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Abstract: Tests of lepton flavour universality in rare decays of b hadrons mediated by flavour-
changing neutral-current transitions constitute sensitive probes for physics beyond the standard
model. In recent years, such tests have become increasingly precise and have attracted significant
theoretical and experimental attention. In this article, we review the status of searches for lepton
flavour universality violations in these processes and discuss prospects for future measurements at
various facilities.
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1. Introduction

In the standard model (SM), the couplings of the gauge bosons to the leptons are
independent of the lepton flavour. As a consequence, the properties of leptonic and
semileptonic decays, differing only in the flavour of the leptons produced, are expected
to be identical—up to the effects related to the lepton mass. This so-called lepton flavour
universality (LFU) can, however, be violated in many new physics (NP) scenarios, making
searches for violations of universality particularly effective as probes for physics beyond
the SM.

Lepton flavour universality has been thoroughly tested in the past. It has been verified
directly in the comparison of decay widths of the W and Z bosons to different families
of leptons and it has been established in the study of multiple decays of leptons and
hadrons [1]. A compilation of some of these tests is shown in Figure 1. The variety of the
tests performed to date reflect the complementarity between different measurements in
the search for physics beyond the SM, as different kinds of NP models could modify the
leptonic couplings in specific decays while respecting other LFU constraints [2—4]. The
exploration of LFU in all of these sectors is, therefore, crucial to maximise the potential of
an NP discovery.

The decays of b hadrons involving the flavour-changing neutral-current b — s(d)¢* ¢~
transition, where ¢ represents any lepton, can also be used as a particularly powerful test
of lepton flavour universality. These processes are suppressed in the SM where they can
only proceed through electroweak loop diagrams. Beyond the SM, these rare decays are
sensitive to virtual contributions from new heavy particles and can probe mass scales far
beyond what is accessible to direct production at current colliders. One of the lowest-level
diagrams for the b — s(d){* ¢~ decay in the SM is shown in Figure 2, together with an
example of a tree-level process that could result in a measurable effect.

In recent years, measurements of branching ratios [5-8] and angular observables [9-19]
in several of these b — s ¢~ decays have shown tensions with SM predictions. A model-
independent interpretation of all of these measurements in the context of an effective theory
points to a modification of the b — s coupling with a significance of around 4¢ [20-23].
However, theoretical predictions for exclusive b — s¢ ¢~ decays are complicated by the
non-perturbative nature of QCD and the uncertainties on the predictions needed for such
interpretations are subject to considerable debate [24-27]. In contrast, lepton-universality
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tests in these decays can be precisely predicted in the SM, as the hadronic effects are
expected to be identical in decays involving different flavours of leptons. Consequently,
any sign of lepton flavour non-universality here would be a direct sign for physics beyond
the SM.
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Figure 1. Summary of LFU measurements in different decays [1,28-35].
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Figure 2. Contributions to the b — s¢/ decay: (left) the lowest order SM loop process and (right) a
hypothetical tree-level NP contribution from a leptoquark (LQ).

A summary of the most recent searches for LFU violation in rare b-hadron decays is
presented in this article, focusing on comparisons between electrons and muons. Additional
tests of LFU are also performed in the more abundant decays of b hadrons mediated by
the charged-current b — cf~ 7, transition. Persistent tension between the couplings of
7 and y leptons has been observed in B — D®)/*v, decays [36-45] (The inclusion of
charge-conjugate processes is implied throughout this document). Different models trying
to explain these observations would predict significant effects in the rare decays of b-
mesons, particularly in processes mediated by the b— st 7~ transition [46-48]. Because
of the challenging experimental reconstruction of T leptons, no such transitions have been
observed to date. A short discussion on the status of b— st 7~ searches and prospects in
current and future experiments is also included.

2. Experimental Challenge

Branching ratios of b — s¢* ¢~ decays have been measured to be of O(10~°) or smaller.
Therefore, to achieve the required precision for LFU tests in such processes, large data
samples of b hadrons are required. The small rates for these rare decays also call for efficient
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discrimination against different kinds of background processes. Currently, these processes
are mainly studied by two active experiments: the Belle II experiment [49] operating at the
SuperKEKB B-factory and the LHCb experiment [50] at the LHC. The different production
mechanisms of b hadrons in these two environments drastically influence the design of
the detectors, as shown in Figure 3. Other general-purpose detectors, such as ATLAS [51]
and CMS [52], also study the properties of b hadrons but they are usually limited by the
bandwidth dedicated to this part of the physics program.

KL and muon detector
Resistive Plate Counter (barrel outer layers)
Scintilator + WLSF + MPPC

— h (end-caps , inner 2 barrel layers)
EM Calorimeter 7

Csi(Ti), waveform sampling electronics

Particle Identification
Time-of-Propagation counter (barrel)
Prox. focusing Aerogel RICH (forward)

electrons (7 GeV)

Vertex Detector
2layers Si Pixels (DEPFET) + !
4 layers Si double sided strip DSSD

“ay

Central Drift Chamber
Smaller cell size, long lever arm

Figure 3. Schematic view of the Belle II [49] (left) and LHCb [50] (right) experiments.

At the B-factories, electrons and positrons collide at a centre-of-mass energy corre-
sponding to the Y(4S) resonance, which promptly decays into a pair of quantum correlated
b-mesons (BB~ or B’BY). This mechanism provides very clean samples with a low amount
of incoherent background. In addition, the full reconstruction of one of the B-mesons pro-
duced in the Y(4S) — BB decay (Bag), can be used to infer information regarding the other
B-meson (Bsig) on which the search for the desired signal can be performed. This approach
is particularly useful for decays with missing energy. As the Y(4S) resonance is produced
with a small total momentum, detectors such as Belle II are slightly asymmetric and cover
most of the solid angle around the interaction point.

In the proton—proton collisions at the LHC, b hadrons are produced predominantly in
the forward and backward directions with respect to the beam axis, and their kinematic
variables are largely uncorrelated. Consequently, the LHCb experiment was designed as
a single-arm forward spectrometer covering the rapidity region 2 < 5 < 5. The higher
cross-section for b-quark production at the LHC compared to that at the B-factories [53,54],
translates into larger b-hadron samples available at the LHC. However, the busier envi-
ronment of the hadron machine means that these measurements contain a much larger
amount of background originating from the primary proton-proton interaction vertex. The
main strategy to reduce this background is provided by the long lifetime of the b-quark,
which, combined with the large boost with which b hadrons are produced, results in a
significant displacement between the decay vertices of b hadrons and the primary vertex,
At the B-factories, mainly B and B* mesons are studied — small samples of B mesons

are accumulated when running at the Y(55) resonance, whose mass sits above the BY B
threshold. The hadronization of b-quarks at LHCb gives access to significant samples of
other b-hadron species, such as BY or B mesons or A, baryons.

In addition to an incoherent background, a diverse and often abundant array of misre-
constructed b-hadron decays that mimic the signal needs to be suppressed with effective
selection methods. These selections often rely on the experiments’ efficient particle identifi-
cation capabilities and typically exploit multivariate techniques to combine kinematic and
topological features into more powerful variables.

For the study of lepton universality, the ability to identify decays into electrons and
muons and to describe the detector response for both final states is required. The latter is a
more important challenge for the LHCb experiment, where electron and muon responses
differ significantly more than at the B-factories. The trigger is the first important difference
between the two experiments. At Belle II, the signature of the Y(4S) decay means that
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the trigger efficiency is close to 100% for events containing b-decays into either muons
or electrons [54]. At LHCD, the trigger efficiency varies significantly for the two types
of leptons. Muon candidates are triggered by hits left in the muon stations at the far
end of the detector, whereas electrons are triggered through their energy deposits in the
electromagnetic calorimeter, which suffers from higher occupancy. On average, this results
in trigger efficiencies for decays into muons that are around three times larger than those
for electrons [55].

The signal extraction in LFU measurements usually relies on some variation of the
reconstructed invariant mass of the B candidate, which is used as the final discriminating
variable. The resolution in the reconstructed mass is, therefore, another factor central
to the precision of LFU measurements, and represents the second important difference
between the two experiments. Electron channels are generally reconstructed with worse
mass resolution due to the effect of bremsstrahlung radiation, which is more important
for electrons than for heavier muons. This effect is emphasised at LHCb due to the larger
boost of the b hadron (and, hence, of the decay products) compared to the B-factories.
A bremsstrahlung recovery procedure is employed to correct the electron momentum
measurement by reconstructing radiated photons around the electron candidate. As shown
in Figure 4, the final difference in mass resolution between electrons and muons is small at
Belle II. At LHCb, however, the difference between electrons and muons is still significant
after the correction, which considerably complicates the LFU analyses.

NQ'IZOO No1200
S Belle Il (Preliminary) _ -1 N Belle Il (Preliminary) _ -1
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Figure 4. Comparison of the invariant mass resolution for B — KJ/¢ (— ee) (left) and B — KJ/i (—
up) (right) decays in Belle II (top) and LHCb (bottom). While the resolution is similar between
electrons and muons in Belle II, it differs significantly in the case of LHCb—note the different x-axis
scales in the bottom plots. The pulls below each distribution show the fit residuals normalised to the
data uncertainty. Reproduced from [56,57].

Controlling systematic effects, such as uncertainties in the determination of signal
efficiencies, presents another challenge. This tends to be more critical in measurements at
LHCb, but both experiments use other b-meson decays as control channels to validate the
detector response. The accessibility to suitable and high-statistics control modes contributes
to the fact that all LFU measurements reported so far are statistically limited. Table 1
summarises the data samples from the different experiments on which these measurements
are based.
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Table 1. Samples used for LFU measurements in rare b-hadron decay until 2024. The B-factory
samples were collected at the Y(4S) resonance. The LHCb sample is divided into two according to
the different centre-of-mass energies of the proton—proton collisions in Run I (7—8 TeV) and Run II
(13 TeV) of the LHC.

Experiment Integrated Luminosity bb-Production Cross-Section
BaBar 433fb ! 1.1nb
Belle 711 b1 1.1nb
Belle IT 190fb 1 1.1nb
LHCb Run I 3fb! 72 ub
LHCb Run II 6fb 1 154 pb

3. Semileptonic Decays

The most precise LU tests in rare decays involve the measurement of the ratio of
branching ratios of semileptonic X; — hete— decays, where X}, is a b hadron (BT, BY, Bg,
or A?]), h represents one or more hadrons, and / is either a muon or an electron. These Ry,
ratios are defined as follows:

2
Jp e B(Xy — by )
Ry = —3= , ey
[T max B(Xy — hete™)

9" min

and are measured over a range of dilepton invariant mass-squared, 4* € [g% ., ¢ o). IN
the SM, the value of Ry, is predicted to be close to unity, owing to the small mass of electrons
and muons. Deviations from unity are expected in regions close to the kinematic limits of
the decay, specifically at very low g° as the dilepton threshold is approached. Estimates
of the SM values for the corresponding ratios in B* — K*¢*¢~ and B® — K*0¢*¢~, Rg
and Rk, are shown in Figure 5. Crucially, the challenges of computing QCD contributions
that complicate SM estimates for branching fractions and angular observables do not
impact the predictions of the Rj, ratios, which benefit from the cancellation of hadronic
contributions. The dominant uncertainty is, therefore, driven by QED radiative corrections,
which differentially affect the electron and muon modes. These effects are corrected
for in the experimental determination using the PHOTOS package [58]. Recent QED
calculations [59,60] have estimated the residual uncertainty to be on the order of O(1%).
Regions where g% approaches the mass of the ]/ and ¢ (2S) mesons are excluded from
measurements and predictions because they are dominated by tree-level b — cCs resonant
processes, such as B*0 — K+0] /¢, followed by the ] /1 — £¢ decay.

1.4|....|....|....|...._ 1~4_|""|""|""|""_
== SM 3 = SM
E== NP: ARe(Ch)= -1 1 [ E== NP: ARe(Ch)=-1
12+ n ” 1 I 1.2+ z " 1
E== NP: ARe(C})= - ARe(Cly)= -1 | I E== NP: ARe(C))= - ARe(Cly)= -1
NP: ARe(Ch)= - ARe(CY) = - 1 I NP: ARe(Ch) = — ARe(CY) = - 1 1
1.0 — 1 1.0 —
< 1< 1 :
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1 " PR Il " n 1 n n I | - " " 1 " " |- n " 1 " " P "
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42 [GeV2/c] q? [GeV?3/c*)

Figure 5. Predictions for R (left) and Rk (right) in the standard model and different new physics
scenarios. Reproduced from [55].
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Experimentally, R, can be determined from the following equation:

N(Xp — hee) (X, — hup)
N(Xp — hup) e(Xp — hee)

R, = (2)
where N is the number of decays observed for the corresponding decay and ¢ is the total
efficiency with which that decay is reconstructed in the detector. The optimisation of the
selection criteria to minimise uncertainty in the signal yields and precise estimation of the
signal efficiencies are, therefore, the main drivers of precision.

Measurements at the B-factories suffer from larger statistical uncertainties due to the
lower bl_a-production cross-section at the ete™ machines. On the other hand, measurements
in both low and high g2 have been reported; the latter have so far been measured exclusively
in this environment. Current measurements explore B — K¢¢ and B — K*{{ decays. These
include both charged and neutral modes, as the detectors can reconstruct final states with
Ks or ¥ mesons with good resolution. The variables commonly used to discriminate the
signal from the continuum BB background are the beam energy-constrained mass,

e = \/Eleam/* — lp8[2/22, ()

and the energy difference, AE = Ep — Epeam, Where pp and Ep are the momentum and
energy of the B candidate in the Y(4S) rest frame and Ejeapy is the beam energy in the
centre-of-mass frame. For signal events, the AE distribution peaks at zero, whereas the
My, distribution peaks near the B mass. Other variables describing the shape of the event
and the topology and kinematics of the signal candidates are also employed to further
reduce the continuum background. The combination of requirements in these variables
with particle identification information from the detector reduces also the contribution
of background from other misreconstructed B decays to negligible levels. Efficiencies are
generally extracted using simulation, and the values obtained are validated by calculating
the ratio of branching fractions for the corresponding resonant mode [56].

At LHCb, the higher signal yields achieved due to the larger cross-section significantly
improve the statistical uncertainty and, hence, the control of the systematic effects becomes
the main challenge in the Rj, measurements. In particular, the different detector signatures
of electrons and muons summarised in Section 2, could lead to sizeable uncertainties in the
efficiencies. To reduce these systematic effects, R, is measured relative to the equivalent
ratio for the resonant decay X, — hjJ/y,

B(X, — hee) B(Xy — h]/p (— up))
B(Xy — hup) B(X, — h]/p(—ee)) ’

Ry = (4)
exploiting the fact that [/ — £¢ decays have been observed to respect lepton universality
within 0.4% [1]. With this approach, R, can be determined as a double ratio from the
observed yields and the relative efficiencies between electrons and muons in the two modes.
Furthermore, particle kinematics and detector responses are broadly similar between the
rare and resonant modes; hence, the systematic effect of any efficiency mismodelling is
expected to largely cancel in the measurement of R;,. The robustness of this approach
is illustrated in Figure 6, where the shifts induced by subsequent detector calibrations
are compared between the measured ratio of branching ratios for BT — K* ]/ (— /)
decays, referred to as single ratio or rf/lp, and the measured double ratio, Rg [55]. While
systematic variations can induce shifts of O(20%) in the single ratio, the double ratio
remains insensitive. Additional resonant modes are used for calibration and cross-checking
in different 2 regions. The X, — H(2S)(— ¢¢) decays can be employed at high ¢ values,

while the charm decays DE;) — 1tt¢p(— ¢¢) have recently been used as a validation of the

approach at low g2 [61].
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Figure 6. Effect of the different steps of the efficiency calibration on the measured single ratio for the
resonant mode (left), rﬁw, and the double ratio (right), R, as defined in (4). Reproduced from [55].

The invariant mass of the reconstructed X, candidates is used to extract the yield
of the different processes. Here, the relevance of the bremsstrahlung losses for electrons
in LHCb constitutes the second challenge of the analysis. Even with the bremsstrahlung
recovery procedure introduced in Section 2, the invariant mass of the electron signals is still
degraded, as illustrated in Figure 7. This degradation complicates the separation between
the signal and background contributions, which may come from random combinations
of reconstructed particles or misreconstructed B-decays. In particular, substantial leakage
from the J/¢ charmonium resonant mode is observed, even after the imposed ¢* veto.
At high-¢?, leakage from the 1(2S) resonance makes measurements more challenging.

LHCb

e F —
Ry central-¢* ] { i LHCbH Ry (’,Cntral—qz ]
200 ata — L - At ]
< o o | & 1500¢ 9! e
% [ Signal ) ] - N R‘ - == Signal ]
= 150 G, 1 200k 1 Conbton
% = 1]';;\:11;\]1}(5;()1172}1(1:(]7) - i
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?100 j I g : ,,' ]
g 2 s00F T ]
3 90 5 % . g K
(E=xm L S g © () 5 tmeseees : v
5000 5500 6000 5200 5400 5600 5800
m(K*ete™) [MeV/c m(K* ™) [MeV/c?]

Figure 7. Invariant mass distribution for BT — K*ete™ (left) and BT — K" u 'y~ (right) candidates
with g% € [1.1,6.0] GeV?/c* at LHCb. Reproduced from [55].

Background contributions from other b-hadron decays arising from particle misiden-
tification could accumulate at the true X; mass and, hence, bias the determination of the
signal yield. Misidentification of hadrons as electrons is especially dangerous when study-
ing electron channels. Electron identification, provided mainly by the electromagnetic
calorimeter in LHCDb, can achieve efficiencies of 80 to 90%, and small misidentification rates
at the sub-percent level [62]. However, contributions from fully hadronic B decays, where
two of the hadrons are misidentified as electrons, can still be significant, since the branching
fractions for these decays can be up to three orders of magnitude higher than that of the
signal electron mode. In the most recent Rx and Rg+ measurement [55], the stability of
the result with respect to the electron identification criteria was crucial for identifying an
issue with the underestimation of these backgrounds, and the consequent overestimation
of the electron mode yield, in previous analyses [63]. A data-driven method was used to
constrain the contribution from particle misidentification backgrounds in the final signal
fit, as seen in Figure 7.
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Measurements of Rx and Rk have been performed by LHCb [55,64,65] in the low—q2
region and BaBar [66], Belle [67-69], and Belle II [70] in both low- and high—q2 regions.
In addition, LHCb has measured the corresponding ratios in A) — pK~ ("¢~ [71]. All of
these results, summarised in Figure 8, remain statistically limited. Recently, the Rg ratio has
also been measured by the CMS experiment [72] using a dedicated trigger strategy to collect
samples enriched in b-hadron decays. Even though this measurement is still not competitive
with those from other experiments, it showcases an interesting possibility for future b-
physics studies at the LHC. A scan of the results in Figure 8 shows good agreement with
lepton universality, with most measurements agreeing with the SM prediction within 1-2¢.

i q*> GeV?/c* h
o [0.1,6.0] pK-
—— > 10.11 K*0,K*+
0 [0.1,8.12] K0, K"+
———— [15.0,19.0] K"
f - ! [1.1,6.0] K0
—— [0.045,1.1] K0
HA [1.1,6.0] K*0
! [0.1,1.1] K0
I - | [15.0,19.0] K+
| i | [1.1,6.0] K+
o i [0.045,1.1] K*+
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i = | >10.11 KO,K*
- [0.1,8.12] KO, K*
! L | > 14.18 K9
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1 1 1 1 1 1 1 1 l 1 1 1 1 1 1 1 1 1 l 1 1 1 1 1 1 1 1 1 l 1 1 1 1 1 1 1 1 1 l 1 1 1 1 1 1 1
1 2 3 4
Ry

t4 LHCb KX Belle HH BaBar

Figure 8. Summary of LU tests in the ratio of branching ratios of b— sy~ and b— se™e™ transi-
tions. Measurements from BaBar [66], Belle [67-69], and LHCb [55,64,65,71] are shown.

Angular Observables

Aside from the branching ratios, rare semileptonic decays offer a number of additional
observables that can be determined from the study of the angular distribution of the decay
products. See, for example, Ref. [73] for a complete account of the accessible observables in
B — Kt 7t ¢¢. These observables have different sensitivities to NP contributions and can
also be used to test models including lepton universality violation [74].

In particular, the decay B — K**u*yu~ has been extensively studied in recent
years [10-15]. This decay can be fully described as a function of the invariant mass
squared of the muon pair, 42, and three decay angles 6, 6,, and ¢ (see [75] for a full
description of these variables). On this basis, the differential decay rate can be expressed
in terms of eight observables: Fj, the longitudinal polarisation fraction of the K*0, App,
the forward-backward asymmetry of the dilepton system, and the S; observables with
i =3,4,57,8,9 [12]. From these, an additional set of optimised observables, P;, can be
defined, in which the leading-order form factor uncertainties cancel [76].

In the most recent LHCb analysis of the B® — K*Ou* 3~ decay [9], a full comparison
of the angular observables with the corresponding SM predictions indicates that the data
would favour a modified b — s vector coupling strength. Interestingly, this modification
would also help alleviate other tensions observed in measurements of branching ratios
and angular distributions in other b — s¢* ¢~ transitions [5-8,18,19]. To test whether this
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potential NP contribution is lepton-universal, a comparison of these measurements with
the equivalent ones for B — K*%¢*e™ is required.

The Belle experiment studied the angular distribution of B%* — K*0¢*¢~ decays
using the full Y(4S) data sample, combining the K* — K*7~, K** — K*7?, and K** —
Kg 7t final states [16]. Due to limited statistics in the sample, with 127 + 15 and 185 + 17
signal candidates obtained for the electron and muon channels, respectively, a folding
technique was employed to extract a subset of the angular observables [77,78]. This
transformation is applied to certain regions of the angular space, exploiting the symmetries
of the system to simplify the expression for the differential decay rate. The analysis
measured the optimised observables, Pi and Pé, in four q2 bins, for both the electron
and muon modes, as well as the difference between lepton flavours, Q4 and Qs [74].
Figure 9 shows the comparison between electrons and muons for the Pé observable, and the
measurement of Qs, which, as expected, is predicted with more precision in the SM. The
results were found to be compatible with the SM predictions within the statistical precision,
with the largest tension observed in the muon P} observable at the 2.6¢ level. Further
measurements of these and other Q; observables from Belle Il and LHCDb are, therefore,
highly anticipated.

15 15
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Figure 9. Measurements of the P’ observable in B — K*%¢*e~ and B® — K*9 "y~ decays and
their combination (left) and the LU observable Qs = PL(u) — Pi(e) (right). The results from the Belle
experiment are compared with the SM predictions [74,79]. Reproduced from [16].

4. Fully Leptonic Decays

The leptonic B,y — (¢ decays are even rarer in the SM than their semileptonic
counterparts due to helicity suppression. This suppression, which scales with m,/my,
affects decays into y, e, and T leptons differently. As these processes contain only leptons in
the final state, predictions of the branching fractions can be made very accurately within
the SM [80,81]:

B(BY — ee) = (8.544+0.55) x 10~ 14 B(B® — ee) = (248 4+0.21) x 107 (5)
B(BY — up) = (3.66 +0.14) x 10”7 B(B® — up) = (1.034+0.05) x 1077 (6)
B(BY — t71) = (7.73+0.49) x 10~/ BB — 17) = (2224+0.19) x 1077, (7)
For this reason, these decays are powerful probes for NP contributions mediated, for
example, by leptoquarks, heavy Z’ bosons, or exotic Higgs bosons [82]. In particular,

new scalar contributions breaking the helicity suppression would contribute to lepton
non-universality in these decays.
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Experimentally, BY — uyu is the only one of these decays that has been observed so
far. The most precise determination of its branching fraction has come from the LHC,
with measurements from ATLAS [83], CMS [84], and LHCb [85] yielding the following:

B(BY — up)ATLAS = (2.8708 (stat + syst)) x 1077 ®)
B(BY — up)™S = (3.837938 (stat) *012 (syst) *014(f,/ fu)) x 10~° 9)
B(BY — )™ = (3.097035 (stat) *)17 (syst)) x 1077, (10)

where the uncertainties are statistical (stat), systematic (syst), and related to the ratio of
hadronisation fractions (f;/ f,), which is needed when decays from different B-meson
species are used as normalisation. All of these measurements are in good agreement with
the SM predictions. As part of these analyses, searches for the further suppressed B® — pu
decay are performed. No evidence has been found for this decay yet, and the best limit
on its branching ratio is estimated at B(B® — p + p—) < 1.2 x 1079 at a 95% confidence
level (CL) [85]. For a detailed discussion of these measurements, see the dedicated article
in this issue [86].

Searches for B(()S) — eTe” decays have been performed at the LHCb experiment using

data collected during Run I and Run I of the LHC, corresponding to a total of 5fb".
The strategy of these searches closely follows that of other measurements with electrons
at LHCb, where the search is divided into several categories based on the data-taking
conditions and whether the energy of the electron has been corrected using reconstructed
bremsstrahlung photons. Apart from combinatorial background, the main source of back-
ground in the signal region arises from the misidentification of hadrons from B — mrev and
B — hh' decays, where & represents pions or kaons. These predominantly contribute to the
categories where bremsstrahlung photons have been added to (at most) one electron, and
are included in the fit to the B-meson reconstructed invariant mass used to extract the ob-
served signal yield. In order to reduce systematic uncertainties, this yield is then normalised
to that of the decay Bt — K™ ]y with the J/¢ — eTe™. No significant signal is found for
either the B or B meson, and the following limits on the branching fractions are calculated
as follows: B(B? — ete™) < 9.4(11.2) x 1072 and B(B? — e*e™) < 2.5(3.0) x 10~ at 90
(95) % CL. Each limit assumes no contribution from the other corresponding decay. These
limits are far from the SM prediction but begin to probe regions of interest for many NP
models.

5. Decays Involving T Leptons

The previous sections focused on comparisons between the properties of decays
involving electrons and muons. Of course, comparisons between taus and the lighter
leptons are equally powerful probes for NP. Furthermore, tension with the LU prediction
in tree-level decays of type b — ¢/~ v, has been demonstrated in several experiments.
In particular, the observables R(D) and R(D*), defined as the ratio of branching frac-
tions of B — D)ty and B — D(*);ﬁvy decays, are predicted to be 0.298 £ 0.004 and
0.254 £ 0.005 in the SM [87], and differ from unity mainly because of phase-space effects
due to the T — p mass difference. Measurements of these quantities performed by the BaBar,
Belle, and LHCb collaborations [36-45] showed an excess with respect to the SM prediction,
as can be seen in Figure 10. It has been highlighted that under fairly model-independent
assumptions, NP contributions attempting to resolve the tension in b — ¢/~ v, transitions
would also significantly enhance b— st T~ processes [46]. Furthermore, higher-order con-
tributions of the same type of NP could also induce lepton-universal effects in b — syt~
and b— seTe™ transitions, which could help address the anomalies observed while respect-
ing the bounds from LU ratios presented in the previous sections [47].
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Figure 10. R(D) and R(D*) measurements and averages compared to the SM prediction [87].

Experimentally, T leptons are reconstructed through their leptonic or hadronic decays,
as their lifetime is too short to be directly detected. Due to the multiple neutrinos in the final
state, the invariant mass signature for these decays does not exhibit a peaking structure,
making these searches significantly more challenging than those involving electrons or
muons. This explains why, although their branching ratio is predicted to be on the order of
O(1077) in the SM, no such process has been observed so far.

Searches for semileptonic B — K™t 1~ decays have been performed at B-factories [88]
using only leptonic decays of the tau: T~ — p~7yvr and T~ — e Vv In this analysis,
the accompanying B-meson is reconstructed exclusively via its decay into one of several
hadronic decay modes. This provides a measurement of the missing energy carried away
by the neutrinos, which allows discrimination against multiple backgrounds. In addition,
a dedicated neural network selection targets background events containing semileptonic
b — ¢~ v, decays, such as B — D®) ¢, with D) — K¢'i;1, which have the same detected
final-state particles as signal events as well as missing energy. No significant signal was
observed and the upper limit B(B* — K*t17) < 2.25 x 1073 at 90% CL was set.

LHCb has performed a search for the fully leptonic decays B — 77 and B — 77,
where the 7 is reconstructed through its hadronic decay into three charged pions and a
neutrino, assuming specific intermediate resonances: T~ — a; (0°7t™)v,. For this analysis,
a multivariate classifier combines kinematic and topological information of the decay
and allows the signal yield to be extracted. In particular, the amplitude structure of the
tau hadronic decay is exploited to define control regions that allow better control of the
background in the signal-enriched regions. No signal was observed here either, and the 95%
CL upper limits B(BY — 77) < 3.0 x 1073 and B(B® — 77) < 1.3 x 1073 were set [89].

In both cases, the branching ratio limits are far from the predictions based on lepton
universality. The large datasets expected from Belle II and the upgrades at LHCb, combined
with significant efforts to improve tau reconstruction techniques, will help enhance these
limits. These improvements will begin to probe interesting areas of parameter space in
many NP models, though they will most likely remain above the SM predictions.

6. Prospects

In the coming years, larger samples of b — s¢* ¢~ decays will become available, which
will allow significant improvements in the precision of LU observables, as well as the
exploration of new measurements currently hindered by the lack of statistical power.

The Belle II experiment is expected to collect a data sample of 50ab ™! [90] by 2035,
which will significantly improve the precision of the LU ratios. The statistical sensitivity
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values in Rg and R+ are expected to be below 2% for the entire g2 region and approximately
3% for g2 € [1 — 6] GeV?%/c*, with the full data sample [91].

The LHCb experiment has resumed data taking after a detector upgrade, enabling
operation at a data rate approximately five times higher than in Run II [92]. It is expected
that a sample corresponding to 50 fb~! will be collected by the end of Run IV. With this
data sample, the expected statistical precision in Rg and R+ is expected to reach the
percent level [93]. Thus, a second upgrade is planned to fully exploit the capabilities
of the high-luminosity LHC, where the data rate will increase by an additional order of
magnitude, collecting a total sample corresponding to 300 fb~!. The measurements of
angular observables in b — sete” decays will significantly benefit from this, where a
precision comparable to that of the corresponding b — su™u~ modes today will become
accessible [93].

The additional data will also enable extending the study of lepton universality to
the further suppressed b — d¢* ¢~ transitions. While processes with final-state muons
have been observed by LHCb [94-96], no evidence for equivalent modes with electrons
has been found to date [1,97]. The first observation of BT — mtete™ could soon be
within reach for both Belle II and LHCb, if LU is respected. A precise measurement of
Ry = B(BY — mtutu~)/B(Bt — mtete™) will likely need to wait until the end of
LHCb’s second upgrade, where statistical precision of a few percent could be achieved [93].

In the future, the proposed Future Circular Collider (FCC) at CERN could significantly
impact LU studies in rare b-decays. The proposal includes an initial phase, running in
electron—positron mode (FCC-ee), with the machine operating at centre-of-mass energies
ranging from the Z-pole (91 GeV) and the tf threshold (365 GeV). Such a machine would
offer the opportunity to accumulate unprecedented samples of b-quarks when operating at
the Z-pole, owing to the large production rate of Z-bosons and the large branching ratio of
the Z — bb decay. In addition, the initial energy constraint from the resonant production
would provide ideal conditions for measurements of decays with missing energy, such as
those involving b — sTT transitions [98] or b — sv¥ processes [99].

7. Conclusions

The observation of lepton-flavour non-universality would be a clear indicator of
physics beyond the standard model. Tests of lepton universality in rare b-hadron decays,
mediated by FCNC b — s(d)¢* ¢~ transitions, are particularly sensitive to new physics
scenarios at high energy scales. Despite earlier hints of tensions with the standard model
predictions, no indication of lepton-universality violation in these decays has been found
so far. Further improvements in these measurements and the exploration of additional
b — s(d)¢* ¢~ processes and observables remain well-motivated. Future datasets from
the Belle II and LHCb experiments hold great potential for precise exploration of lepton
universality in these transitions.
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