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1. Introduction

Rare �, � and  decays are so denoted because they are very suppressed within the StandardModel
(SM), by various mechanisms including at least loop and CKM suppression. As a consequence,
effects from new particles beyond the SM (New Physics, or NP for short) can result in significant
deviations from SM predictions. These processes thereby constitute powerful probes of phenomena
beyond the SM. The search for NP effects requires high precision from both experimental measure-
ments and theory predictions, and this is often possible for rare meson decays. In the following,
we will summarise the state of the field as presented at the "11Cℎ International Workshop on the
CKM unitarity triangle" (CKM 2021). For details, the reader is kindly referred to the individual
contributions to these proceedings.

2. Rare H decays

2.1 Rare leptonic decays

The purely leptonic decays �0
B→ `+`− and �0→ `+`− are loop-, helicity- and CKM-suppressed

in the SM, and they are very sensitive to potential contributions from new scalar sectors. In the SM,
the branching fractions of the decays are precisely predicted to be [1, 2]

B(�0
B→ `+`−) = (3.66 ± 0.14) × 10−9 , (1)

B(�0→ `+`−) = (1.03 ± 0.05) × 10−10.

One of the leading contributions to the uncertainty of the SM prediction originates from the
uncertainty on the CKM matrix element +cb. As presented by E. Venturini at this workshop [3],
it is possible to define clean ratios of observables in � decays and mixings, in which parametric
uncertainties largely cancel. An important example is the ratio

'B (3)` ≡
B(�0

B (3)→ `+`−)
Δ"B (3)

(2)

inwhich the+cb dependence cancels andwhich thereby can be predictedwithout this dependence [4].
Using this ratio, and an average of 2+1 and 2+1+1 lattice results (see Ref. [5] for a complete
discussion), Ref. [6] finds agreement with the SM at no better than 2.1f, which is increased to 2.7f
if one uses 2+1+1 results only [7]. One can systematically work out many of such +cb-independent
ratios [8], and identify their leading CKM dependence, which may be parameterized e. g. in terms
of the angles V and W. Such an approach may allow for an assessment of the big picture that is less
reliant on parametric errors that are still under debate.

The latest measurements of B(�0
B→ `+`−) and B(�0→ `+`−) by LHCb were presented by

F. Dettori [9]. The analysis uses the full LHCb Run 1 and 2 data sample, the resulting distribution
of the invariant mass of the dimuon system is shown in Fig. 1 (left). The measured branching
fractions [10, 11]

B(�0
B→ `+`−) = (3.09+0.46

−0.43
+0.15
−0.11) × 10−9 , (3)

B(�0→ `+`−) = (1.2+0.8−0.7 ± 0.1) × 10−10,
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Figure 1: (Left) Invariant mass of the dimuon system for �0
(B) → `+`− signal candidates [10]. (Right)

Combined results of the data by LHCb, ATLAS and CMS on B(�0
B→ `+`−) and B(�0→ `+`−) [22].

are in good agreement with the SM predictions. In addition, the first limit on the decay �0
B→ `+`−W

was obtained using a newmethod [12]. This first limit provides guidance to recent theoretical studies
about its SM prediction and NP potential [13–16]. In this context, it is also worth pointing out
a new precise measurement of the hadronisation fraction ratio 5B/ 53 [17], which can otherwise
limit measurements of branching fractions of �0

B decays at LHCb (see Ref. [18] for a recent theory
reappraisal of this subject).

The current status of measurements of rare decays of heavy flavour by ATLAS and CMS was
presented by P. Reznicek [19]. Both collaborations have performed measurements of B(�0

B →
`+`−) and B(�0→ `+`−) [20, 21], which have been combined with the LHCb measurement [10,
11] in Ref. [22]. The combination of the results is shown in Fig. 1 (right) and shows a tension with
the SM prediction at the level of 2f.

Searches for the lepton-flavour violating decays �0 → g±`∓ and �0 → g±4∓ have been
performed at Belle, as presented by T. Luo [23]. Upper limits of B(�0→ g±`∓) < 1.5 × 10−5 and
B(�0→ g±4∓) < 1.6 × 10−5 have been set at 90% CL [24].

2.2 Rare semileptonic decays

Rare semileptonic 1→ B`+`− decays are loop- and CKM-suppressed in the SM and thus NP can
significantly affect the branching fractions of these processes and the angular distributions of the
final state particles. M. Kreps [25] presented a review of the results on 1→ B`+`− decays at LHCb.
Several intriguing tensions exist in this area, which persist in the present. The most recent results
by LHCb on 1→ B`+`− decays have been obtained using the decay �0

B→ q`+`− [26, 27]. The
branching fraction of this decay is found to lie 3.6f below the SMprediction [26], as shown in Fig. 2
(left). The angular distributions of the decay are found to be in tension with the SM prediction at
the level of 2f, determined using a global analysis of the decay [27]. These tensions are consistent
with similar discrepancies observed in the angular analyses of the decays �0 →  ∗0`+`− [28]
and �+→  ∗+`+`− [29]. A recent angular analysis of the decay �+→  ∗+`+`−, using the full
Run 1 and 2 data sample collected by LHCb, reveals a tension corresponding to 3.1f with the SM
prediction. This is consistent with an earlier angular analysis of �0→  ∗0`+`− which exhibits
a 3.3f tension [28]. The angular observable %′5 determined by LHCb in this analysis is shown
in Fig. 1 (right), together with results by the Belle, ATLAS, and CMS collaborations [30–32]. In
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summary, this set of measurements suggests deviations going consistently in one and the same
direction. Further measurements, and updates of existing ones, are eagerly anticipated.

The significance of the tensionswith SMpredictions in semileptonic 1→ Bℓ+ℓ− decays depends
on the precision of the SM prediction. Danny van Dyk discussed recent progress on theory errors in
this area [33]. The theory errors are dominated by the knowledge of the QCD dynamics underlying
the required matrix elements. Starting from the general |Δ�| = |Δ( | = 1 effective Lagrangian, the
most relevant subset of operators includes: the semileptonic operators, known as O9,10; the 4-quark
operators with two charm quarks, known as O21,2; and the electromagnetic dipole operator O7. The
speaker notes that, in order to identify the main long-distance quantity to calculate, one can write
down a mock amplitude, consisting of terms that are the product of local form factors F_ times the
Wilson coefficients of the mentioned operators, plus terms proportional to non-local form factors
�_ (where _ denotes the helicity) of dimension-5 operators. Starting from such an expansion, the
crucial expression is the )-product

〈�B |
∫

34G48@ ·GT { 9 `e.m. (G), [�1O21 + �2O22 ] (0)}|�1〉 . (4)

The state-of-the-art until recently was the well-known calculation byKMPW [34], where the authors
expanded the )-product in light-cone operators under the assumption @2 − 4<2

2 � Λhad<1, then
expressed the leading contribution through local form factorsF_. Within this approach, 1/(@2−4<2

2)
corrections can, in principle, be systematically obtained. The speaker and his collaborators [35]
put in place a new strategy, where one computes �_ at space-like @2, and then extrapolate to
timelike @2 ≤ 4"2

�
by way of a suitable parameterization. Importantly, this strategy includes

information from non-leptonic decays with �/k and k(2() final states. This method informed
the recent reappraisal of KMPW performed in Ref. [36] (see also Ref. [37]). A full analysis is
work-in-progress.

New physics entering 1 → B`+`− process can also affect 1 → B transition accompanied by
tau and neutrino pairs. Results on semileptonic decays from the Belle and Belle II collaborations
were presented by T. Luo [23]. Semileptonic 1→ Bg+g− decays are of particular interest as effects
from NP can be large for the third generation leptons [38, 39]. The Belle collaboration recently
performed a search for the decay �0→  ∗0g+g−, using the full data sample [40]. No significant
signal is observed and an upper limit of B(�0→  ∗0g+g−) < 2.0 × 10−3 at 90% confidence level
(CL) is set, which constitutes the first experimental constraint on this mode [40]. In addition, a
search for the decay �+→  +aā using 63 fb−1 of Belle II data was presented [41]. The analysis uses
a novel inclusive tagging approach, inspired by Ref. [42], which exhibits larger signal efficiency
than previous analyses with hadronic or semileptonic tag. The search measures a branching fraction
of B(�+→  +aā) = 1.9+1.6−1.5 × 10−5 and establishes an upper limit of B(�+→  +aā) < 4.1× 10−5

at 90% CL.

2.3 Radiative H decays

Radiative 1→ B(3)W decays constitute flavour changing neutral currents that are highly sensitive
to NP contributions. Both inclusive measurements of radiative 1-hadron decays and measurements
of branching fractions and CP asymmetries of exclusive final states are of great interest and give
important complementary information.
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Figure 2: (Left) Differential branching fraction of the rare decay �0
B→ q`+`− [26]. (Right) Overview of

results on the angular observable %′5 in the decay �
0→  ∗0`+`− [28, 30–32]. Figure from Ref. [43].

The theory status of inclusive �̄→ -BW decays was reviewed by A. Rehman [44]. The CP- and
isospin-averaged branching fraction B(�→ -BW) is known experimentally to 4.5% precision [45].
This experimental result is given for �W > 1.6 GeV as customary. Since experimental backgrounds
increase for lower �W , measurements are obtained in the range [1.7, 2.0] GeV and then extrapolated
to 1.6 GeV. On the theory side one wants a photon energy �0 large (∼ <1/2), in order to keep
<1 − 2�0 � ΛQCD. This justifies the choice of �0 = 1.6 GeV. The theory calculation of the
branching fraction consists of a perturbative (96% of the prediction) and of a non-perturbative (4%)
component. The former component is the partonic width integrated over �W > �0, and calculated
as an expansion bilinear in Wilson coefficients �8 (`1)� 9 (`1), weighted by functions �̂8, 9 (�0, `1).
The � (2)27 term, i. e. the interference between the operators known as O2 and O7, is considered to
NNLO in QCD and for arbitrary charm mass [46]. With respect to the previous state-of-the-art
calculation [47], this implies a sizeable reduction of the error (from about 7% to 5%) for both
BSM
BW and for 'W ≡ B(B+3)W/B2ℓā . The theory error is, however, still dominant with respect to the

ultimate expected Belle II accuracy of about 3% with 50 ab−1 [48].
Recent measurements of radiative 1-hadron decays by LHCb were presented by C. Marín

Benito [49]. A time-dependent tagged analysis of the exclusive decays �0
B→ qW gives access to

the observables AΔ
qW

, (qW , and �qW , which are sensitive to the photon polarisation. The resulting
values of [50]

AΔ
qW = −0.67+0.37

−0.41 ± 0.17,

(qW = 0.43 ± 0.30 ± 0.11 ,
�qW = 0.11 ± 0.29 ± 0.11 ,

are in good agreement with the SM prediction and a previous untagged measurement [51]. LHCb
also allows to study exclusive radiative 1-baryon decays. The first observation of a radiative 1-baryon
decaywas performed byLHCbwith the observation of the decayΛ0

1
→ ΛW [52]. An angular analysis

of this mode [53, 54] allowed recently to measure the photon polarization UW = 0.82+0.17
−0.26

+0.04
−0.13 [55],

which is in good agreement with the SM prediction. A search for the radiative 1-baryon decay
Ξ−
1
→ Ξ−W results in an upper limit of B(Ξ−

1
→ Ξ−W) < 1.3 × 10−4 at 95% CL [56].

Recent measurements and prospects on the 1 → BW sector at the Belle and Belle II experiments
were presented by M. Röhrken [57]. Belle analyzed the 771 fb−1 full dataset providing the most
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stringent measurements on branching fraction and CP asymmetries for the �→  ∗W channel, along
with a measurement of the isospin asymmetry showing a 3.1 f evidence for isospin violation [58].
Belle II performed a search for the same channel on about 63 fb−1 providing branching fraction
measurements [59]. With larger statistics, updated estimations of the rates along with the isospin
and CP asymmetries will be performed. With a sample of 5 ab−1 accuracies at sub-percent level
are expected on all aforementioned quantities. Time-dependent analyses to determine the photon
polarization will also be feasible [48]. On the inclusive side, several techniques to reconstruct
� → -BW final states, boiling down to different assumptions on the tag-side decay, are feasible at
� factories. The different assumptions on the tag side (from no assumption for a fully inclusive
analysis to the request of a fully reconstructed hadronic � mode) translate into a trade-off between
efficiencies and purities. Belle II presented a measurement of the photon spectrum with fully
inclusive tag method and no requirement on the - system accompanying the high energy cluster,
observing an excess in background-subtracted data in the signal-like region. This represents a
starting point for the wide �→ -W program Belle II will carry out [48].

2.4 Tests of lepton universality in rare decays

The SM interactions are to an excellent approximation lepton-flavour universal. Lepton flavour
universality (LFU) can be tested using the ratios

'� =

∫ @2
max

@2
min

dB(�→�`+`−)
d@2 d@2∫ @2

max
@2

min

dB(�→�4+4−)
d@2 d@2

, (5)

which are precisely predicted to be unity in the SM if lepton masses can be neglected. QED
corrections are at most of O(1%) [60], and, crucially, hadronic effects cancel in the ratio. Any
significant departure from unity would therefore provide a clear hint of NP. The most precise
measurement of ' is performed by the LHCb collaboration using the full Run 1 and 2 data
sample [61]. The resulting value of

' (1.1 < @2 < 6 GeV2/24) = 0.846+0.042
−0.039

+0.013
−0.012, (6)

shown in Fig. 3 (left), is below the SM prediction, the tension corresponds to 3.1f [61]. Mea-
surements by the BaBar and Belle collaborations exhibit larger uncertainties and are compatible
with both the SM and the LHCb measurement [62, 63]. More recently, the LHCb collaboration
performed a measurement of the LFU tests ' 0

(
and ' ∗+ [64], the resulting values of

' 0
(
(1.1 < @2 < 6 GeV2/24) = 0.66+0.20

−0.15
+0.02
−0.04 (7)

' ∗+ (0.045 < @2 < 6 GeV2/24) = 0.70+0.18
−0.13

+0.03
−0.04

are shown in Fig. 3 (right), they lie below the SM prediction at 1.5f and 1.4f, respectively [64].
Measurements by the Belle collaboration are consistent with either the SM and LHCb [65, 66].
Earlier measurements of ' ∗ and '? by the LHCb collaboration were also found to lie below the
SM prediction [67, 68]. The pattern of measurements of clean lepton flavour universality ratios
below the SM prediction is intriguingly consistent with that observed in branching ratios and in the

6
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Figure 3: (Left) Measurements of ' by LHCb [61, 70], BaBar [62], and Belle [63]. (Right) Lepton flavour
universality tests ' ∗+ and ' 0

(
by LHCb [64] and Belle [65, 66]. Figures from Refs. [61, 64].

�0→  ∗0`+`− angular distribution (see Sec. 2.2). Again, additional ratio measurements by the
LHCb and Belle II collaborations are eagerly anticipated.

Tests of lepton universality in 1→ 2ℓ−āℓ tree-level decays that also show interesting tensions
with SM predictions were presented by L. Scantlebury-Smead, for details we refer to Ref. [69] and
the summary of working group 2 (+ub, +cb and semileptonic/leptonic � decays including g) at this
workshop.

A theory review of the status of ' (∗) uncertainties was given by S. Nabeebaccus [71], with
particular focus on the QED component. Although these contributions come with a small coupling
U/c ≈ 2 · 10−3, their importance in �̄ →  ̄ℓ+ℓ− is due to the presence of kinematic effects
enhancing these corrections to O(U/c) log(<ℓ/<�) & 2-3%. A first analysis—single-differential
in the di-lepton invariant mass squared @2—was performed in Ref. [60], finding agreement with
PHOTOS [72] at per mil level, and assigning ' an error of 1%. Reference [73] presents a more
general study of these corrections, with further work in progress. The paper calculates the full matrix
elements, i. e. both the real and virtual components, within an EFT Lagrangian description, i.e scalar
QED. The aim is to capture effects beyond collinear log(<ℓ/<�) terms. The speaker addresses
the question whether the EFT approach employed may miss any log(<ℓ/<�) contributions due
to structure dependence. Reference [73] argues that this is not the case, on grounds of gauge
invariance. On the other hand, this analysis does not capture effects ∝ log(< /<�), which can be
non-negligible. A general survey of structure-dependent contributions is on-going within a light-
cone sum rules approach. Work is also in progress as concerns the �̄ →  ̄ℓ+ℓ− fully differential
distribution from a Monte Carlo. Such a tool can be profitably used to cross-check PHOTOS, and
to investigate effects of charmonium resonances.

Open challenges on the crucial topic of QED corrections to 1 → B decays were discussed by
R. Szafron [74]. The speaker first makes two points on the phenomenology side of the problem.
First, structure-dependent corrections for semi-leptonic heavy-to-light lepton-universality ratios—
including ' (∗)—depart from unity by terms of $ (U) times $ (log(<2

`/...), where ellipses denote
any scale in the experimental observable. The worst-case scenario is of an additional few-%
uncertainty from such structure-dependent corrections. The second point is that lattice evaluations
of QED corrections for heavy mesons are complementary to the EFT approach. The latter captures
terms proportional to log(<`/Δ�) ∼ 2.5 and log(<�/<`) ∼ 4, whereas lattice QCD can estimate

7
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Figure 4: Tower of theories and scales relevant for the description of semi-leptonic heavy-to-light lepton-
universality ratios including QED corrections. Δ� denotes the minimum energy for single-photon detection.
Figure taken from Szafron’s contribution to the workshop.

log(<�/Λ&��) ∼ 3 terms. Since both classes of terms are of similar size, we should pay attention
to both.

On the theory side, the challenge is to perform a non-perturbative matching between the point-
like EFT and the microscopic description. This corresponds to a tower of theories that are matched
to one another as the energy decreases. The picture is best summarized in Fig. 4, taken from the
seminar. A benchmark application, to �0

B → `+`−, is Ref. [2, 75], which identifies dangerous single
and double log(<1l/<2

ℓ
) terms (l ≈ ΛQCD). After this work, further steps towards a systematic

treatment of QED in charmless � → c+c− and in heavy-to-heavy decays have been undertaken in
Refs. [76, 77].

An important further challenge concerns non-perturbative soft matrix elements, that need also
to be evaluated within QCD×QED, and light-cone distribution amplitudes have to be generalized
accordingly. Such generalization has been accomplished in Ref. [78].

R. Szafron also emphasizes that dedicated Monte Carlo simulations of QED effects [79] are
compatible with the EFT description above ΛQCD. These Monte Carlos at present neglect radiation
from charged initial-state particles and other effects which can be non-negligible. This point,
the speaker argues, requires further attention within the community. See also the corresponding
discussion in Saad Nabeebaccus’ talk. A final, daunting challenge is to go beyond leading power in
the 1/<� expansion.

2.5 Global fits of b→ sℓ+ℓ− data

The data on rare 1→ Bℓ+ℓ− decays is interpreted in an effective field theory framework, whose
Wilson coefficients are determined through a global fit, as was discussed in the presentation by
P. Stangl [80]. The correlation matrix used in these fits includes an experimental and a theory
component. Importantly, the latter in general depends on the Wilson coefficients themselves, and
as such it may appreciably differ in the SM and in NP scenarios.

A first test is to compare experimental data with observables calculated within the weak
effective theory (WET) at the 1-mass scale of 4.8 GeV. Specifically, one can explore systematically
scenarios with shifts to one, or more, Wilson coefficients, with inclusion of theoretically clean
observables only, or including also the theoretically less clean ones, in the sense discussed above
in connection with 22̄ contributions (see talk by van Dyk [33]). With these different global-fit

8



P
o
S
(
C
K
M
2
0
2
1
)
0
1
4

WG3 Summary – Rare �, � and  decays Diego Guadagnoli

−2.0 −1.5 −1.0 −0.5 0.0 0.5 1.0

Cbsµµ
9

−1.0

−0.5

0.0

0.5

1.0

1.5

2.0

C
bs
µ
µ

1
0

flavio
Bs → µµ 1σ

RK & RK∗ 1σ, 2σ

b→ sµµ 1σ, 2σ

rare B decays 1σ, 2σ

Robustness of global �ts Capdevila, Fedele, Neshatpour, PS

�1.75 �1.50 �1.25 �1.00 �0.75 �0.50 �0.25 0.00 0.25

CNPµ
9

�0.50

�0.25

0.00

0.25

0.50

0.75

1.00

1.25

1.50

C
N

P
µ

10

ACDMN

AS

CFFPSV

HMMN

SM

global �t

�1.25 �1.00 �0.75 �0.50 �0.25 0.00 0.25 0.50 0.75

CNPµ
9

�0.50

�0.25

0.00

0.25

0.50

0.75

1.00

1.25

1.50

C
N

P
µ

10

ACDMN

AS

CFFPSV

HMMN

SM

�t to LFU observables + Bs ! µµ

ACDMN (Algueró, Capdevila, Descotes-Genon, Matias, Novoa-Brunet), arXiv:����.�8���
AS (Altmannshofer, PS), arXiv:����.�����
CFFPSV (Ciuchini, Fedele, Franco, Paul, Silvestrini, Valli), arXiv:����.�����
HMMN (Hurth, Mahmoudi, Martínez-Santos, Neshatpour), arXiv:����.����8

Peter Stangl (University of Bern) CKM ����, �� Nov. ���� ��/�8

Figure 5: (Left) Fit of the Wilson coefficients �9 and �10 using (blue) clean observables and (red) all data
on 1→ Bℓ+ℓ− transitions. Figure from Ref. [22]. (Right) A comparison of the global-fit regions selected
by the approaches in Refs. [22, 88–90] when including only the theoretically cleanest observables, i. e. LFU
ones and �0

B → `+`−. Figure from Ref. [80].

declinations, one can see that scenarios with shifts to the muonic Wilson coefficients �9, �10 and
�9 = −�10 have, invariably, pulls well above 3f. The dependence of the correlation matrix on the
Wilson coefficients has been investigated in detail in Ref. [22] and found to have an impact mostly
on the �9-only scenario.

Quite intriguing is the picture within global fits to two Wilson coefficients, in particular in
the plane �9 vs. �10, see Fig. 5. Here one may compare a few reference hypotheses on the data:
a first one consists in including only �0

B → `+`− as well as the LFU observables ' , ' ∗ and
� ′
%4,5

[81–83]. This case prefers muonic-only Wilson coefficients. In a second reference scenario
one considers 1 → B`+`− data—i. e. branching fractions and angular observables—with the caveat
that they may be affected by possibly underestimated hadronic uncertainties. Agreement between
the datasets in these two scenarios is improved by a flavour-universal shift to �9 [84], usually
denoted as �univ

9 . Interestingly, such shift lends itself to a natural interpretation [85, 86] that can
quantitatively connect 1 → Bℓ+ℓ− and 1 → 2ℓ−ā anomalies [87]. Combining the datasets from the
two scenarios (global fit) yields a best-fit region perfectly compatible with the line �9 = −�10, with
a negative central value.

Another interesting highlight is that global-fit conclusions are robust across collaborations.
Quite impressive in this respect is an explicit comparison between the approaches in Refs. [22, 88–
90] in the mentioned �9 vs. �10 plane. Within a fully global fit, the different approaches yield
partly overlapping regions, whose location can be understood in light of the somewhat different
treatment of certain observables across the approaches. For example, a more or less conservative
stance on angular data in �→  ∗ℓ+ℓ− leads to a less or more pronounced preference for the�9-only
scenario with respect to the competitor �9 = −�10. However, and crucially, if one focuses attention
on theoretically clean observables only, to wit LFU ones and �0

B → `+`−, all approaches lead to,
basically, the very same region in the �9 vs. �10 plane, as shown in Fig. 5 (right). This region

9
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prefers a non-zero shift to one or both of these Wilson coefficients, with the SM point about 4f
away from the best-fit point.

2.6 Model building for flavour anomalies

Model building for the flavour anomalies was discussed by C. Cornella [91]. She first notes that
1 → B anomalies point to a scale anywhere between a few and about 40 TeV, whereas 1 → 2

discrepancies, if confirmed, require a lower scale, around a few TeV. An interesting basic question
is why do we want to consider both sets of discrepancies on the same footing. The immediate
answer is that this is natural because the two underlying quark currents are related by (* (2)! gauge
invariance, which points to left-handed semileptonic operators. (Although extensions with right-
handed currents are also possible.) These features are suggestive of UV completions becoming
dynamical somewhere above the SMEFT scale, where the new dynamical scale is integrated out,
but the full SM gauge symmetry is still in place.

Cornella outlines the three possibilities that stand out for a combined explanation: the two scalar
leptoquarks known as (1 and (3 (see in particular Refs. [92–94]); the alternative scalar-leptoquark
combination of '2 and (2 [95]; the vector leptoquark *1 (see in particular Refs. [96–100]). In this
case, there are automatically no tree-level contributions to 1 → Baā. The *1 scenario is certainly
among the favorite ones (for a recent comparison of the description of current data across the
different scenarios, see Ref. [101]) and is characterized by well-defined low-energy predictions,
including a large modification of 1 → Bg+g− currents, as well as large g/` lepton flavour violation
in 1 → Bg` currents as well as g decays [102]. Importantly, this scenario can also be probed at
high ?) through di-tau tails [102, 103], and if this scenario should be part of the answer, excesses
in ?? → g+g− are to be expected sooner or later.

Another important point made is that the *1 case has inspired numerous attempts towards a
full-fledged, renormalizable model. This has happened to some extent by necessity: there exist
observables that feature a power-like sensitivity to the UV scale and crave for a UV completion—
for a neat early discussion see Ref. [104], whereas the most up-to-date treatment is to be found in
Ref. [105]. In short, efforts towards a UV completion of the *1 simplified model are especially
important in order to rigorously test this framework. There are different possible paths towards this
end, and here we limit ourselves to a short summary of the gauge path. The starting point is, not
surprisingly, the Pati-Salam model [106]—after all, a leptoquark vector mediator immediately calls
for the idea of lepton number as the fourth color. The original Pati-Salam group, however, faces
a number of challenges in light of the wealth of existing collider data, as discussed in Ref. [96].
In particular, one has to disentangle the (* (4) group from (* (3)2 , and one has to circumvent
high-?) constraints by requiring 64 � 61, 63. The ensuing construction is the so-called 4321
model [96, 107, 108]. An important aspect of this model is that the *1 does not come alone as
a mediator. It is accompanied by a / ′ and a “coloron” field, whose phenomenology is also to be
taken into account [102]. Finally, this short summary has to skip other more recent model-building
directions yielding leptoquarks, for which the reader is referred to Ref. [91].

10
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3. Rare J decays

Rare and forbidden charmed meson decays, such as FCNC |Δ� | = 1 or purely leptonic transitions,
are unique probes for physics beyond the SM in the up-type quark sector and are complementary to
analogous searches in the  and � sector.

Recent results on rare and forbidden semileptonic � (B) decays at BES III were discussed by
L. Sun [109]. The search for the semileptonic decay �B → W4a4 is reported in Ref. [110]. No
evidence for a signal was found and an upper limit on the branching fraction of 1.3 × 10−4 at 90%
CL was set. This represents the first search for this mode and has to be compared with a SM
prediction of 3× 10−5. An indirect search for Majorana neutrinos in � →  c4+4+ decays was also
presented [111]. Upper limits on the branching fraction for the SM process and as a function of the
Majorana neutrino mass were set at 90% confidence level. The former varies from 2.8×10−6 for the
�0 →  −c−4+4+mode to 8.5×10−6 for the decay �+ →  −c04+4+ while the latter ranges between
10−7 and 10−2 depending on the new state mass and on the reconstructed final states. Lastly, upper
limits of the order of 10−6 to 10−7 on a search for baryon number violation with � → Λ(Σ0)4 were
presented [112]. The 20 fb−1 dataset collected in the next few years by BES III at the Ψ(3770)
threshold will allow to carry out a rich program on rare and forbidden charm decay searches.

LHCb searches on rare and forbidden � decays were covered by D. Brundu [113]. Among
the many accessible modes, the following ones were discussed: �+(B) → ℎ+ℓ±ℓ (′)∓ [114] and
�0 → ℎ+ℎ−`+`− [115], with ℎ being a pion or a kaon. In the search of the 25 �+(B) → ℎ+ℓ±ℓ (′)∓

modes, no evidence for signal was found and upper limits on the branching fractions were set,
with an improvement of more than one order of magnitude, apart from the ℎ4+4− final states, with
respect to previous measurements. The �0 → ℎ+ℎ−`+`− decays were studied to measure the
CP asymmetry and angular variables as a function of the di-muon invariant mass. All measured
quantities have been found to be in agreement with SM predictions and, since they are limited by
the size of the data samples, will benefit from updated analyses using more data.

4. Rare Q decays

Rare decays arewell-known to rank among themost sensitive flavour constraints of physics beyond
the SM. Precision measurements and new physics searches in the kaon sector were discussed, both
from the theoretical and the experimental point of view. Here we shortly review the two aspects in
turn.

M. Bruno [116] discussed the lattice-QCD (LQCD) status of n ′/n , n , as well as  → caā.
This is a vast topic, where major progress has beenmade over recent years in LQCD calculations [5].
As regards n ′/n , it is well-known that the crucial challenge is to compute the imaginary parts of
the building-block amplitudes �0,2 ≡ �( → (cc)�=0,2), with the cc in a state of definite isospin
�. One further challenge used to be the calculation of the corresponding strong-phase difference
X2 − X0, performed with either dispersive [117] or lattice [118] approaches. These two approaches
are now in perfect agreement with each other. In synthesis, one can obtain an estimate of Re(n ′/n)
by taking Re�0, Re�2, as well as l =Re�2/Re�0 (the “Δ� = 1/2 rule”) from experiment [119]; the
X2 − X0 phase difference can be taken from either a dispersive or a lattice approach as mentioned;
finally, one can take Im�2 from Ref. [120] and Im�0 from the more recent calculation in Ref. [118].

11



P
o
S
(
C
K
M
2
0
2
1
)
0
1
4

WG3 Summary – Rare �, � and  decays Diego Guadagnoli

The ensuing prediction reads [118]

Re(n ′/n) = 21.7(2.6) (6.2) (5.0) × 10−4 , (8)

to be comparedwith the experimental result of 16.6(2.3)×10−4 [119]. In eq. (8) errors are statistical,
systematic from sources other than the isospin-breaking and e.m. corrections, and systematic due
to these two components. It is interesting to note that, if one applied to this result the (negative)
correction from isospin breaking calculated in Ref. [121], the central value in eq. (8) would basically
coincide with the experimental result.

LQCD also produced first numerical results at<phys
c for Δ< [122] (see also Refs. [123–125]),

with the preliminary result Δ< = 6.7(1.7) × 10−12 MeV, to be compared with the experimental
measurement of 3.483(6) · 10−12 MeV. The preliminary lattice result has a somewhat intriguing
central value, but also a large uncertainty, dominated by discretization errors from charm. It is
worth noting that the <phys

c limit requires large spatial sizes and inclusion of charm, which in turn
demands fine lattice spacing 0—a challenging task.

In n the current frontier in LQCD is the calculation of long-distance contributions, subsumed
in the parameter b. Themost recent result reads b = 0.17(1) ·10−3 [126]. The underlying calculation
is challenging for many reasons, in particular the large number of contractions and topologies. This
result may be compared with the phenomenological estimate in Ref. [127]—which relies on the
relationship between b and the experimental value of Re(n ′/n) and hence assumes the absence of
new-physics contributions on the latter—as well as with the ChPT calculation in Ref. [128], which
includes only the dominant non-analytic terms—and assumes nothing on n ′/n . A lattice approach
to b is an important milestone.

One further LQCD highlight at CKM2021was the status of → caā. This decay is dominated
by short-distance effects. In fact, starting from the relevant Hamiltonian [129, 130], the (non-
perturbative) hadronic matrix element is related by isospin [131] to the experimentally measured
 ℓ3 decay. However, long-distance effects may be up to 6% in the charged mode  + → c+aā [132].
Exploratory studies [133, 134] at unphysical kinematics observe a curious cancellation between the
contributions from each of the ,, and /-exchange diagrams to the difference between the full
LQCD result for the charm-quark contribution to the amplitude and the amplitude obtained using
perturbation theory. A more recent calculation [135] was carried out at the near-physical pion mass
of <c = 170 MeV (and unphysical charm), which shows a mild momentum dependence (varying
momenta in LQCD is computation-intensive) and clarifies the role of intermediate cc states. These
are technical steps towards the ultimate aim—to calculate the full rate with below-percent precision
at physical kinematics.

A. Buras [136] discusses the theory status, both within and beyond the SM, of the n ′/n
anomaly, which was the object of a controversy till 2020. The experimental average from NA48 and
KTeV reads Re(n ′/n) = 16.6(2.3) · 10−4. [137–139]. A first theory comparison can be made with
ChPT, whose most recent determination yields Re(n ′/n) = 14(5) · 10−4 [140, 141] and showing
perfect agreement. As discussed earlier, LQCD has also accomplished a full calculation of the
same quantity, and the latest result in eq. (8) shows, again, good agreement with the experimental
measurement. Finally, a fully analytic calculation [142, 143] can also be performed within the
context of so-called “dual QCD” [144, 145], which is grounded on a large-#2 expansion of QCD.
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The prediction reads Re(n ′/n) = 5(2)×10−4 [146] which at face value signals a tension with respect
to the experimental result.

The talk also summarizes the outstanding tasks ahead for each of the three mentioned theory
approaches. On theLQCDside, and taking as reference theRBC-UKQCDsetup, the nextmilestones
are the calculation of isospin-breaking as well as QED corrections—that produce the last error
component in eq. (8). A second, significant source of systematics is the finite lattice spacing. See
Ref. [118] for a detailed discussion. On the ChPT side, the current uncertainty is dominated by
the input values of the strong low-energy constants, in particular !5,7,8 and by the poor knowledge
of 1/#2-suppressed contributions in the matching region—at present estimated conservatively by
scale variations [141]. Finally, within the DQCD calculation, important work is necessary in order
to include subleading final-state interactions.

D. Marzocca [147] provided a theory perspective on the possibility of correlations between
 → caā and the � anomalies. First insights can be obtained already at the EFT level, with general,
symmetry-guided assumptions on the flavour structure. Such structure can then be fixed completely
within specific models.

As regards the EFT level, one should first note that � anomalies suggest new physics dominantly
coupled to the third generation of down-type fermions [38]. This, by way of flavour mixing after
electroweak-symmetry breaking, implies dominant flavour effects in 1 → B transitions (and in
final states with g, including lepton-flavour violating ones); however, because of this very mixing,
effects in general percolate to any other flavour combination.1 This simple picture encounters
well-defined limitations in the light of data, as discussed in Ref. [93], which also offered a number
of paths forward. A well-defined direction is that of considering a minimally-broken * (2)5 global
symmetry [150, 151]. Such assumption offers a natural interpretation of the resemblance between
the seemingly hierarchical nature of NP couplings to the three generations and the hierarchy in SM
fermion masses. Starting from this ansatz, one can relate, even within an EFT context, flavour
effects across different generations up to $ (1) coefficients. Such approach was utilised to study
the possible correlation between '(� (∗) ) and BR( + → c+aā) as a function of the undetermined
$ (1) coefficients [152] (see also [153]). The two processes suggest new scales of, respectively,
$ (4 TeV) and 42 TeV. It is interesting that the latter scale is very close to the general EFT bound
implied by the NA62 measurement of BR( + → c+aā) [154]. In a similar vein, Ref. [155] related
semi-leptonic � anomalies with lepton-flavour violating  decays of the kind  → (c)4±`∓.

More accurate correlations between different flavour sectors can be obtained by committing to
full-fledged models, with new particle d.o.f. such as leptoquarks (LQs). As discussed in Cornella’s
talk at CKM2021, three main LQ sets stand out for combined explanations of the � anomalies, see
Sec. 10 form more details. The cases of scalar LQs have the advantage of being fully calculable
already at the simplified-model level. This is not the case for vector LQs, as also discussed there.
Other interesting features of scalar-LQ scenarios is that they can address (6 − 2)`; finally, their
UV origin may potentially be found in composite-Higgs models, in turn interesting for a possible
connection with the EW hierarchy problem [94].

Focusing on the instance of the (1+(3 model, onemayperformadetailed analysis of correlations

1This observation was made properly (* (2)!-symmetry compliant in Ref. [148] thus paving the way for joint
explanations of 1 → B and 1 → 2 data alike (see also introductory discussion in Ref. [149]).
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between �- and kaon-physics observables. After matching the SM plus the (1+(3 simplified model
to SMEFT at 1 loop [156], one can first perform a joint analysis of � anomalies, thereby fixing the
relevant couplings [157], and subsequently include 1st-generation couplings, in order to study kaon
and ` → 4 observables. This inclusion requires assumptions on the underlying flavour structure,
e.g. a flavour symmetry. Reference [158] considers in detail the case of a* (2)5 flavour symmetry,
already mentioned above. Then, e.g. the left-handed LQ couplinga to the down quark are equal
to the strange-quark counterparts up to the small CKM factor +td/+ts. This establishes a strong
correlation between  and � decays. A global study finds that the (1 + (3 LQs can accommodate
'(� (∗) ) only at 2f, because of the stringent constraints from BR( + → c+aā), n and / → gḡ.

An experimental overview on  → caā searches was presented by Y.-C. Tung [159]. The most
precise measurement on the charged channel has been performed by the NA62 collaboration [154]
using the 2017–2018 dataset. An excess of events with respect to the background-only prediction at
the 3.4f level was observed. The corresponding measured branching fraction, at 68% confidence
level, is:

B( + → c+aā) = (10.6+4.0−3.4(stat) ± 0.9(syst)) × 10−11, (9)

consistent with the SM expectation within errors. NA62 has resumed data-taking in mid 2021, and,
with the sample collected by end 2024, will be able to push down the statistical precision to the
10% level thanks to improvements in the detector, beam line and beam intensity.

The neutral channel has not been observed yet, the current best limit at 90% confidence level
has been set by the KOTO collaboration with an analysis based on data collected in 2015 [160]:

B( 0
! → c0aā) < 3.0 × 10−9 , (10)

to be compared with the SM prediction (3.00±0.30)×10−11 [161]. Data from 2016–2018 runs have
also been analyzed [162], yielding three events in the signal region. Detailed studies on additional
background sources were performed after the signal region opening and two sources not previously
accounted for were found:  0

!
→ WW from beam halo, with two photons faking the neutral pion, and

 + → 4Wa, with the electron escaping the calorimeter acceptance. The above result is found to be
consistent with the estimated total number of background events, 1.22 ± 0.26. An upgrade at both
J-PARC beam facility and KOTO are taking place, data taking will resume in 2022 and by 2026 a
sample 11 times larger will be collected. A major upgrade from KOTO to KOTO STEP-II [163] is
foreseen after 2026 with start of physics runs foreseen for 2029.

A review of recent searches performed at NA62 in modes other than  + → c+aā was given
by E. Goudzovski [164]. The  + → c+aā and  + → c+c0 analyses were extended to search
for  + → c+- [165] and c0 → - [166], with - being a new particle decaying to invisible
final states. Searches for heavy neutral leptons # have been performed reconstructing  → ℓ#

final states [167] [168] resulting in improvements in limits on the couplings of up to two orders
of magnitude with respect to previous works. This allows to search in different - mass regions
with limits on the - couplings exceeding previous works in the sub-100 MeV/22 range. Six
lepton number and lepton flavor violating modes were searched for, including  → cℓ+ℓ+ and
 → cℓ+ℓ

′−, all producing limits on the branching fractions as strong as 10−11 [169, 170]. Updated
preliminary results on event yield for the rare decays  → c`+`− and  → c4aW were also
reported.
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