark sector.

4.1 Stop flavour violation at the LHC

Models that address the naturalness problem of electroweak symmetry breaking typi-
cally introduce new coloured particles below the TeV scale, the so-called top partners.
They cancel the quadratic divergence to the Higgs mass arising from top quark loops
and therefore couple to the Higgs boson via the Yukawa coupling Yt. In general how-
ever these top partners need not be mass eigenstates, so that their production and
decay will lead to flavour violating signatures at the LHC, often with up or charm
quarks in the final state.

In supersymmetry the top squarks, also called stops, are pair produced via strong
interactions. Their decay is model dependent, however searches usually assume an
O(1) branching ratio into t+LSP, where the lightest supersymmetric particle (LSP) is
assumed to be stable and escapes detection. The experimental signature then depends
on the decays of the final state tt pair, see figure 4 for an example. Despite extensive
searches at the LHC experiments, no sign of stops has yet been seen and the bounds
on their masses become increasingly strong, undermining the natural motivation.

Figure 4: Top squark pair production at the LHC.

These bounds however become invalid once flavour violation is taken into account.
To see this, let us consider the simple scenario where the right-handed stop t̃R mixes
with the right-handed scharm c̃R, as done in [22].∗ If the stop scharm mixing angle
c = cos θ deviates significantly from c = 1, the flavour conserving case, then the
branching ratio of the stop-like state q̃1 → t + LSP receives a suppression factor c2.
At the same time the decay channel q̃1 → c + LSP opens up, leading to a light jet

∗For earlier related studies, see e. g. [23–30].
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signature which is much less constrained at the LHC; and vice versa for the charm-
like squark q̃2. Taking into account simultaneously the production and decay of q̃1
and q̃2, the modified constraints have been estimated in [22], using the experimental
searches for stops [31] and light squarks [32–37]. The resulting 2d exclusion contours
are shown in figure 5 for different values of the mixing angle c. A large flavour mixing
angle allows for a significant reduction in the allowed stop-like mass, and therefore in
a lower rate of fine tuning ξ < 1.

Figure 5: Mass bounds in the mixed t̃R − c̃R system [22].

While the analysis in [22] dealt with the case of stops in the several hundred GeV
range, flavour mixing also has interesting implications for stops below the mt +mχ0

1

threshold. This case has been studied in detail in [38]. In this setup the stop decays
dominantly into a light jet and the LSP in a large region of parameter space. The
NLO corrections to the decay in question have been evaluated in [39, 40] and found
to be sizeable. A dedicated search by the ATLAS collaboration [41] was able to set
constraints of up to 230GeV on the stop mass.

4.2 Flavoured Dark Matter

The existence of dark matter (DM) is well-established by cosmological and astro-
physical observations, yet so far no direct evidence of its particle nature has been
obtained. This leaves a lot of room for speculations on the quantum numbers and
interactions of DM. Numerous models have been suggested and studied. A class of
models that recently received particular attention are those with flavoured DM, i. e.

7



DM carries flavour charge and has flavour violating interactions to quarks or leptons
(see e. g. [42–48]).

Flavoured DM as usual generates an effective four point interaction between DM
and SM particles as shown in the left diagram in figure 6, giving rise to possible sig-
natures in direct and indirect detection experiments and at the LHC. In addition the
flavour violating structure of the interaction also leads to flavour changing processes
with the new particles contributing through loops, as shown in the right diagram in
figure 6.

Figure 6: Effective tree and one-loop diagrams relevant for the phenomenology of
flavoured dark matter [49].

Most studies so far focused on Minimal Flavour Violation scenarios in order to
avoid the stringent flavour physics constraints. Recently however a viable scenario for
non-minimally flavour violating dark matter has been proposed [49]. In this simplified
model DM is introduced as a flavoured Dirac fermion χ that couples to right handed
down type quarks via a scalar mediator. The coupling matrix λ is assumed to be
the only new source of flavour violation, based on which this setup is named Dark

Minimal Flavour Violation.
The flavour, dark matter, and collider phenomenology has also been studied in

[49]. ∆F = 2 constraints restrict λ to a very non-generic structure, with either
quasi-degenerate diagonal entries or small mixing angles. The new contributions to
∆F = 1 rare decays, as well as to electroweak precision observables and electric dipole
moments have been found to be small. Collider constraints can be recast from SUSY
searches at the LHC, with strong constraints up to 850GeV emerging on the mass of
the scalar mediator.

A particularly interesting interplay of constraints is found when considering si-
multaneously the constraints from FCNC observables and from direct DM detection,
as shown in figure 7. While the flavour (blue) and DM data (red) separately do not
constrain the size of the first quark generation coupling Dλ,11 to the new sector, the
interplay of both constraints (yellow) yields both an upper and a lower bound for
small values of the DM mass.
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Figure 7: Allowed range for the coupling Dλ,11 as a function of the dark matter mass
mχb

[49].

5 Conclusions

Irrespective of the actual discoveries during the next LHC run, flavour physics is
and will remain a powerful probe of BSM interactions. On the one hand rare kaon
decays, in particular the clean channels K → πνν, have the highest discovery reach,
with sensitivity beyond 103TeV. On the other hand B meson decays offer a very
large number of observables that are well suited to test the SM flavour structure. In
this context it is of utmost importance to study correlations between observables, as
those are crucial to pin down the new physics flavour structure. Last but not least the
interplay with other new physics searches (like the LHC, dark matter searches etc.)
provides a useful complementary tool towards understanding the theory of flavour
that certainly needs further investigation.
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