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Rare decays, mediated by flavour-changing neutral currents (FCNCs), are highly suppressed in
the standard model (SM) and are consequently sensitive probes of physics beyond the SM. The
LHCb experiment has produced a broad range of rare decays measurements, setting important
constraints on new physics (NP). These proceedings summarise three recent representative results:
a comprehensive analysis of the decay B — K**u* 1~ which reinforces existing tensions with SM
predictions in both branching fractions and angular observables, a search for the lepton flavour
violating (LFV) decay B® — K*Or*e™ setting the most stringent limits to date on b — ste
transitions, and a test of lepton flavour universality (LFU) using BY — ¢¢*¢~ decays which is
the first LFU test with rare BY decays and includes the first observation of B — ¢e*e™. These
analyses demonstrate the precision and reach of the LHCb rare decays programme which is setting
increasingly stringent limits on NP.
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1. Introduction

Searches for physics beyond the Standard Model (SM) can be performed either directly or
indirectly. In direct searches, new particles are produced on-shell at high energies. Such searches
are limited by the centre-of-mass energy /s of the collisions, meaning that new physics (NP)
remains inaccessible if the mass scale lies beyond experimental reach. In contrast, indirect searches
probe the virtual effects of heavy particles through precise measurements of low-energy processes.
Even when new states cannot be produced directly, they can contribute via higher-order interactions,
leading to deviations from SM predictions. Indirect searches therefore provide a complementary
approach to direct searches, extending sensitivity to NP.

Rare decays of heavy flavoured hadrons are amongst the most powerful tools for indirect
searches. These processes are mediated by flavour-changing neutral currents (FCNCs) which are
forbidden at tree-level in the SM and occur only through higher-order electroweak loops. As aresult,
their branching fractions are highly suppressed, typically of order 107> or less. This suppression
enhances their sensitivity to contributions from new heavy particles, which can modify decay rates,
angular distributions, and asymmetries.

Rare decays can be described with model-independent effective theory. In this formalism, the
effects of heavy degrees of freedom are encoded in local operators Ol.(') and their corresponding

Wilson coefficients C l.(') , which capture short-distance physics. In b — s€*{~ transitions, the
)
10 °
and axial-vector interactions. Different effective couplings sensitive to NP scenarios dominate in

key operators include 07('), 09('), and O, , associated respectively with electromagnetic, vector,
different regions of the dilepton invariant mass squared (¢°) which motivates measuring observables
in bins of ¢ [1].

Rare decays can be probed experimentally through two key types of observables: branching
fractions and angular distributions. Branching fractions measure the probability for a particle to
decay into a specific final state, typically determined relative to a well-measured control mode
to reduce systematic uncertainties. Recent measurements of differential branching fractions as
a function of ¢ have shown tensions with SM predictions in several decay modes, including
B — K*%*u~ and B — ¢utu~ [3, 5]. Such anomalies could hint at modifications to relevant
C i(') coefficients, and hence to potential NP contributions.

Angular analyses of rare decays provide additional and complementary sensitivity. Angular
distributions encode correlations amongst the final-state particles that reflect the spin structure and
short-distance dynamics. The differential decay rate can be decomposed into spherical harmonics,
yielding angular coefficients that serve as key observables. By forming linear combinations of
these coeflicients, so-called optimised observables such as P, can be constructed, which cancel
leading-order hadronic uncertainties and provide cleaner probes of short-distance dynamics.

Branching ratios and angular observables can also be combined into tests of lepton flavour
universality (LFU). In the SM, the couplings of charged leptons to gauge bosons are identical,
neglecting minor corrections due to lepton masses and QED effects. This leads to precise predictions
in the ratios of branching fractions and angular observables between analogous decay modes with
different lepton generations in the final state. A significant deviation from unity in these ratios
would constitute evidence of NP. Moreover, these ratios are largely insensitive to hadronic form-
factor uncertainties, making them particularly robust observables for experimental tests.
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The LHCb experiment has produced a range of results in the study of rare decays, particularly
in b — s¢*{" transitions. These proceedings focus on three recent representative analyses: a
comprehensive analysis of the decay B — K**u*u~, a search for lepton flavour violation (LFV)
in the decay B® — K*%t*¢¥ and a test of LFU using BY — ¢£*¢~ decays (denoted R ).

2. A comprehensive analysis of B — K*0u*u~

The decay B — K*'u* ™ is one of the decays involving b — s£* ¢~ transitions which have
shown tensions with SM predictions. The tension for B — K*0u* 1~ has not just been observed
at LHCD but also at CMS, with measurements of observables such as P; and the forward backward
asymmetry Apg showing consistent deviations [4—6]. These results lead to global fits which show
a preference for non-SM values of effective couplings.

LHCb has recently released a comprehensive analysis of B — K*Ou*u~ that reinforces the
observed tensions [7]. These results supersede the previous LHCb analysis [5], almost doubling the
dataset (Lin = 8.4 fb~!) and retuning the selection to improve the signal efficiency and background
rejection. An extensive set of observables are extracted: the analysis simultaneously measures C P-
averaged and C P-violating observables, it measures all S-wave and interference observables and it
completes a model-independent measurement of the differential branching fraction. The analysis
also considers the effects of lepton mass which is particularly important at low g2, and widens the
K invariant mass (m(K)) window which increases the sensitivity to the S-wave contribution.

The measurements are extracted with a SD simultaneous fit in bins of ¢ to the invariant mass
of the final state particles m(Kruu), m(Kr), and the three decay angles 6,, 6k, and ¢. Multiple
fit configurations are used to extract different sets of observables, including configurations in the
optimised versus non-optimised observable basis, C P-averaged versus C P-asymmetric and nominal
(eight) versus finer (16) q2 bins.

As illustrated in Fig. 1, the measured differential branching fraction (left) is found to be
consistently below SM predictions, and compatible with previous B — K*u*y~ results. The
dominant uncertainty is associated with the normalisation mode. Tensions in Apg and Pg persist,
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Figure 1: Differential branching fraction of B — K*Ou*u~ (left) and the optimised observable P (right)
as a function of q2 [7]. Both measurements are in tension with SM predictions, and are consistent with
previous measurements.
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in particular in low to intermediate ¢2 bins (1.1 < ¢26.0 GeV?/c*), where P is consistently above
SM predictions and App is consistently below.

3. Search for LFV with B — K*97*¢¥ decays

Lepton flavour is conserved at tree level in the SM and this conservation arises as an accidental
global symmetry, meaning it is not enforced by any underlying principle. However, it is known that
lepton flavour is violated in the neutrino sector from neutrino oscillations [10—-17]. In the charged
sector, predictions for LFV rates are immeasurably small at O(107>*) [18]. Many NP scenarios
that violate LFU, for instance through Z’ bosons or leptoquark mediators, can enhance LFV decay
rates [19].

Many LFV searches have been performed at flavour physics facilities. LHCb has conducted
searches with ue [20-22] and Ty [23-26] final states. However, until recently decays with e have
only been explored at BaBar and Belle [27-35]. The most stringent limit on » — sTe transitions
was set by Belle with the B* — K*7*e* decay which was B(B* — K*1%e¥) < 1.5 x 107 at the
90% confidence level [36].

This analysis is the first search for the cLFV decay B — K*0r*¢¥ and was carried out using
the Run 2 dataset (L = 5.4 fb~!) recorded by LHCb [38]. The decay modes B® — K*%7*¢~ and
BY — K*9t~¢* are treated independently. These decays have different background considerations
and are affected differently by extensions to the SM [37]. The K*(892)° meson is reconstructed
through its decay into a kaon and a pion, while the 7 is reconstructed through the decays v¥ —
aTrtntveand ¥ — nTa* ¥ a0, where the v, and 7 are not reconstructed. Missing energy from
the unreconstructed particles results in the invariant mass of final state particles not peaking at the B®
mass. Therefore, a kinematic fit to the decay chain which imposes constraints on the vertices and the
7 mass is used. In addition, this analysis makes use of a dedicated trigger selection and multi-stage
BDT selection targetting backgrounds from random track combinations and physical backgrounds.
Together with the constrained kinematic fit, these elements lead to improved sensitivity relative to
similar LFV searches [25]. The decay B — D~ (— K*n n*)D{(— K*K~x*) is used as the
normalisation channel.

Upper limits are set on the branching fractions for both decay modes at the 90(95%) confidence
level as B(BY — K*%t*e™) < 4.9(5.9) x 107 and B(B? — K*%77¢*) < 5.9(7.1) x 107, which
are the most stringent limits on b — ste transitions to date. These results are obtained assuming a
phase-space model for the signal decays. Similar limits were obtained considering two NP models.

4. Test of LFU with BY — ¢(*¢~ decays (Ry)

The branching fraction of BY — ¢u*u~ has previously been measured by LHCb to be 8(B? —
dutuT) = (8.14+0.21+0.16 +£0.03 £ 0.39) x 107 and belongs to the group of branching fraction
measurements in tension with the SM, with the measurement being systematically below theoretical
predictions [3]. The LFU ratio R4 denotes the ratio of branching fractions between BY — gete”
and B — ¢u* ™. This analysis is the first test of LFU using B? decays.

The analysis is completed with the full Run 1 and Run 2 dataset (Liy; = 9 fb~!) collected
by LHCb [39]. The measurement is performed in three bins of q2: 0.1 < q2 < 1.1 GeV? (low),
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Table 1: Measurements of R;' and dB(BY — ¢e*e™)/dg? in the low-, central- and high-g> bins [39].
The first uncertainty is statistical, while the remaining are systematic. The third and fourth uncertainty
on the differential branching fraction are due to the experimental uncertainty on the ratio d8(B? —
putu~)/dg?/B(BY — J/y¢) [3] and B(BY — J/y¢) [41, 42], respectively.

g% [GeV?/c*] R;)l dB(BY — ¢ete)/dg? [1077 GeV~2cH]
0.1 <g* <11 1.57"078+0.05 1.38703) +0.04 £0.19 +0.06
1.1<g*><6.0 0917930 +0.05 0.26 +0.06 + 0.01 + 0.01

150 <¢*<19.0 0.85*032 +0.10 0.39 £0.11 +0.04 +0.02 + 0.02

1.1 <¢*><6.0 GeV? (central), and 15 < g% < 19 GeV? (high). The analysis exploits the narrow
¢ — K*K~ width which helps reduce background contributions and facilitates including the high
g? bin for the first time at LHCb. Particle identification requirements reduce B® — K*°(— Kn)t¢t
and Ag — pK¢(¢ decays to negligible levels. BY — D, (— ¢n~)fv, decays, where the 7~ is
mistakenly identified as a lepton, are rejected by removing candidates if the ¢£~ mass is consistent
with that of a D meson after the pion mass has been assigned to the lepton. This veto also
removes potential background from BY — D (— ¢n)r decays with double misidentification.
Combinatorial backgrounds are suppressed with a BDT classifier and a dedicated BDT for high-
q? is trained to deal with leakage from BY — Jy¢ decays. Yields are extracted from unbinned
extended maximum-likelihood fits to the invariant mass distributions in each g2 bin.

Together with [41], this is the first observation of B! — ¢e*e™ at low and central-g>. The
differential branching fraction dB(Bg — ¢ete”)/dg? and R(;l measurements in each g> bin are
shown in Tab. 1. The measurement of R is consistent with the SM expectation. As implied by the
values obtained for R, dB(B? — ¢ete™)/dq? is consistent with that of the BY — ¢u*u~ decay
and lies below the central value of the SM prediction in the central- and high-¢? bins. These results
are statistically limited with the largest systematic uncertainty attributed to modelling of the signal
and background in the likelihood fits.

5. Conclusion and Outlook

The LHCb experiment continues to deliver world-leading results in studies of rare decays,
as highlighted in these proceedings. The comprehensive analysis of the decay B® — K*Ou*u~
reinforces long-standing tensions in branching fractions and angular observables, with new mea-
surements exhibiting improved precision, and consistency with previous deviations. The first search
for the LFV decay B — K*91*¢¥ sets the most stringent limits to date on b — ste transitions,
extending the experimental coverage of LFV channels at LHCb into previously unexplored modes.
The test of LFU with B — ¢£*¢~ decays, constituting the first test of LFU with BY, finds results
consistent with previous BY — ¢£* ¢~ studies and includes the first observation of the BY — ¢e*e~
in low- and central-¢” bins. Together, these results exemplify the breadth and precision of rare
decay studies at LHCb and their continued potential to reveal signs of NP. Looking ahead, the Run
3 dataset will enable new searches, first observations, and increasingly stringent tests of the SM
thanks to the novel trigger system and unprecedented integrated luminosity.
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