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This analysis aims to conduct a comprehensive study of the decay kinematics of the semileptonic
decay 𝐵0

𝑠 → 𝐷∗−
𝑠 𝜇+𝜈𝜇, with 𝐷∗−

𝑠 → 𝐷−
𝑠 𝛾 and 𝐷−

𝑠 → 𝐾+𝐾−𝜋− , using data collected by the
LHCb experiment in Run 2. A first measurement of the form factors describing the 𝐵0

𝑠 meson
semileptonic decay is provided, performing a four-dimensional binned fit in the space given by the
variables describing the decay kinematics, namely 𝑞2, cos 𝜃ℓ , cos 𝜃𝑑 and 𝜒. Taking into account
the detector acceptance, as well as the reconstruction efficiencies and the resolution effects,
the full differential distribution is obtained; then, a fit to this distribution is performed using
different parameterizations for the 𝐵0

𝑠 → 𝐷∗
𝑠 transition form factors. Furthermore, the unfolded

distributions are compared with the theoretical predictions and the Belle-II experiment results.
Finally, using the unfolded shapes, a model-independent approach is tested and its compatibility
with the model-dependent results is studied.
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1. Introduction

The 𝑏-hadrons semileptonic decays are a powerful tool for investigating and probing the
Standard Model (SM). They are referred to as 𝐻𝑏 → 𝐻𝑐ℓ𝜈, where the hadron 𝐻𝑏 containing
a 𝑏 quark decays into a charmed hadron 𝐻𝑐, a charged lepton ℓ and a neutrino 𝜈. In the SM,
these decays proceed via tree-level charged currents, mediated by a 𝑊 boson. Due to the strong
interaction between the decaying and the spectator quarks, these processes provide access to both the
Electroweak and Strong sectors of the SM. Furthermore, potential New Physics (NP) interactions,
such as lepto-quarks [1] or charged Higgs bosons [2], may interfere with or mediate these processes.
For this reason, precise measurements of these decay properties are essential.

This study investigates the semileptonic decay 𝐵0
𝑠 → 𝐷∗−

𝑠 𝜇+𝜈𝜇and the charge-conjugate decay,
with 𝐷∗−

𝑠 → 𝐷−
𝑠 𝛾 and 𝐷−

𝑠 → 𝐾+𝐾−𝜋−, with data collected by the LHCb experiment during the
Run 2 data-taking period (2016-2018). The analysis aims to measure the differential decay rate
described by four kinematic variables: the squared momentum 𝑞2 transferred to the lepton pair, two
helicity angles 𝜃ℓ and 𝜃𝑑 associated with the decays of the𝑊 and 𝐷∗

𝑠 in their reference frames, and
a third angle 𝜒 between these two decay planes. A previous one-dimensional analysis was already
performed in LHCb using a subset of the Run 2 dataset [3].

As detailed in several studies (e.g. [4]), the complete differential decay rate is given by

dΓ
d𝑞2d cos 𝜃ℓd cos 𝜃𝑑d𝜒

= N𝛾 | ®𝑝𝐷∗
𝑠
(𝑞2) |

(
1 −

𝑚2
𝜇

𝑞2

)2 ∑︁
𝑖

𝐼𝑖 (𝑞2) Ξ𝑖 (𝜃ℓ , 𝜃𝑑 , 𝜒) (1)

where N𝛾 is a constant factor depending on |𝑉𝑐𝑏 |2 and the index 𝑖 runs over several contributions.
While the functions Ξ𝑖 are well-known angular terms, the functions 𝐼𝑖 (𝑞2) describe the hadronic
interaction between the spectator and the decaying quarks and are related to the helicity amplitudes
𝐻𝑡 , 𝐻± and 𝐻0: since the strong interaction is highly non-perturbative at low energies, a specific
model is needed to parametrise their expression. In this analysis, we consider the Caprini-Lellouch-
Neubert (CLN) [5] and the Boyd-Grinstein-Lebed (BGL) [6] models, as they are the most widely
employed parameterizations. We also intend to implement a model-independent approach to direct
comparisons with present and future LQCD calculations.

2. Event selection

Data collected by the LHCb experiment are a mixture of signal and background events, with
the latter given by different processes that share the same final state as the signal: a charged muon,
a reconstructed 𝑐-hadron with opposite charge, and a non-vanishing missing energy due to the
neutrino and non-reconstructed particles. The trigger selection filters events containing a high
momentum muon candidate, namely 𝑝 > 3 GeV/𝑐. Moreover, high purity in the selected dataset
can be achieved by applying additional selection cuts. First, in the Dalitz plot, only the 𝜙 and 𝐾∗

resonances are selected, to identify the 𝐷−
𝑠 properly. Then, the 𝐷∗−

𝑠 is reconstructed by considering
photons inside a narrow cone surrounding the 𝐷−

𝑠 candidate, defined in terms of pseudorapidity
and azimuthal angle: only the photon with the highest momentum inside the cone is selected.

A fit to the 𝐷−
𝑠 𝛾 invariant mass distribution, with the reconstructed 𝐷−

𝑠 mass constrained to its
known value [7], is then performed as shown in Fig. 1 (left). The signal is described by a one-sided
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Figure 1: Left: sPlot on the 𝐷∗
𝑠 invariant mass on the data sample; right: distributions of the BDT variable

for all the MC samples.

Crystal Ball function, over an exponential combinatorial background. The 𝑠Plot technique [8] is
employed to subtract the combinatorial background from random photons. To further refine the
selection, a cut over a Boosted-Decision Tree (BDT) variable is applied. The BDT is built using
topological information about the process and is highly effective in rejecting the so-called doubly-
charmed processes, where a 𝑏-hadron decays in a 𝑐-hadron and a 𝐷∗

𝑠, with the latter decaying
semileptonically. The shape of the BDT variable for the signal and background channels is shown
in Fig. 1 (right). A cut at BDT_dbc_reopt > −0.2 is chosen to maximise the significance, resulting
in a mean rejection efficiency of 60% on the doubly-charmed decays (the green shapes in figure).

3. Kinematic reconstruction

The presence of a neutrino in the final state poses a significant challenge in the LHCb en-
vironment. Since the detector does not provide full 4𝜋-coverage, it is generally impossible to
directly measure the missing momentum, which means that the kinematic system cannot be fully
constrained. However, by assuming the known mass of the 𝐵0

𝑠 meson and the presence of only one
massless particle in the final state, as demonstrated in [9] and [10], it becomes possible to determine
the kinematic variables up to a quadratic ambiguity. In principle, one could randomly select one of
the two solutions, but a 10% improvement in 𝑞2 resolution can be achieved by employing a Multi-
Variate Analysis (MVA) method. In this study, four different architectures were tested, with the
best performance achieved by a Multi-Layer Perceptron (MLP). The regression algorithm provides
a rough estimate of the 𝐵0

𝑠 momentum: to resolve the two-fold ambiguity, we select the solution
closest to this estimate across all kinematic variables.

4. Signal yields

The central core of the analysis, which leads to our first results, is based on a four-dimensional
binned fit in the corrected mass 𝑀𝑐𝑜𝑟𝑟 space. This variable is defined as

𝑀𝑐𝑜𝑟𝑟 =

√︃
𝑚2

𝑣𝑖𝑠
+ |𝑝⊥

𝑣𝑖𝑠
|2 + |𝑝⊥𝑣𝑖𝑠 | (2)
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where𝑚𝑣𝑖𝑠 is the visible invariant mass, namely𝑚𝐷𝑠𝛾 , and 𝑝⊥
𝑣𝑖𝑠

is the transverse visible momentum,
i.e. the component of the visible momentum perpendicular to the 𝐵0

𝑠 flight direction. The 𝑀𝑐𝑜𝑟𝑟

plays a crucial role in angular analyses [11], since it provides an excellent tool to distinguish between
signal and background processes. This is clearly illustrated in Fig. 2, where the signal distribution
(in red) shows a distinct shape compared to background channels. The analysis strategy involves
binning the parameter space and, within each bin, extracting the number of events for each channel
by rescaling the simulated probability density functions (or templates) using a scale factor 𝑎 𝛿

𝑖
.

These scale factors are free parameters of the fit, the subscript 𝑖 refers to the channel and the index
𝛿 identifies a specific bin in the four-dimensional space. To improve the stability of the fit, the
doubly-charmed templates are combined, as well as the 𝐵0

𝑠 → 𝐷𝑠1ℓ𝜈ℓ channels. Additionally,
the combinatorial background — resulting from random combinations of hadrons and muons from
different decays — is modeled using the events where the reconstructed 𝐷𝑠 and 𝜇 are selected with
the same electric charge. We decide to proceed in two steps:

• a simultaneous fit across the six different 𝑞2 bins, integrating over the angular variables, and
ending up with fifteen free parameters;

• independent fits across the 270 bins in the four-dimensional space, where the background
components are fixed to the results of the first step, leaving only the signal scale factors as
free parameters.

This two-step approach ensures a stable and reliable extraction of signal yields, mitigating the low-
statistics challenges often encountered in multidimensional binned fits. An example of the result in
the first set of fits is shown in Fig. 2 (the two plots on the left), while the results in two different
bins of the multidimensional space are shown in the same figure in the two plots on the right. It
is noteworthy that the statistics significantly varies between different bins of the multidimensional
parameter space, nevertheless all the fits show good agreement with the data, as pointed out by the
pulls.
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Figure 2: First two figures on the left: examples of fit in two different 𝑞2 bins; on the right: examples of fit
in two different bins in the 4-d space.
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5. Conclusions

This angular analysis extends and improves a previously published analysis of the measurement
of the 𝑞2 spectrum for the 𝐵0

𝑠 → 𝐷∗−
𝑠 𝜇+𝜈𝜇semileptonic decays, with the data collected by the

LHCb experiment. The differential decay rate extracted here is essential to conduct several studies.
Notably, taking into account the detector’s efficiency and resolution, as described in [12], it is
possible to unfold and compare it with the theoretical models. In particular, Fig. 3 shows the
comparison between experimental unfolded shapes and the CLN and BGL predicted shapes. A
deviation in the 𝑞2 distribution was already observed by Belle-II [13], even though in that case the
𝐵 → 𝐷 transition was under study. It is worth mentioning that we expect the experimental shapes
to disagree with the predictions, since the theoretical computations are made taking into account
the 𝐵0 and not the 𝐵0

𝑠 meson.
Assuming the two different theoretical models we can extract the 𝐼𝑖 (𝑞2) functions. Additionally,

the integrals of these functions in the 𝑞2 bins can be extracted with a model-independent approach.
This is possible since we know that the predicted signal yield, integrating Eq. 1 in a specific bin of
the four-dimensional space, is given by

𝑁
pred
𝑘, 𝑝,𝑞,𝑟

=

∫
Δ𝑞2

𝑘

∫
Δ cos 𝜃ℓ 𝑝

∫
Δ cos 𝜃𝑑 𝑞

∫
Δ𝜒𝑟

dΓ
d𝑞2d cos 𝜃ℓd cos 𝜃𝑑d𝜒

𝑑𝑞2 𝑑 cos 𝜃ℓ𝑑 cos 𝜃𝑑𝑑𝜒

∝
∑︁
𝑖

∫
Δ𝑞2

𝑘

(
1 − 𝑚2

𝜇/𝑞2
)2

| ®𝑝𝐷∗
𝑠
(𝑞2) | 𝐼𝑖 (𝑞2) 𝑑𝑞2 ·

∫
ΔΩ𝑙

Ξ𝑖 (𝜃ℓ , 𝜃𝑑 , 𝜒) 𝑑Ω

∝
∑︁
𝑖

𝐽𝑖,𝑘 (𝑞2) · 𝜁𝑖,𝑙 (𝜃ℓ , 𝜃𝑑 , 𝜒)

The angular integrals are well-known and analytically computable, and we can treat the 𝐽𝑖,𝑘 (𝑞2)
integrals as free parameters and compare them with the predictions of a specific model. This
approach is highly valuable since we expect some of these functions to be zero in the SM framework,
enabling direct measurement of deviations from SM and testing NP scenarios. We found the model-
dependent and the model-independent approaches yield to compatible results, i. e. with relative
deviations in the CLN parameters remaining below 1%.

Finally, we intend to conduct several other studies to understand the impact of NP models,
for instance using the forward-backward asymmetry A𝐹𝐵 (𝑞2) [4] or the dimensionless quantities
described in [14], which are model-independent and don’t require the determination of the |𝑉𝑐𝑏 |
constant.
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