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1. Introduction

Rare semileptonic decays of B(y)-mesons and of kaons are very promising channels to study
hypothetical New Physics (NP) effects in flavour physics. Within the Standard Model (SM), in fact,
they can occur only at loop-level and they also suffer an additional suppression given by the Cabibbo-
Kobayashi-Maskawa (CKM) matrix elements. A lot of interesting experimental data are currently
available, while more and more precise measurements are expected in the near future. Making
progress in the theoretical description of these transitions is, thus, a very timely and fundamental
goal to deepen our understanding of weak interactions.

In what follows, I am firstly going to discuss some recent theoretical developments in the
context of b — s£*¢~ transitions, i.e. B — K" {*¢~ and By — ¢(*¢~ channels. I will firstly
review the state-of-the-art of the theoretical computations of the hadronic form factors (FFs) and
show some novel results on the description of their shapes in the whole kinematical region. Then, I
will focus on rare semileptonic decays with di-neutrino final states, namely B — Kvv and K — nvv
decays, in which case hadronic effects are more under control.

2. Semileptonic neutral-current B ;) -meson decays with charged leptons in the final
state

The semileptonic neutral-current transitions B — K*)¢*¢~ and By — ¢£*¢~ are very chal-
lenging channels from both the theoretical and the experimental points of view. Although past
experimental indications of lepton flavour universality violation in these channels have disap-
peared [1], many data (including the measurements of branching ratios and angular observables)
still show some tensions with the SM in the low di-lepton invariant mass squared region'.

However, in order to perform a reliable comparison between theoretical computations of
branching ratios and angular observables and corresponding measurements one has to have full
control of the hadronic form factors (FFs), which encode all the information about the strong
interactions among the quarks. Such FFs enter directly in the expressions of the decay amplitudes,
which at leading order in electromagnetic interactions read (see e.g. [4, 5])

2
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Here C7, Cg, C are the Wilson Coeflicients (evaluated at the weak scale) of the AB = 1 magnetic
operator O7 and of the semileptonic AB = 1 operators Oy and Oy, respectively. The functions
Fa(q?), Fr.a(q*) are the local FFs and are completely analogous to the ones which describe
semileptonic charged-current decays of hadrons. Instead, H,(g?) are the non-local FFs, which are
related to the hadronic matrix elements of 7 -ordered products of the electromagnetic current and
of the four-quark operators O; and O,. Finally, A represents the possible polarizations of the quark
currents underlying such hadronic matrix elements.

A novel theoretical study of the local FFs % (¢?), Fr.1(¢?) is presented in Ref. [2], where all
the available lattice QCD (LQCD) results for such FFs have been used and extrapolated to the full

L A1l the references to the experimental studies carried out by the LHCb, Belle, ATLAS and CMS collaborations can
be found e.g. in Refs. [2, 3]
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kinematic range by using the Dispersive Matrix (DM) method [6-9]. Contrarily to the very recent
studies in Refs. [5, 10-13], where both LQCD and Light Cone Sum Rules (LCSR) inputs have been
used together, Ref. [2] studies in detail what happens if only LQCD results are used as inputs. Let
us highlight that all the theoretical ingredients necessary for the implementation of the DM method
for b — s quark transitions are summarized in Ref.[2]. Particular attention has been devoted to
the evaluation of the so-called susceptibilities, which are related to appropriate derivatives of the
Fourier transform of suitable Green functions of bilinear quark operators. Their values have been
taken from the results of the perturbative computation of Ref.[14], from which the ground state
contributions of the relevant BE*) and By poles have been subtracted?.

Fig. 1 shows the results of the study in Ref. [2] for three benchmark FFs, namely f f“’K , TIB —K
and A?S_)¢. The LQCD datasets from the HPQCD collaboration [18] and from the FNAL/MILC
collaboration [19] for the case of B — K are represented as green and red dots, respectively, while
the HLMW lattice data points [20] for the cases of B — K* and By — ¢ as brown dots. Moreover,
the LCSR computations (GRvDV 2022, GvDV 2020) as found on the EOS repository [21, 22] are
represented as black dots. For what concerns the results on the FFs, the blue band describes what
obtained through the application of the DM method to available LQCD results for the FFs, while
the green band corresponds to the inclusion of both LQCD and LCSR inputs in the study. The
orange bands reproduce the results obtained in Ref. [23]. The key message here is that the inclusion
of the LCSR in the study of FFs drastically reduces the errors on the FFs themselves at low-¢2, thus
having a not-negligible impact on the values of the Wilson Coefficients inferred from global fits of
available experimental data, as discussed in depth in Ref. [2].
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Figure 1: Comparison of different results for the extrapolation of the FFs fB=K, TIBHK " and Af“_)q) to
the full kinematic range, by using different theoretical approaches to the FFs themselves. The blue band
describes the results obtained through the application of the DM method to available LOQCD results for the
FFs, while the green band corresponds to the inclusion of both LOCD and LCSR inputs in the study. The
orange bands reproduce the results shown in Ref. [23]. See the text for details on the LQCD and LCSR inputs.
The FF f, is multiplied by the factor P(q*) = 1 — g%/ Mlzg,;_ to increase readability. Taken from Ref. [2].

It is worth emphasizing that, while at present it is well known how to describe local FFs through
the first-principle QFT properties of analiticity and unitarity, an open problem concerns how to
deal with the non-local FFs H;(g?%). This is a central issue, since reliable theoretical estimates

2The values of the masses and of the decay constants of such poles have been taken from Refs.[15, 16] and from
Appendix A of Ref. [17], respectively.
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of branching ratios and angular observables in semileptonic neutral-current B s)-meson decays
depend on our precise knowledge of both the typologies of FFs. The authors of Ref. [5, 24, 25] have
recently shown that global fits of all the available b — s{*¢~ data can give quite different results
for the marginalized value of the Wilson Coefficient Cy by exploiting different parametrizations of
the non-local FFs. The authors of Refs. [4, 21, 23] argue, instead, that non-local FFs should play a
negligible role in such global fits, as clear from the results of the application of dispersion relations,
analiticity and unitarity in this case.

Novel proposals and techniques for dealing with sub-threshold and anomalous branch cuts
in semileptonic neutral-current B s)-meson decays have been recently proposed in Refs. [26-29].
Focusing on the former cuts for simplicity, the idea is to introduce a conformal transformation given
by

’\/tzh - t - ’\/tth - t_
Nt =t + A\t — 1

where t = q2 is the squared momentum transfer, #;, = 4m2D to take into account the contributions

z(1) = ()

from charm loops and finally 7. = (mp,, £ mp, v)? for semileptonic B(s) = {P, V}{*{~ decays.
Note that z(#,;5,) = —1, while z(¢,) will be a point of the unit circle |z| = 1.

The analytical domains in terms of the conformal variable z are graphically represented in
Fig. 1. The central idea is that, in order to implement correctly the constraints coming from
unitarity and analiticity, one should not only consider the pair-production region (the blue arc in
Fig.2), but also the extra one coming from the sub-threshold cut (the red arc in Fig. 1). The idea
proposed in Refs. [28, 29] is to implement a double dispersive bound on both the pair-production
and the sub-threshold regions at the same time, at variance with what done in previous works in
literature. Further investigations are absolutely necessary in order to understand the numerical
impact of this analysis strategy on the study of non-local FFs, as well as to define a procedure aimed
at the inclusion of the effects of anomalous cuts in this framework. It is worth highlighting that
the results of the first non-perturbative approach to charming penguins on the lattice carried out in
Ref. [30] has given precious additional information to achieve this goal.
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Figure 2: Analytical domains in terms of the conformal variable z, given by Eq.(2) with e.g. t;, < t; =
(mB(S) + mp, v)? in the case of semileptonic B(sy = {P, V}{*{~ decays. The blue line corresponds to the
pair-production branch-cut t > t,, while the red one to the extra branch-cut ranging from t;y, to t. Taken
from Ref. [29].
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Let us finally stress that a complementary insight on hypothetical NP effects affecting the
Wilson Coeflicients Cg, Cjg can also be inferred from the analysis of novel decay channels, e.g. the
rare radiative-and-leptonic decay of the Bs-meson. A synthetic overview of the state-of-the-art of
various theoretical and experimental studies of By — u*u~y can be found in Ref. [31].

3. Rare semileptonic decays with di-neutrino final states

Further interesting information for phenomenology can be inferred by the study of rare semilep-
tonic decays with di-neutrino final states. Here, we are going to specialize the discussion on rare
decays of B-mesons and kaons.

For what concerns the former case, a golden channel is represented by the B — K v transition,
which is free of long distance effects. An updated SM estimate of the total BR is 8(B* —
K*v¥)|sm = (3.96 +0.22) - 10~ from Ref. [2], which is in agreement with the previous theoretical
determinations in Refs. [32, 33]. This estimate has to be compared with the experimental value
B(B* - K*v¥)|exp = (2.3 £0.7) - 107>, determined by the Belle-II Collaboration in Ref. [34],
showing a 2.80 discrepancy. The Belle-II Collaboration is currently developing a dedicated
experimental study for the B — K*vv transition, that has not been observed yet, to see whether a
similar tension can be observed in this channel as well.

Rare kaon decays offer another interesting opportunity for indirect NP searches, since they
allow us to test short-distance effects in s — d quark transitions with high precision. The golden
channels are here represented by K — mvv. Such transitions are mainly investigated by the NA62
Collaboration for what concerns the measurements of K* decays [35], KOTO for K, ones [36]
and finally LHCD for transitions involving both Kg-mesons and hyperons [37]. The theoretical
expressions of the total branching ratios of these decays have been computed in Ref. [38]. From the
numerical point of view, the main theoretical uncertainties on these quantities currently come from
the Unitarity Triangle Analysis (see Refs. [39, 40] for the latest results of global fits by the UTfit
Collaboration). It is worth also emphazising that a precise knowledge of the branching ratios of
rare kaon decays with di-neutrino final states is crucial to constrain the parameter space of specific
NP scenarios, e.g. to put bounds on the flavour-violating axion-down-strange couplings [41-45].

4. Conclusions

In this proceeding I have discussed the state-of-the-art and the future (theoretical and experi-
mental) challenges of rare semileptonic decays of hadrons within the SM. Increasing the precision
of the (theoretical and experimental) description of each of these channels is absolutely crucial to
reveal potential hints of NP in the flavour sector. As clear from the discussion on semileptonic
B 5)-meson decays with charged leptons in the final state, this step requires a deeper understanding
of hadronic effects, namely how to describe non-local FFs with a proper implementation of the the-
oretical constraints from unitarity and analiticity. Rare semileptonic decays with di-neutrino final
states, instead, are mainly challenging from the experimental point of view. Further measurements
are thus necessary in order to reduce the uncertainties on the measured branching ratios. All these
aforementioned theoretical and experimental efforts will undoubtedly strengthen the role of flavour
physics as the best framework to test indirectly and to look for NP at very high energy scales.
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