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1 Introduction

The LHCb experiment underwent a major upgrade [1] for the start of LHC Run 3 (2022–2026)
data taking. Most of the detectors have been entirely replaced to enable operation at an
instantaneous luminosity five times greater than in previous data-taking periods. Furthermore,
all detectors are read out directly into a software trigger system at the LHC crossing rate
of 40 MHz, enabling real-time event reconstruction and selection. This upgraded detector
is referred to as LHCb Upgrade I. This paper presents a measurement of the normalised
differential decay rate of B+→ J/ψK+ as a function of the lepton helicity angle.1 The
measurement is based on a data sample corresponding to an integrated luminosity of 1.1 fb−1

of proton-proton (pp) collisions collected with the LHCb Upgrade I detector in October 2024
at a centre-of-mass energy of 13.6 TeV.

The B+→ J/ψK+ decay mode provides a valuable benchmark for assessing the perfor-
mance and systematic control of the upgraded LHCb detector in many physics analyses. It is
characterised by a large branching fraction and a precisely known angular distribution. This
is in contrast to e.g. B0 → J/ψK∗0 decays, where interference with exotic contributions, such
as B0→ Tcc̄1(4430)−K+ decays, complicates a direct comparison of the angular distribution
with Standard Model (SM) predictions. Tree-level b→ scc decays, such as B+→ J/ψK+, also
serve as crucial validation channels for several flagship LHCb analyses, such as those involv-
ing B+→ K+µ+µ− and B0→ K+π−µ+µ− decays, which are mediated by the quark-level
transition b→ sµ+µ−. These transitions, along with their Cabibbo-suppressed b→ dµ+µ−

counterparts, are forbidden at tree level in the SM and are therefore highly sensitive to
potential contributions from physics beyond the SM [2–6]. Over the past decade, a consistent

1The inclusion of charge-conjugate processes is implied throughout the paper.
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pattern of deviations from SM predictions has emerged across various b→ sµ+µ− observables,
generating significant attention and debate within the physics community. These tensions
are present both in branching fraction measurements and angular analyses of these decay
modes [7–16]. The data collected using the LHCb Upgrade I detector will help better char-
acterise the size and dependencies of these tensions. For these b→ sµ+µ− analyses, decays
such as B+→ J/ψK+ will be used to calibrate the detector response, validate efficiency
estimates, and cross-check the overall analysis strategy. This approach is motivated by the
high statistical precision of these b→ scc modes and the similar, or indeed identical, final
states to their b→ sµ+µ− counterparts.

The normalised differential decay rate for B+→ J/ψK+, where the J/ψ meson is recon-
structed via the J/ψ→ µ+µ− decay, is given as [17]

1
Γ

dΓ
d cos θℓ

= 3
4(1− FH)(1− cos2 θℓ) +

1
2FH +AFB cos θℓ. (1.1)

Here, θℓ is defined as the angle between the µ+ (µ−) lepton and the direction opposite to
that of the B+ (B−) meson in the dimuon rest frame. The angular observables AFB and
FH correspond to the forward-backward asymmetry and the flatness parameter, respectively.
Since in the SM the region of dimuon mass squared (q2) studied in this work is dominated by
the decay of the J/ψ, i.e. a spin-1 vector meson, both of these observables are expected to
be zero due to angular momentum conservation. In the SM, the values of these coefficients
are also predicted to be zero in the corresponding b→ sµ+µ− mode, B+→ K+µ+µ−, up
to subleading effects [17].

The cos θℓ distribution is subject to distortions arising from detector acceptance, event
selection, and reconstruction effects. Accurate modelling of these effects in simulated samples
is essential for the reliable extraction of angular observables. As shown in eq. (1.1), the
differential decay rate for B+→ J/ψK+ exhibits a dependence on cos θℓ up to second order.
This is the same order to which both the hadron and lepton helicity angles are expanded in
the angular distribution of B0→ K∗0µ+µ− and B0

s → ϕµ+µ− decays, where some of the most
significant tensions with the SM are seen [9, 13, 15, 18–20]. Having the same order means the
angular variation should be at a similar scale and therefore sensitive to similar efficiency-effects.

The forward-backward asymmetry, AFB, can be sensitive to detector- or reconstruction-
induced asymmetries in cos θℓ. Conversely, FH is affected by symmetric distortions, such as
mismodelled resolution or momentum-dependent efficiency effects that are independent of
lepton charge. These effects can alter the relative contributions of the constant and quadratic
terms in the angular distribution and thus bias FH. Although the B+→ J/ψK+ decay does
not involve a hadronic helicity angle, the dominant experimental effects, particularly those
related to tracking, reconstruction, and, to a large extent, candidate selection, are largely
insensitive to the specific identities of the final-state particles. As a consequence, this work
also helps validate the detector response for b→ dµ+µ− transitions.

In this work, the first analysis of a b-hadron decay using data collected with the LHCb
Upgrade I detector is presented. The angular observables AFB and FH are measured separately
for each magnetic field polarity, as well as using the combined dataset. The polarity-separated
measurements are further extracted differentially as functions of 17 kinematic and detector-
response variables. Each differential measurement is typically performed in ten equipopulated
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intervals (bins) along a given variable. This strategy is designed to identify and mitigate
potential trends that could introduce biases, particularly in b→ sµ+µ− measurements in
the case where the underlying distributions of these variables differ between b→ scc and
b→ sµ+µ− decays.

2 Datasets and simulation

The LHCb Upgrade I detector [1] is a single-arm forward spectrometer covering the pseudo-
rapidity range 2 < η < 5, designed for the study of particles containing b or c quarks. The
detector was installed prior to the Run 3 data-taking period, which started in 2022. The
Upgrade I detector is a major change of the detector system and was designed to match the
performance of the Run 1–2 detector [1, 21], while allowing it to operate at approximately
five times the instantaneous luminosity. The high-precision tracking system consists of a
silicon-pixel vertex detector surrounding the pp interaction region, a large-area silicon-strip
detector located upstream of a dipole magnet with a bending power of about 4Tm, and three
stations of scintillating-fibre detectors downstream of the magnet. The magnetic field deflects
oppositely charged particles in opposite directions, which can lead to charge-asymmetric
detection efficiencies. The configuration with the magnetic field pointing upwards is referred
to as MagUp, while the configuration with the field pointing downwards is referred to as
MagDown. Different types of charged hadrons are distinguished using information from
two ring-imaging Cherenkov detectors, equipped with photon detection systems. Photons,
electrons and hadrons are identified by a calorimeter system consisting of electromagnetic
and hadronic calorimeters. Muons are identified by a system composed of alternating layers
of iron and multiwire proportional chambers.

The central feature of the upgraded detector is the readout of all subdetectors at the
LHC crossing rate of 40 MHz, which allows the data to be processed in an all-software
trigger [22–25], thereby enabling the real-time reconstruction and selection of events. The
trigger system is implemented in two stages: the first-level trigger (HLT1), a GPU-based
inclusive stage focused on charged-particle reconstruction that reduces the data volume by
roughly a factor of 20; and the second-level trigger (HLT2), a CPU-based stage that performs
the full offline-quality reconstruction and selection of physics signatures. A large disk buffer
is placed between these stages to hold the data while the real-time alignment and calibration
are being performed. Triggered data further undergo a centralised, offline processing step [26].
Subsequently, highly automated LHCb analysis productions deliver physics-analysis-ready
data with very low latency across the entire LHCb physics programme [26, 27].

The data used were recorded at the design instantaneous luminosity of
L = 2× 1033 cm−2 s−1, corresponding to 5.3 visible pp interactions per bunch crossing.
Of the total 1.1 fb−1 integrated luminosity analysed, 65% was taken with the MagDown
configuration and 35% in the MagUp configuration.

Simulation is required to model the effects on the cos θℓ distribution of the detector
acceptance, track reconstruction, and candidate selection requirements. In the simulation, pp
collisions are generated using Pythia [28] with a specific LHCb configuration [29]. Decays of
unstable particles are described by EvtGen [30], in which final-state radiation is generated
using Photos [31]. The interaction of the generated particles with the detector, and its
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response, are implemented using the Geant4 toolkit [32] as described in ref. [33]. The physics
model used to generate B+→ J/ψK+ candidates assumes that both AFB and FH are zero.

3 Candidate selection and remaining backgrounds

Data are initially selected using the online trigger system. In HLT1, trajectories of charged
particles that originate within the vertex detector acceptance and traverse the rest of the
tracking system are identified. The momenta of these tracks are measured with percent-level
precision, and they can be identified as either muons or electrons if they pass the relevant
identification criteria [1]. In order to pass the first-level trigger, either two tracks must form a
common vertex that is significantly displaced from all primary vertices (PVs) in the event, or
a single track must be significantly displaced from all PVs. In the latter case, looser selection
requirements are applied if the track is identified as a muon.

The HLT2 stage uses information provided by the real-time alignment and calibration of
the detector to perform an offline-quality reconstruction [1, 34]. This reconstruction is then
used to apply further, more stringent, requirements: all tracks must have significant impact
parameter (IP) values with respect to all PVs and a low track-fit χ2, as determined from a
Kalman fitter; two oppositely charged muon tracks and an additional track should form a
common vertex that is displaced from every PV; the resulting B+ candidate must have a small
IP with respect to its associated PV (taken as the PV that best fits the B+ flight direction);
and muon tracks should have appropriate signatures in both the muon and RICH detectors.
No explicit particle identification (PID) requirement is applied to the accompanying hadron
during the online selection procedure. Tracks are removed if their hit pattern indicates there is
a high probability they arose from incorrectly combining hits belonging to different particles.

At the offline stage, the IP requirements from the trigger are further tightened. Minimum
requirements on the angles between final-state particle trajectories are applied to ensure that
the B+ candidates are not constructed from duplicate tracks that reuse the same segment in
the vertex detector. Additional PID criteria are also applied to each of the final-state particles.
For this, the output of artificial neural networks trained to identify each charged-particle
species i, normalised between 0 and 1 and named PNN

i [35, 36], is employed. The combined
requirements on the PNN

i outputs correspond to a signal efficiency of approximately 84%,
and are purposefully chosen to achieve signal and background rejection efficiencies similar to
those of the PID criteria used to select b→ sµ+µ− processes during Run 2 data taking.

It is required that the reconstructed mass of the B+ candidates, denoted m(K+µ+µ−),
lies in the range 5200 < m(K+µ+µ−) < 5850MeV/c2 and that the muon pair has a mass
within ±100 MeV/c2 of the known J/ψ mass value [37]. Contributions from combinatorial
backgrounds, formed by incorrect vertexing of tracks not originating from the same b-hadron
decay, can be reduced using a gradient-boosted decision-tree (BDT) classifier [38]. Given
the high purity of the B+→ J/ψK+ mode, employing a BDT in the selection does not
result in a large improvement on the signal significance. Nevertheless, a loose selection
is applied on the BDT output, as multivariate classifiers form an integral part of the
selection for rare b→ sµ+µ− transitions, for which this work serves as a benchmark. This
BDT classifier is trained using topological and kinematic variables. For the signal proxy,
B+→ J/ψK+ candidates in the range 5200 < m(K+µ+µ−) < 5500MeV/c2 are used, with
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residual background contributions subtracted using the sPlot technique [39] and m(K+µ+µ−)
taken as the discriminating variable. The background proxy is taken from B+→ J/ψK+

candidates with m(K+µ+µ−) > 5500MeV/c2. To ensure independence between the events
used to train the BDT and those to which the BDT is applied, cross-validation in the form of
k-folding [40] (k = 10) is used, i.e., ten BDTs are trained, each using a different nine-tenths
of the data. The corresponding BDT efficiency on signal is around 99%, and a cross-check is
performed by tightening this selection, as discussed later in section 7.

After all selection criteria are applied, the only significant backgrounds are either com-
binatorial in nature or those arising from Cabibbo-suppressed B+→ J/ψπ+ decays where
the pion is misidentified as a kaon. The contribution from the latter is below 1% of the
signal yield. Both these backgrounds are accounted for in the fit model. Of the B+→ J/ψK+

candidates considered in the fit, 0.8% originate from the same bunch crossing as another
B+→ J/ψK+ candidate and are referred to as multiple candidates. In the baseline selection,
one candidate per event is arbitrarily selected.

As outlined in the introduction, some fits are performed on subsets of the data to better
validate the understanding of the detector response. Data are split according to magnet
polarity, and then further subdivided according to the number of primary vertices (NPV);
the number of tracks with hits in all tracking subdetectors (NTk); the transverse momentum
and pseudorapidity of the B+, J/ψ, and kaon candidates; the impact parameter χ2 (χ2

IP),
which quantifies the degradation of the PV fit when including the track of interest, of the
J/ψ and kaon candidates; the vertex fit quality (χ2

vtx) of the B+ mesons; the χ2 of the B+

flight distance (χ2
FD), defined as the separation between the B+ decay vertex (DV) and

the PV; the B+ momentum and its angle with respect to the PV–DV vector (cos θDIRA);
the maximum momentum of the J/ψ decay products (max(p(J/ψ))); the pseudorapidity of
the muon with the same charge as the B meson (η(µ±)); and the opening angle between
the two muons, θ(µ+µ−). Each variable is used to divide the data into ten approximately
equipopulated bins, with the exception of NPV, where six bins are used. These variables
are chosen either to test the stability of the reconstruction under different conditions (e.g.,
varying occupancies or decay-vertex quality), to ensure that the efficiency function correctly
reproduces strong correlations with the variable in question (as is the case for the kinematic
variables), or because their distributions differ significantly between b→ scc and b→ sµ+µ−

transitions (as in the case of θ(µ+µ−) and pT of the J/ψ meson).

4 Calibration of simulation and determination of the efficiency model

Simulated events must be calibrated to accurately reflect all relevant features of the LHC
production environment and the performance of the LHCb detector. This calibration is
implemented through a set of weights, whose product is applied to simulation to correct for
differences in particle identification, trigger efficiencies, B+ production kinematics, detector
occupancy, and track reconstruction.

The PID calibration weight, wPID, is derived as the ratio of PID efficiencies in data
and simulation. The efficiency is evaluated as a function of the track momentum and
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pseudorapidity, using calibration samples composed of muon candidates from J/ψ→ µ+µ−

decays and kaon candidates from D∗+→ D0(→ K−π+)π− decays [41].2

The efficiency for a B+→ J/ψK+ candidate to pass the HLT1 requirements used in this
work is calibrated as a function of the B+ transverse momentum using the TriggerCalib
package [42]. To calculate the efficiency in data, the denominator is constructed from
B+→ J/ψK+ candidates in events where tracks not associated with said candidate have
passed an alternative set of HLT1 selections. The efficiency is then given by the fraction
of these events where the B+→ J/ψK+ candidate passed one of the HLT1 selections of
interest [43]. This efficiency is deduced from both data and simulation, and the correction
weight wHLT1 is obtained from their ratio. In data, the signal yield is extracted by subtracting
the background extrapolated from the m(K+µ+µ−) sidebands.

To correct for the remaining mismodelling of the detector occupancy, B+ meson production
kinematics, and the quality of the reconstruction, a weight wGBR is applied. The detector
occupancy is corrected using NPV and NTk; the B+ meson production kinematics are
corrected using its momentum p and transverse momentum pT; and the reconstruction quality
is corrected using the χ2

IP and χ2
vtx of the B+ meson. The weighting is performed using

B+→ J/ψK+ data candidates as the target, with background contributions subtracted using
the sPlot technique [39], where the mass m(K+µ+µ−) is used as the discriminating variable.
To ensure statistical independence between the calibration and measurement samples, the
k-folding technique [40] is employed. The binning scheme used in the weighting is optimised
using decision trees trained with the GBReweighter algorithm [44].

To obtain the efficiency as a function of cos θℓ, ϵ(cos θℓ), the correction weights are
applied to simulated samples of B+→ J/ψK+ candidates with all selections applied. The
efficiency distribution is obtained by weighting the simulation by the inverse of dΓ/d cos θℓ,
and is parameterised using a 12th-order Legendre polynomial. Much of the resulting shape
is determined by the detector’s geometrical acceptance and the momentum requirements
imposed on the final-state particles. The cos θℓ range is restricted to −0.99 < cos θℓ < 0.99, as
values beyond this lead to undesirably large weights due to the divergence of the normalisation
factor (dΓ/dcos θℓ)−1 ∝ 1/(1− cos2 θl). The parameterisation is performed separately for
the MagUp and MagDown simulated samples, as shown in figure 1. The goodness-of-fit of
this parameterisation is assessed by verifying that fitting the reconstructed simulated cos θℓ

distribution with eq. (1.1), multiplied by the parameterised efficiency ϵ(cos θℓ), yields values of
FH and AFB consistent with those used to generate the samples. Separate efficiency functions
are parameterised each time a fit is performed to a subset of the data, as is the case when
evaluating the trend of the angular coefficients across the aforementioned kinematic and
topological variables, or when performing other cross-checks discussed in section 7.

5 Fit model

To better discriminate B+→ J/ψK+ candidates from combinatorial and B+→ J/ψπ+ back-
grounds, a two-dimensional unbinned extended maximum-likelihood fit is performed to the
m(K+µ+µ−) and cos θℓ distributions using the zfit software [45, 46]. The two distributions

2Only J/ψ decays characterised by a significant flight distance with respect to the associated PV are
considered for calibration.
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Figure 1. Normalised efficiencies as a function of cos θℓ for (left) MagDown and (right) MagUp
magnet polarities. The efficiency parameterisation, shown as the blue curve, is obtained using the
method of moments with a Legendre-polynomial expansion truncated at order 12. The shaded blue
band represents the 68.27% confidence interval derived from the uncertainties on the polynomial
coefficients. The black points indicate the distribution of the simulated B+→ K+µ+µ− decays used
to determine the efficiency function.

are assumed to factorise, which is verified by inspecting the cos θℓ distribution in different
regions of m(K+µ+µ−), and computing both Pearson’s correlation coefficient [47] and the
Hilbert-Schmidt independence criterion [48].

The cos θℓ distribution of the B+→ J/ψK+ candidates is modelled using the normalised
differential decay rate given by eq. (1.1), multiplied by the efficiency function, ϵ(cos θℓ).
The m(K+µ+µ−) distribution is modelled using a superposition of two Gaussian functions
and a double-sided Crystal Ball (CB) function, where the latter consists of a Gaussian
distribution core with power-law tails on both the upper-mass and lower-mass sides [49]. All
three functions share the same peak position. The parameters describing the mass shape
are fixed from fits to simulated samples. However, to account for residual data-simulation
differences, two additional fit parameters are introduced in the fit to data. One represents
a shift in the peak position of the composite distribution, and the other a common scaling
factor on the width of the distribution.

For B+→ J/ψπ+ background candidates, the cos θℓ distribution is modelled with second-
order Chebyshev polynomials, while the m(K+µ+µ−) distribution is described by a Gaussian
function combined with a double-sided CB function. All parameters are fixed from simulation,
except for the shift and scale factors of the m(K+µ+µ−) distribution, which are shared with
the signal. The relative number of B+→ J/ψπ+ to B+→ J/ψK+ candidates is left freely
varying in the fit, and is found to be at the level of 0.3–0.5%. This is in good agreement with
expectations based on the relative branching fractions and selection efficiencies.

Finally, the combinatorial background is modelled with a fourth-order Chebyshev polyno-
mial in cos θℓ and an exponential function in m(K+µ+µ−). For the combinatorial component,
all parameters are free to vary in the fit.

Pseudoexperiments generated with properties representative of the data show that the
fit is unbiased and that confidence intervals obtained using the resulting covariance matrix
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provide correct coverage. This is true for both the integrated fit and for fits performed
to subsets of the data.

6 Systematic uncertainties

Systematic uncertainties on AFB and FH are estimated using ensembles of pseudoexperiments,
generated with variations applied either to the efficiency function, ϵ(cos θℓ), or to the fit
model. All systematic sources are assessed by fitting pseudoexperiments twice: once with the
baseline configuration and once with the varied configuration. The sum in quadrature of the
mean and width of the difference in the fit results across the ensemble of pseudoexperiments
is taken as the systematic uncertainty. Due to potential differences in detector response,
the systematic uncertainties are evaluated separately for MagUp and MagDown data. A full
summary of the included systematic sources is given in table 1.

Two dominant sources of systematic uncertainty are identified. The first arises from the
limited size of the simulation samples used in the efficiency parameterisation. To assess this
uncertainty, the simulated samples are bootstrapped with replacement [50]. For each bootstrap
iteration, a new efficiency function is parameterised and used to generate a pseudoexperiment.
This pseudoexperiment is then fitted using the corresponding variation of the acceptance
function, and the resulting spread across the pseudoexperiments is taken as the systematic
uncertainty. In the MagUp (MagDown) dataset, this uncertainty is at the level of 70% (50%)
of the statistical uncertainty for both AFB and FH.

The second dominant source arises from the application of an alternative weighting scheme
for obtaining the wGBR weights. In this alternative scheme, the momentum and transverse
momentum of the J/ψ, rather than the B+, are used. Additionally, events are divided
depending on whether at least one final-state particle has a momentum above 100GeV/c,
and the wGBR weights for these two independent datasets are derived separately. This
threshold is motivated by the fact that high-momentum tracks are associated with additional
challenges, such as poorer DV reconstruction quality and passage through detector regions
with higher occupancy. When applying the baseline strategy, small differences in the angular
coefficients are observed between these two event categories. These differences are mitigated
by the alternative weighting scheme, and the resulting impact on the baseline measurement
is therefore assigned as a systematic uncertainty using the approach outlined above. For FH,
this contribution is at the level of 70% (50%) of the statistical uncertainty for the MagUp
(MagDown) dataset, while for AFB it remains below 10%.

The majority of the remaining systematic sources contribute less than 20% of the statistical
uncertainty. The considered configurations, listed in order of decreasing impact on the resulting
uncertainty, are: variations to the corrections applied to simulation; modifications to the
truth-matching criteria in simulation; changes to the signal mass model; alterations to the
hyperparameters used in the kinematic and multiplicity corrections; treatment of multiple
candidates from the analysed dataset; variation of the polynomial order used to parameterise
the combinatorial cos θℓ model; residual miscalibration in the HLT2 trigger; uncertainty
associated with particle identification corrections; and variation of the polynomial order
used to parameterise the ϵ(cos θℓ) function.
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The robustness of the results against the applied simulation corrections is assessed by
producing an ensemble of alternative ϵ(cos θℓ) functions constructed removing all correction
weights wPID, wHLT1, and wGBR. In simulation, a truth-matching algorithm is used to
identify signal decays. The robustness of the signal definition is evaluated using stricter
truth-matching criteria, assessing the impact of this choice by using the alternative efficiency
function obtained. For the signal mass model, two double-sided CB functions are used
instead of the baseline combination of one double-sided CB and two Gaussian functions.
The parameters are taken from simulation, with the scaling parameter derived from data.
Variations in the hyperparameters used in the kinematic and multiplicity correction procedure
are also considered, effectively changing the binning scheme used to obtain the wGBR weights.
To assess the impact of multiple candidates, the analysis is rerun without their removal.
The effect of the background model is evaluated by increasing the order of the Chebyshev
polynomial used for the combinatorial background in cos θℓ from four to six. Sensitivity
to any residual miscalibration in the efficiency of HLT2 tracking is assessed by introducing
weights representing the ratio of tracking efficiencies in data and simulation. These weights
vary linearly across the pseudorapidity of the final-state tracks, and are obtained separately
for each detector quadrant. This serves to capture differences arising from imperfections
in the simulation of the tracking system that are not currently modelled. A new ϵ(cos θℓ)
function is derived using these weights, and the resulting difference is taken as a systematic
uncertainty. The impact of the uncertainties due to the finite size of the data samples used
to obtain the particle identification corrections is assessed via an ensemble of alternative
efficiency functions derived with correction weights varied within their uncertainties. Finally,
sensitivity to the functional form of the efficiency parameterisation is evaluated by increasing
the polynomial order from 12 to 14.

Additional systematic variations are investigated but found to be negligibly small. These
include: modifying the set of selections used to derive wHLT1; calculating wHLT1 in two
dimensions across both p and pT of the B+ candidate; deriving the PID calibration as a
function of NTk; varying the angular resolution obtained on simulation and varying the
requirement used to remove tracks that may share hits.

7 Results and cross-checks

The projections of the fits to the m(K+µ+µ−) and cos θℓ distributions for MagUp and
MagDown data are shown in figure 2, with results presented in table 2. The average over both
MagDown and MagUp is computed by weighting according to the inverse of the covariance
matrix of each polarity. All systematic uncertainties are assumed to be 100% correlated,
except for the dominant systematic from the limited simulation size, which is treated as
uncorrelated between the two polarities. As can be seen from table 2, all results agree with
their predictions at the level of 1.2 standard deviations (σ). The results obtained for the
two magnet polarities agree with each other at the level of 1.5σ. The pair-wise Pearson
correlation between FH and AFB is at the level of 5%. This small correlation is expected due
to the orthogonality of the angular functions associated with these coefficients.
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Systematic source MagDown MagUp
AFB FH AFB FH

Simulation sample size 0.44 1.03 0.39 1.04
Alternative scheme for wGBR 0.03 1.14 0.04 0.90
Simulation corrections 0.14 0.30 0.12 0.24
Truth-matching 0.07 0.28 0.02 0.51
Signal mass model 0.01 0.25 0.01 0.17
Choice of hyperparameters in wGBR 0.01 0.19 0.01 0.17
Multiple candidates removal < 0.01 0.05 0.07 0.20
Orders of combinatorial 0.04 0.08 0.04 0.10
Tracking corrections 0.01 0.06 0.01 0.07
Uncertainty on PID corrections 0.01 0.02 < 0.01 0.01
Higher order efficiency < 0.01 0.01 0.01 0.01
Total systematic uncertainty 0.47 1.62 0.42 1.53
Total statistical uncertainty 0.59 1.41 0.80 1.91

Table 1. Absolute systematic uncertainties for data taken in either the MagDown or MagUp
configuration for the AFB and FH observables. All numbers are in units of 10−3.
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Figure 2. Projections of the fits onto m(K+µ+µ−) and cos θℓ for (top) MagDown and (bottom)
MagUp data.
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AFB FH
MagDown −0.27± 0.59 (stat) ± 0.47 (syst) −1.2± 1.4 (stat) ± 1.6 (syst)
MagUp 0.86± 0.80 (stat) ± 0.42 (syst) 3.1± 1.9 (stat) ± 1.5 (syst)
Average 0.19± 0.48 (stat) ± 0.33 (syst) 0.5± 1.1 (stat) ± 1.4 (syst)

Table 2. Measured values of AFB and FH for MagDown and MagUp data, and their average. The
first uncertainty is statistical, and the second systematic. All numbers are in units of 10−3.
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Figure 3. Measured values of AFB and FH obtained by splitting the dataset according to the kaon
charge, including only statistical uncertainties. The horizontal bands indicate the corresponding values
obtained without the charge split, with both statistical and systematic uncertainties included.

Further cross-checks are performed by varying the selection criteria and assessing the
agreement with the baseline result, taking into account the statistical overlap. These checks
are performed separately for the MagUp and MagDown datasets.

Much tighter PID requirements with respect to the baseline selection are applied, namely
PNN

K > 0.2 is changed to PNN
K > 0.6 and PNN

µ > 0.2 is changed to PNN
µ > 0.8 for the kaon

and muon candidates, respectively. All observed shifts are compatible with the baseline
result at the level of 2σ or less.

To replicate a BDT selection more representative of that used in analyses of b→ sµ+µ−

decays, the BDT requirement is tightened, resulting in a signal efficiency of 65%. All observed
shifts in AFB and FH are compatible with the baseline result at the 1σ level or below, except
for AFB in the MagUp polarity, which is compatible at 2.3σ.

The results are also obtained by splitting the data according to the charge of the kaon,
and are displayed in figure 3. The uncertainties shown are purely statistical, and no significant
pattern or deviation is observed. Similar behaviour is exhibited when data are split either
according to which quadrant of the muon station the muon with the same charge as the B
meson entered, or which quadrant of the scintillating-fibre detectors the kaon entered. The
results are also checked when splitting according to whether at least one of the final-state
tracks has a momentum larger than 100GeV/c, as discussed in section 6. Finally, to assess the
stability of the results against variations in data-taking conditions, the analysis strategy is
applied to an independent sample of data collected earlier in 2024, recorded using a different
trigger configuration and under lower instantaneous luminosity conditions. The extracted
angular coefficients from this sample are consistent with the baseline results.
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Figure 4. Measured values of AFB and FH in ten equipopulated bins of (top) θ(µ+µ−), (mid-
dle) pT(J/ψ), and (bottom) NPV, for the MagDown (red) and MagUp (blue) magnet configurations.
Only statistical uncertainties are shown. Horizontal bands indicate the corresponding values obtained
from the integrated datasets, including statistical and systematic uncertainty contributions.
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The data in each polarity configuration is also further divided into ten equally populated
bins according to the 17 variables previously discussed. The results for some example variables
are shown in figure 4, namely the dimuon opening angle, θ(µ+µ−), the J/ψ transverse
momentum, and NPV, for both the MagDown and MagUp datasets. To assess whether any
trend across these variables could affect the final, integrated result, two metrics are developed.
The first is the linear coefficient obtained when fitting the results across a given variable.
The significance of the linear coefficient from zero is shown for all variables in figure 5 (top).

As this is only sensitive to linear trends, a second more generic metric is defined via

p(O|mi ) = (O|mi − O|mint)
σ(O|mi ) , (7.1)

where O|mi and σ(O|mi ) denote the central value and uncertainty for the angular observable
O in bin i of polarity configuration m, and O|mint is the corresponding central value obtained
without binning. If there is no dependence of the angular coefficients on the variables in
question, and the obtained uncertainties are correct, then the pull defined in eq. (7.1) should
follow a normal distribution with a width of unity. The requirement on the width is overly
conservative, as the uncertainty in the numerator includes only the statistical component,
and the leading systematic uncertainty arising from the limited simulation size is also entirely
uncorrelated between bins.

The corresponding results are shown in figure 5 (bottom). No evidence of under-coverage
is observed. In other words, given the size of the dataset examined, there do not appear
to be effects that vary as a function of these variables which are significantly larger than
the existing statistical and leading systematic uncertainty.

Finally, given that part of the scope of this work is to validate the response of the LHCb
Upgrade I detector in the new, higher-luminosity environment, figure 6 shows the number
of candidates and the signal purity as a function of NPV. The signal purity is defined as
the ratio S/(S +B), where S and B correspond to the numbers of signal and background
candidates extracted from the mass fits. Mass projections for NPV = 1, 4, 8, and NPV ≥ 11
are also shown in the figure for reference.

8 Discussion and conclusion

In the q2-region considered in this work, the dominance of the J/ψ resonance means the
angular observables AFB and FH are expected to be consistent with zero, assuming the
detector response is correctly described in simulation. This expectation is confirmed by the
measurements obtained in both the MagDown and MagUp magnet configurations, as well as in
their average. Statistical and systematic uncertainties contribute in roughly equal proportions
to the total uncertainty, with the latter playing a more significant role for FH than for AFB.
This is evident in the breakdown of systematic contributions shown in table 1: while the
dominant systematic uncertainty for AFB arises from the limited size of the simulated samples,
FH is also significantly affected by the choice of alternative schemes for the extraction of wGBR.
This difference is not unexpected, as detector- or background-induced effects are less likely to
bias AFB, given that such effects would require a charge-asymmetric response to muons.
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Figure 5. (Top) Significance of the linear parameter obtained from a χ2 fit of the differential
variation of the observables AFB and FH as a function of all 17 variables considered. (Bottom)
Standard deviation of the pull distribution obtained for the observables AFB and FH across the same
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intervals for the width of the pull distribution, derived from pseudoexperiments in which pseudodata
is randomly split into ten equally populated bins.
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Extrapolating the Run 1 measurement of AFB and FH in B+→ K+µ+µ− decays [51] to
the end of Run 3, assuming a 100% increase in the b-quark production cross-section due
the increased centre-of-mass energy [52], and a total integrated luminosity of 23 fb−1, the
expected statistical uncertainties on AFB and FH in the range 1.1 < q2 < 6.0 GeV2/c4 are
approximately 0.005 and 0.01, respectively. These are five to ten times larger than the size of
the systematic uncertainties observed on the B+→ J/ψK+ angular coefficients in this work.
Furthermore, the systematic uncertainty quoted here is expected to improve in the future, as
the leading contributions arise from either limited size of the simulation samples or the current
level of understanding of the detector response, both of which should improve as more data
are collected. The extracted angular coefficients also exhibit good stability when the analysis
is restricted to specific subregions of the detector, with, for example, no coherent discrepancies
observed between opposite kaon charges across different magnet polarities (figure 3).

Similar conclusions are drawn from the study of the dependence of AFB and FH on 17
detector-response and kinematic variables, as shown in figure 4 and figure 5 (top). A linear χ2

fit to the differential measurements in each variable reveals no significant deviation from zero
that is consistent across both magnet polarities. The largest deviations observed reach at most
approximately two standard deviations, which is compatible with statistical fluctuations. The
slight prevalence of negative slopes across these variables should not be interpreted as evidence
of a systematic trend, since the linear coefficients extracted from different variable subgroups
are correlated. For example, NPV and NTk share a dependence on event multiplicity, while
cos θDIRA and χ2

FD are all related to the displacement of the B+ candidate.
An alternative interpretation of the results, based on the pull metric defined in eq. (7.1),

leads to a similar conclusion, as shown in figure 5 (bottom): the distribution of pull values
across the different variables is compatible with expectations from statistical fluctuations. The
stability observed across different detector-response and kinematic variables, including those
whose underlying distributions are expected to differ significantly between the B+→ J/ψK+

and b→ sµ+µ− modes, such as pT (J/ψ) and θ(µ+µ−), as shown in figure 4 (top and middle),
is reassuring. The quality of the detector-response modelling relevant for b→ sµ+µ− analyses
is further evidenced by the consistent results obtained when tightening both the PID and
BDT selections to values more representative of those typically used in b→ sµ+µ− analyses.

The instantaneous luminosity for the data used in this analysis is approximately five times
higher than that of data collected with the previous LHCb detector. Figure 6 (top left and
right) shows the distributions of NPV and the signal purity as a function of NPV, respectively.
Example mass-fit projections for different values of NPV are shown in the remaining two
rows of the same figure. The signal purity varies by less than 10% across a wide range of
pile-up conditions, ranging from 1 to 14 reconstructed primary vertices per event, with little
to no degradation observed in the B+ mass resolution. This, together with the stability of
the extracted angular coefficients across different NPV bins, as shown in figure 4 (bottom),
highlights the robustness of the LHCb Upgrade I detector and reconstruction, even under
significantly more challenging pile-up conditions.

In summary, this work presents a precise measurement of the angular distribution in
B+→ J/ψK+ decays using 1.1 fb−1 of data collected in October 2024, with the results
showing excellent agreement with theoretical predictions. The analysis is performed on data
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taken at an instantaneous luminosity of 2 × 1033 cm−2 s−1, representative of the running
conditions in 2025 and those expected in 2026. It marks the first complete physics analysis of
a b-hadron decay using the upgraded LHCb detector (Upgrade I) and highlights the detector’s
performance across varying levels of pile-up conditions. The B+→ J/ψK+ mode features
a final state similar to that of b→ sµ+µ− channels, which form a central part of the LHCb
physics programme. Likewise, the B+→ J/ψK+ lepton helicity angle shares a comparable
functional form with the helicity angles in those modes. The systematic uncertainties of
this measurement are significantly smaller than the statistical uncertainties expected for
b→ sµ+µ− modes. This, combined with the observed stability of the extracted results across
a range of detector-response and kinematic variables, as well as under varying selection
criteria, provides a robust indication that the response of the LHCb Upgrade I detector is
understood to a level of precision sufficient for the reliable extraction of angular coefficients
in both b→ sµ+µ− and b→ dµ+µ− transitions.
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