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The rare radiative leptonic decay 𝐵+ → ℓ+𝜈ℓ𝛾, with ℓ = 𝜇, 𝑒, is considered a golden channel
to probe the internal structure of the 𝐵+ meson within the Light-Cone Distribution Amplitude
theoretical framework. In the Standard Model, it is predicted to have a branching ratio of
O(10−6), but it has not yet been observed. The most stringent upper limit has been set by the Belle
experiment, while such a search at a hadron collider was long deemed unfeasible. A novel strategy
developed at the LHCb experiment exploits photon conversions 𝛾 → 𝑒+𝑒− in the VErtex LOcator
(VELO) material, enabling the reconstruction of the displaced 𝐵+ vertex. Since the information on
the final-state neutrino is lost, the analysis relies on the corrected mass of the ℓ+𝑒+𝑒− system as the
main observable. A critical aspect of the strategy is the modelling of backgrounds, dominated by
the neutral meson decays 𝜋0 → 𝛾𝛾 and 𝜂 → 𝛾𝛾. The LHCb dataset also provides sensitivity to the
corresponding 𝐵+

𝑐 decay modes. The Run 2 analysis of the 𝐵+ → 𝜇+𝜈𝜇𝛾 channel demonstrates
competitive sensitivity and validates the feasibility of this new approach. A parallel analysis
using Run 3 data is underway and, benefiting from the upgraded detector and improved trigger
performance, targets both muon and electron channels, with the prospect of getting to the first
observation of these 𝐵+

(𝑐) decays.
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1. Introduction

According to the Standard Model of particle physics (SM), leptonic decays of 𝐵+
(𝑐) mesons

are sensitive to the Cabibbo-Kobayashi-Maskawa (CKM) matrix elements 𝑉𝑢𝑏 (𝑉𝑐𝑏). Purely lep-
tonic decays, 𝐵+ → ℓ+𝜈ℓ , are strongly suppressed by helicity and 𝑉𝑢𝑏, but they provide a clean
environment to test the SM, measure CKM parameters, and probe physics beyond the SM, such as
charged Higgs bosons, leptoquarks or sterile neutrinos. In radiative leptonic decays, 𝐵+

(𝑐) → ℓ+𝜈ℓ𝛾,
the emission of a photon introduces a suppression by one power in 𝛼𝑒𝑚, but lifts the helicity sup-
pression, leading to a Branching Ratio (𝐵𝑅) of the order of 10−6. Although dealing with radiative
processes prevents a precise reconstruction and limits the sensitivity to CKM matrix elements, these
decays constitute an irreducible background to purely leptonic channels, especially for light leptons
ℓ = 𝜇, 𝑒 [1], and offer a unique insight into the hadronic structure of the 𝐵 meson.

Theoretical predictions for 𝐵-meson decays are limited by soft, non-perturbative QCD effects,
typically treated within the QCD factorisation scheme [2]. A key parameter predicted by the latter is
𝜆𝐵, the inverse moment of the leading-twist 𝐵-meson Light-Cone Distribution Amplitude (LCDA),
𝜙𝐵+ , which encodes the soft dynamics of the bound 𝐵-meson state: 𝜆−1

𝐵
=
∫ ∞

0
𝑑𝑤
𝑤
𝜙𝐵+ (𝑤), with 𝑤

denoting the light-cone momentum. The value of 𝜆𝐵 is poorly constrained and currently represents
a dominant source of theoretical uncertainty in QCD factorisation calculations. Estimates from
QCD sum rules [3], non-leptonic decays [4], and lattice QCD [5] span a wide range, 𝜆𝐵 ≈ 200 MeV
to 460 MeV. Hence, it has been suggested to extract its value experimentally, and radiative leptonic
decays provide a direct handle on 𝜆𝐵 [6]. At leading order, the 𝐵𝑅 depends primarily on the
leading-twist LCDA and scales as 1/𝜆2

𝐵
[3, 7]. The differential decay rate can be expressed as

a function of the photon energy in the 𝐵 rest frame, 𝐸∗
𝛾 , and of two form factors, 𝐹𝑉 and 𝐹𝐴,

parametrising the vector and axial-vector hadronic currents, respectively [11]. For 𝐸∗
𝛾 > 1 GeV,

they contain the dependence on 𝜆𝐵, and they read 𝐹𝑉
𝐴
(𝐸∗

𝛾) =
𝑒𝑢 𝑓𝐵𝑚𝐵

2𝐸∗
𝛾𝜆𝐵 (𝜇) 𝑅(𝐸

∗
𝛾 , 𝜇) + 𝜉 (𝐸∗

𝛾) ±Δ𝜉 (𝐸∗
𝛾),

where 𝑒𝑢 is the charge of the 𝑢 quark, 𝑓𝐵 the 𝐵-meson decay constant and 𝑚𝐵 the 𝐵 meson mass.
The factor 𝑅 accounts for 𝛾 radiation from the light spectator quark and corresponds to unity at
tree level. The terms 𝜉 and Δ𝜉 are power-suppressed, scaling as 1/𝑚𝑏 and 1/(2𝐸∗

𝛾), and encode
both symmetry-conserving and symmetry-breaking contributions. Therefore, a measurement of
𝐵𝑅(𝐵+ → ℓ+𝜈ℓ𝛾) at large 𝐸∗

𝛾 enables an experimental determination of 𝜆𝐵. As plotted in Fig. 1,
based on a model including power corrections from higher-twist LCDAs [8], the predicted 𝐵𝑅 is
mainly driven by 𝜆𝐵, with a residual dependence on the first logarithmic moment 𝜎̂1.

To date, the decay 𝐵+ → ℓ+𝜈ℓ𝛾 has not been observed. Searches by BaBar [9, 10] and
Belle [11, 12] collaborations have set Upper Limits (ULs), with the most stringent one from Belle
being 𝐵𝑅(𝐵+ → ℓ+𝜈ℓ𝛾) < 3.0 × 10−6 at 90% CL for 𝐸∗

𝛾 > 1 GeV, combining electron and muon
channels, where the individual limits for the two final states are 𝐵𝑅(𝐵+ → 𝜇+𝜈𝜇𝛾) < 3.4 × 10−6

and 𝐵𝑅(𝐵+ → 𝑒+𝜈𝑒𝛾) < 4.3 × 10−6. Belle’s result implies 𝜆𝐵 > 238 MeV [11], although the
residual dependence on 𝜎̂1 is not fully accounted for [8]. Given the ULs and the current theoretical
constraints, the expected 𝐵𝑅 for 𝐸∗

𝛾 > 1 GeV lies in the range [0.2, 3.0] × 10−6.
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Figure 1: Predicted 𝐵𝑅(𝐵+ → ℓ+𝜈ℓ𝛾) as a function of 𝜆𝐵, based on the model from Ref. [8] including
higher-order corrections. The blue bands show the dependence on the first logarithmic moment 𝜎̂1, in the
ranges −0.31 < 𝜎̂1 < 0 (dark blue) and −0.69 < 𝜎̂1 < 0.69 (light blue). Upper limit taken from Ref. [11].

2. Analysis strategy

To highlight the novelty of the LHCb approach to search for 𝐵+
(𝑐) → ℓ+𝜈ℓ𝛾 decays, a compar-

ison with the strategy employed at B-factories is discussed in this section. A schematic overview
of the different methods is shown in Fig. 2. Given its crucial UL result on 𝐵𝑅(𝐵+ → ℓ+𝜈ℓ𝛾), the

Υ(4S)
B−

tag

Full reco of
29 channels

B+
sig

`+

ν`

γ

B+

γ
e+

e−

`+

ν`

Figure 2: Representation of (left) Belle and (right) LHCb reconstruction strategies to search for 𝐵+ → ℓ+𝜈ℓ𝛾.

B-factory taken into consideration is the Belle experiment [13] at the KEKB accelerator complex
[14]. The latter was an asymmetric electron-positron collider, with 8 GeV electrons and 3.5 GeV
positrons, giving a 10.58 GeV centre-of-mass energy, which corresponds to the mass of the Υ(4S)
resonance. Belle was a large-solid-angle magnetic spectrometer, so the 𝑏𝑏̄ pairs produced in the
collisions then hadronised into a couple of 𝐵mesons produced back to back. Belle’s strategy can be
summarised as follows [11]. The signal 𝐵 meson (𝐵𝑠𝑖𝑔) was reconstructed by fully identifying the
opposite-side 𝐵 meson (𝐵𝑡𝑎𝑔). The entire Υ(4S) decay chain is exploited to infer the momentum
of the undetected neutrino, which otherwise would have hindered a complete reconstruction. After
selecting a lepton and a photon candidate with 𝐸𝛾 > 1 GeV in the laboratory frame, the rest of
the event was used to reconstruct 𝐵𝑡𝑎𝑔 through 29 explicit hadronic decay modes, with a total of
O(1000) possible final states. The four-momentum of 𝐵𝑠𝑖𝑔 and the missing mass in the centre-
of-mass frame were then extrapolated as 𝑝𝐵+

𝑠𝑖𝑔
= (

√
𝑠

2 ,− ®𝑝𝐵−
𝑡𝑎𝑔

) and 𝑀2
𝑚𝑖𝑠𝑠

= (𝑝𝐵+
𝑠𝑖𝑔

− 𝑝ℓ − 𝑝𝛾)2,
with

√
𝑠 being the centre-of-mass energy of the colliding 𝑒+𝑒− pair, and 𝑝𝑥 and ®𝑝𝑥 the four- and

three-momentum of the particle 𝑥. The signal yield is extracted from a binned maximum likeli-
hood fit to 𝑀2

𝑚𝑖𝑠𝑠
. Due to simulation mismodelling, the tagging efficiency is calibrated on data
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using well-known control channels with different multiplicities, such as 𝐵+ → 𝐷̄0(→ 𝐾+𝜋−) ℓ+𝜈ℓ ,
yielding a global correction factor of about 0.8.

Instead, the LHCb experiment [15] at the LHC [16] at CERN, is a single-arm forward spec-
trometer, so the information on a tagging 𝐵 meson is lost, requiring a different strategy. The
decay 𝐵+ → ℓ+𝜈ℓ𝛾 features only one prompt charged particle, namely ℓ+, making standard ver-
tex reconstruction impossible. This limitation is overcome by exploiting photon conversions in
the detector material: the 𝑒+𝑒− pairs reconstructed as long tracks (i.e., tracks originating inside
the VErtex LOcator, LHCb’s closest tracker to the interaction point) allow the formation of a
displaced 𝐵+ vertex, and a partial reconstruction of the decay topology becomes possible. The
presence of the neutrino still prevents a full kinematic reconstruction, so the corrected mass,
𝑚𝑐𝑜𝑟𝑟 (ℓ+𝑒+𝑒−) =

√︃
𝑚2

𝑣𝑖𝑠𝑖𝑏𝑙𝑒
(ℓ+𝑒+𝑒−) + 𝑝2

⊥ + 𝑝⊥, is used as the main observable. Here, 𝑚𝑣𝑖𝑠𝑖𝑏𝑙𝑒 is
the invariant mass of the reconstructed ℓ+𝑒+𝑒− system, and 𝑝⊥ its momentum component perpen-
dicular to the 𝐵+ flight direction, which makes up for the missing transverse momentum. The signal
yield is extracted from a binned fit to𝑚𝑐𝑜𝑟𝑟 , as this observable peaks near the 𝐵+ mass for signal and
provides strong discrimination against background. Backgrounds are minimised with three different
Boosted Decision Trees (BDTs) classifiers against combinatorial (at least one reconstructed final-
state particle not originating from the 𝐵+), charged-isolation (partially reconstructed events, where
one or more charged tracks are not identified as part of the decay), and neutral-isolation components
(a conversion photon is originating from the decay of a neutral meson rather than from the 𝐵+).
Neutral isolation targets contributions that arise from 𝜋0/𝜂 → 𝛾𝑒𝑒𝛾𝑐𝑎𝑙𝑜 decays, where 𝛾𝑒𝑒 is the con-
version photon and 𝛾𝑐𝑎𝑙𝑜 is a photon detected in the calorimeter. Background shapes are modelled
using data-driven templates and validated with the control channel𝐷∗+ → 𝐷0(→ 𝐾−𝜋+𝜋0)𝜋+. The
measurement is normalised to the well-known 𝐵0 → 𝐾∗(892)0(→ 𝐾+𝜋−)𝛾𝑒𝑒 decay [17], which
cancels out of several systematic uncertainties, including luminosity, 𝑏𝑏̄ production cross-section,
fragmentation fractions, and photon conversion efficiencies. A non-negligible complication arises
from the intrinsic dependence on theoretical models, which affects the signal selection efficiency
and, consequently, the extracted 𝐵𝑅. In particular, the kinematic distributions exhibit a strong
dependence on the LCDA model, notably on the parameter 𝜆𝐵, leading to a non-uniform efficiency
as a function of the photon energy 𝐸𝛾 and of cos 𝜃𝑊 , the cosine of the angle between the charged
lepton and the 𝐵-meson flight direction. To mitigate this effect, efficiency maps are built in the
(𝐸𝛾 , cos 𝜃𝑊 ) plane, enabling a model-independent reinterpretation of the results.

The analysis of the muon channel with LHCb Run 2 data is almost completed, while a Run 3
search is currently ongoing. Its main improvement is the inclusion of the electron channel thanks
to the removal of the hardware trigger (L0), which previously limited the electron reconstruction
efficiency. The latter is remarkably better in Run 3 thanks to the fully software-based trigger [18],
and the addition of a second channel offers a significant increase in statistics.

3. On the decay 𝐵+
𝑐 → ℓ+𝜈ℓ𝛾

𝐵+
𝑐 mesons are not produced at 𝑒+𝑒− B-factories, and the decay 𝐵+

𝑐 → ℓ+𝜈ℓ𝛾 is experimentally
challenging to reconstruct at hadron colliders. Nevertheless, it is of theoretical interest, as it can
provide access to long-distance matrix elements relevant for other 𝐵𝑐 decays [19]. The 𝐵+

𝑐 channel
is effectively only accessible at LHCb due to both production and experimental considerations.
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The production of 𝐵+
𝑐 mesons requires the simultaneous creation of 𝑏𝑏̄ and 𝑐𝑐 quark pairs, a

rare, highly suppressed process that occurs in significant numbers only at high-energy hadron
colliders such as the LHC. Experiments at operating at the Υ(4S) energy scale, such as Belle
II, cannot produce 𝐵+

𝑐 mesons, while even at higher energies (e.g. the 𝑍0 pole) the production
rate remains negligible. Among the LHC experiments, LHCb is uniquely suited for such studies
thanks to its forward geometry, excellent vertexing and particle identification, and dedicated low-𝑝𝑇
triggers, which enable the non-trivial reconstruction of short-lived states and also of final states with
conversion electrons. The decay 𝐵+

𝑐 → ℓ+𝜈ℓ𝛾 has never been searched for in this topology, and
the 𝜇+ channel is investigated for the first time using LHCb Run 2 data. Even though the smaller
fragmentation fraction ratio 𝑓𝑐/ 𝑓𝑢 suppresses the 𝐵+

𝑐 production, it is partially compensated by the
larger CKM factors fraction |𝑉𝑐𝑏 |2/|𝑉𝑢𝑏 |2, enhancing the relative contribution of 𝐵+

𝑐 decays. Alas,
the shorter lifetime, 𝜏(𝐵+

𝑐 ) ≃ 0.3 × 𝜏(𝐵+), leads to a reduced selection efficiency compared to
the 𝐵+ channel. However, the 𝐵+

𝑐 contribution benefits from significantly lower background and a
weaker dependence on the 𝐵+

𝑐 hadronic structure. As a result, despite the experimental difficulties,
𝐵+
𝑐 → ℓ+𝜈ℓ𝛾 decays provide a complementary and relatively clean probe of 𝑉𝑐𝑏 and the decay

constant 𝑓𝐵𝑐
[20].

4. Conclusions

In this proceeding, a novel strategy to search for the radiative leptonic decays 𝐵+
(𝑐) → ℓ+𝜈ℓ𝛾,

ℓ = 𝜇, 𝑒 at the LHCb experiment has been presented. This approach is used for the first search
for this decay at LHCb, focusing on the 𝜇+ channel with Run 2 data, and now incorporating also
the 𝑒+ channel in the ongoing Run 3 analysis. Despite the experimental challenges posed by the
presence of a single charged particle and an undetected neutrino in the final state, a dedicated
reconstruction strategy has been developed and demonstrated to be both feasible and competitive.
In particular, photon conversions 𝛾 → 𝑒+𝑒− in the detector material are exploited to reconstruct a
displaced 𝐵+ vertex, overcoming the limitations of standard vertexing techniques. Backgrounds are
controlled using data-driven, validated methods, ensuring a robust and reliable signal extraction.
The sensitivity achieved with the LHCb Run 2 dataset is already competitive with the current world-
best limit, obtained by the Belle collaboration. With the increased statistics expected from Run 3,
the first observation of this decay at LHCb and a measurement of its 𝐵𝑅 become realistic prospects.
Such a measurement, combined with future results from Belle II, will provide valuable constraints on
the parameter 𝜆𝐵. An improved determination of 𝜆𝐵 is crucial for reducing theoretical uncertainties
of QCD factorisation predictions for a wide range of 𝐵-meson decays that are necessary for the
search of physics beyond the Standard Model.
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