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1. Introduction

Flavor is a puzzling aspect of particle physics. Indeed, many of the open questions in particle
physics are related to flavor, for example: Why is the spectrum of the Standard Model (SM) quarks
and leptons so hierarchical? Does the Higgs boson give mass to all SM fermions? Are there new
sources of flavor and CP violation beyond the SM? Are the current flavor anomalies hints for new
physics (NP)? Is flavor a portal to dark sectors.

In this talk, I will briefly discuss a few developments in the field of flavor physics. In section 2,
I will summarize the status of our knowledge of the CKM matrix, highlighting the impact of a
recent improvement in the Standard Model prediction of the observable εK . In section 3, I will
give a status report on the so-called B anomalies that persist in the latest experimental updates by
LHCb, and discuss possible new physics implications. Finally, in section 4, I will share the latest
news concerning the search for the rare Kaon decays K → πνν̄ and their possible connection to
dark sectors.

2. Developments in the Determination of the CKM Matrix

In the SM, all flavor changing processes are determined by the Cabibbo-Kobayashi-Maskawa
(CKM) matrix. The CKM matrix can be described by the four Wolfenstein parameters λ, A, ρ̄, and
η̄ that can be defined in terms of CKM entries in the following way

λ2 =
|Vus |

2

|Vus |
2 + |Vud |

2 , A2λ2 =
|Vcb |

2

|Vus |
2 + |Vud |

2 , ρ̄ + iη̄ = −
VudV∗

ub

VcdV∗
cb

. (1)

In the SM, these parameters can be overconstrained by a large set of experimentalmeasurements,
including the rates of leptonic and semi-leptonic decays of Kaons, D-mesons, B-mesons, and B-
baryons, Kaon andB-meson oscillation parameters, aswell as CP-violating asymmetries inB-meson
decays. The global fits that are performed show overall good consistency [1, 2] and indicate that the
CKM picture of flavor and CP violation holds with high accuracy. Long-standing tensions at the
2σ − 3σ level exist between the inclusive and exclusive determinations of the CKM elements Vcb

and Vub [3], and recently a tension in first row CKM unitarity might have re-emerged [4–6]. While
these tensions require continued attention, there is little doubt that all observed flavor violating
processes that enter the CKM fits are dominated by SM physics, with NP contributions constrained
at the level of O(10%).

The latest CKM fit results in the context of the SM read [7]

λ = 0.22484+0.00025
−0.00006 , A = 0.823+0.005

−0.014 , ρ̄ = 0.157+0.010
−0.006 , η̄ = 0.350+0.008

−0.007 . (2)

The observable εK that measures indirect CP violation in Kaon mixing is an important input
to the CKM fits. Precise theory predictions for εK , however, turn out to be challenging as the
perturbative expansion of the charm quark contribution seems to converge very slowly [8]. Recently,
it was found that a clever rearrangement of the perturbative series leads to a significant improvement
of the convergence behavior [9]. With the new treatment, the perturbative uncertainty in εK is now
subdominant, resulting in a significantly increased constraining power of εK in CKM fits. The main
impact is a reduction of uncertainty of the Wolfenstein parameter A. With the old theory treatment
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one finds A = 0.824+0.006
−0.017 [7], which has to be compared to the more precise A = 0.823+0.005

−0.014 from
eq. (2).

3. Status of the B Anomalies

For several years there exist persistent discrepancies between SM predictions and experimental
results on decays of B mesons based on the charged current b→ c`ν and the neutral current b→ s``
transitions. Particularly interesting are the hints for lepton flavor universality (LFU) violation, as
the measured ratios of branching fractions

RD(∗) =
BR(B→ D(∗)τν)
BR(B→ D(∗)`ν)

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

, (3)

are under excellent theoretical control.
Starting with LFU violation in the neutral current decays, the most precise measurements of

RK and RK∗ to date are from LHCb [10, 11] and read

RK = 0.846+0.060
−0.054

+0.016
−0.014 , for 1.1GeV2 < q2 < 6GeV2 , (4)

RK∗ =

{
0.66+0.11

−0.07 ± 0.03 , for 0.045GeV2 < q2 < 1.1GeV2 ,

0.69+0.11
−0.07 ± 0.05 , for 1.1GeV2 < q2 < 6GeV2 ,

(5)

with q2 being the dilepton invariant mass squared. The SM predicts RSM
K ' RSM

K∗ ' 1 [12] with
uncertainties that are much smaller than the experimental ones. The experimental results are
approximately 2.5σ below the SM prediction for each of the three measurements.

A recent result on lepton flavor universality in baryonic decays Λb → pK`` [13]

RpK = 0.86+0.14
−0.11 ± 0.05 , for 0.1GeV2 < q2 < 6GeV2 , (6)

points in the same direction. However, given its large uncertainty it is also compatible with the SM
expectation RSM

pK ' 1.
The first step in discussing theNP implications of the apparent discrepancies consists of amodel

independent effective Hamiltonian analysis, with NP parameterized in terms of Wilson coefficients
of dimension 6 operators. The experimental results on RK and RK∗ can be accommodated by either
suppressing the decay modes into muons or enhancing the decay modes into electrons. It was found
that the operators that can consistently accomplish this are

Heff = HSM
eff −

4GF
√

2
VtbV∗ts

e2

16π2

(
Cbsee

9 (s̄γαPLb)(ēγαe) + Cbsee
10 (s̄γαPLb)(ēγαγ5e)

+Cbsµµ
9 (s̄γαPLb)(µ̄γαµ) + Cbsµµ

10 (s̄γαPLb)(µ̄γαγ5µ)
)
. (7)

Recent studies that discuss the above operators in view of the latest RK and RK∗ measurements as
well as a multitude of additional experimental data on rare B decays can be found in [14–19].

Focusing on themuonic operators and theirWilson coefficientsCbsµµ
9 andCbsµµ

10 , the parameter
space that fits the measured RK and RK∗ best is shown in blue in the left plot of Fig. 1. Intriguingly,
the region of parameter space that is preferred by the LFU observables is fully compatible with
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Figure 1: Preferred regions in the plane of the Wilson coefficients Cbsµµ
9 and Cbsµµ

10 (left), and Cuniv.
9 and

Cbsµµ
9 = −Cbsµµ

10 (right) at the scale of the b quark mass. The plots are updates from [14] including the latest
LHCb results on B→ K∗µµ [20] and are based on the global likelihood in Wilson coefficient space provided
by smelli [22], built on flavio [23] and wilson [24], see [25].

other anomalies that are seen in the muonic decays B → K∗µµ, B → Kµµ, Bs → φµµ, and
Bs → µµ (orange region). Those include, for example, the discrepancy in the angular distribution
of the decay products in B → K∗µµ (parameterized in particular by the observable P′5) [20], and
the Bs → φµµ decay which is observed at a rate significantly lower than the SM predicts [21].

Overall, excellent fits can be obtained in 1 parameter NP scenarios with either a muonic vector
current Cbsµµ

9 by itself, or with a left-handed muonic current Cbsµµ
9 = −Cbsµµ

10 . In global fits, the
precise pull values of these scenarios depend on the assumptions about hadronic uncertainties. Tak-
ing into account only the theoretically robust LFU ratios, pull values of ∼ 4σ are found. Even better
fits can be obtained by adding also a lepton flavor universal interaction Cuniv.

9 (s̄γνPLb)
∑
`(

¯̀γν`)
with a best fit point Cbsµµ

9 = −Cbsµµ
10 ' Cuniv.

9 ' −0.45, as shown in the right plot of Fig. 1.
The best fit values for the Wilson coefficients Ci can be translated into a scale of NP, ΛNP, via

1
Λ2
NP
=

4GF
√

2
e2

16π2 |V
∗
tsVtb | |Ci | '

|Ci |

(35 TeV)2
. (8)

A simple NP model that is able to explain the b → s`` data is an extension of the SM by a
Z ′ gauge boson based on gauging the difference of muon and tau number, Lµ − Lτ [26, 27]. The
Lµ − Lτ gauge symmetry leads to vectorial couplings of the Z ′ to muons (but not electrons) and can
give the preferred value for Cbsµµ

9 for a broad range of Z ′ masses from tens of GeV to several TeV.
It should be noted that Ref. [26] aimed at explaining the P′5 anomaly and predicted the violation of
LFU in b→ s`` decays at the ∼ 25% level, in agreement with the subsequent experimental results
on RK and RK∗ . Additional characteristic predictions of the Lµ − Lτ model are slightly enhanced
rates of b→ sττ decays (by ∼ 25%), SM-like rates of Bs → µµ and b→ sνν decays, and no lepton
flavor violating decays of b hadrons. Recently, the Lµ − Lτ model has been extended to include also
flavor universal axial vector currents [28].
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Turning to the case of the charged current decays, the experimental world averages of RD and
RD∗ from the heavy flavor averaging group (HFLAV) read [29]

RD = 0.340 ± 0.027 ± 0.013 , RD∗ = 0.295 ± 0.011 ± 0.008 , (9)

with an error correlation of ρ = −38%. The corresponding SM predictions are known with high
precision [30–32]. The values adopted by HFLAV are [29]

RSM
D = 0.299 ± 0.003 , RSM

D∗ = 0.258 ± 0.005 . (10)

The combined discrepancy between the SM prediction and experimental world averages of RD and
RD∗ is quoted as 3.1σ. Model independent NP analyses find that the best description of all the
available b→ cτν data is obtained by rescaling the SM operator (c̄γαPLb)(τ̄γαPLν) [33–36]. The
corresponding NP scale is found to be a few TeV.

Interestingly enough, it is possible to find combined explanations of all the discussed B
anomalies, i.e. both the neutral current and charged current anomalies. In a model independent
approach based on the SM effective field theory (SMEFT), one finds that two NP couplings are
sufficient to simultaneously explain RD , RD∗ , RK , RK∗ , P′5, and the suppressed b→ sµµ branching
ratios. The operators point to leptoquarks with masses of at most a few TeV. Such leptoquarks
could be the remnant of an extended gauge sector, e.g. so-called 4321 models, or (Pati-Salam)3

models [37, 38]. Attempts have also been made to give explanations of the B anomalies in the
context of supersymmetric models with R-parity violation [39–43]. Predictions of most scenarios
that attempt a combined explanation are order of magnitude enhanced rates for the rare decays
Bs → ττ, B → K (∗)ττ and often also lepton flavor violating decays like Bs → τµ, B → K (∗)τµ,
possibly in reach of LHCb.

4. News on Rare Kaon Decays

The rare Kaon decays K → πνν̄ are highly sensitive probes of NP. Their branching ratios are
extremely small and can be predicted with high accuracy in the SM [44, 45]

BR(K+ → π+νν̄)SM = (8.4 ± 1.0) × 10−11 , BR(KL → π0νν̄)SM = (3.4 ± 0.6) × 10−11 . (11)

The charged and neutral decay modes are related, and in very generic classes of SM extensions one
finds the so-called Grossman-Nir (GN) bound [46]

BR(KL → π0νν̄) . 4.3 × BR(K+ → π+νν̄) . (12)

The K+ → π+νν̄ decay is currently searched for at the NA62 experiment. At the time of the
LHCP 2020 conference, few K+ → π+νν̄ events had been observed at NA62, corresponding to a
branching ratio of [47]

BR(K+ → π+νν̄)NA62 = (4.7+7.9
−4.7) × 10−11 . (13)

The neutral counterpart, KL → π0νν̄, is searched for at the KOTO experiment. Interestingly, in a
2019 analysis, KOTO saw few events in the signal region, with only ∼ 0.1 events expected [48].
An unofficial interpretation in terms of a KL → π0νν̄ signal found [49]

BR(KL → π0νν̄) ≈ (210+200
−110) × 10−11 . (14)
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This branching ratio is not only two orders of magnitude above the SM prediction, but also exceeds
the GN bound by a factor of few.

In fact, in the presence of light new states, the GN bound can be violated. One simple example
is given by the following scenario [50]: Introduce a light, invisible, and sufficiently long-lived
NP particle, X , with couplings that give rise to the decay K → πX . As neither X nor neutrinos
are detected in the NA62 and KOTO experiments, such a decay mode can mimic the K → πνν̄

signature. However, if the mass of X is close to the pion mass, the NA62 experiment would not
be able to detect the exotic K+ → π+X decay, due to the overwhelming SM background from
K+ → π+π0. On the other hand, the KOTO experiment retains its sensitivity for mX ∼ mπ . Due to
the “blind spot” of NA62, such a scenario can seemingly violate the GN bound.

The events seen at KOTO invited many speculations about their possible NP origin [49, 51–62].
Many viable NP scenarios have been identified, methods to distinguish exotic Kaon decays with
light, invisible states from the K → πνν̄ decays have been suggested, and the unique role of NA62
and KOTO to probe dark sector physics has been emphasized.

Note added: At the ICHEP 2020 conference, new results by NA62 and KOTO have been
presented. NA62 finds a 3.5σ evidence for K+ → π+νν̄ compatible with the SM prediction [63]

BR(K+ → π+νν̄)NA62 = (11.0+4.0
−3.5 ± 0.3) × 10−11 , (15)

The KOTO collaboration has revised its background estimate, quoting an expected number of
1.05 ± 0.28 background events [64]. This reduces the significance of the observed events. An
official KOTO interpretation of the observed events in terms of a KL → π0νν̄ branching ratio is
expected soon.

5. Conclusions

The B anomalies endure. Model independent effective Hamiltonian analyses show that there
exist remarkably economic new physics explanations in the form of four fermion contact interactions
with generic new physics scales of the order of few tens of TeV (in the case of RK and RK∗) or few
TeV (in the case of RD and RD∗). The leading new physics models contain either Z ′ gauge bosons
(in the case of RK and RK∗) or leptoquarks (in the case of RD and RD∗ and combined explanations).

Rare Kaon decays are once more taking on a prominent role in the search for new physics.
The NA62 experiment is on track for a discovery and subsequent precision measurement of the
K+ → π+νν̄ decay. Searching for KL → π0νν̄, the KOTO experiment recently observed few events
far above the SM expectation. Interpreted as an actual signal, such a Kaon anomaly would have
spectacular implications pointing to light dark sector particles being produced in Kaon decays.

While it remains to be seen if any of the current anomalies in flavor physics will survive further
experimental and theoretical scrutiny, there is no doubt that low energy flavor probes will remain
crucial tools to explore physics beyond the Standard Model for the foreseeable future.
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