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1 Introduction

In the Standard Model (SM), the violation of charge conjugation-parity (CP ) symmetry
in charged-current interactions between quarks is a consequence of an irreducible phase
in the Cabibbo-Kobayashi-Maskawa (CKM) matrix [1, 2]. The unitarity of this matrix
imposes certain relations between the quark couplings, which in the B0 sector are graphically
represented by the Unitary Triangle and parameterised by three angles α, β and γ. In the
approximate parameterisation of the CKM matrix proposed by Wolfenstein [3], the angle β
is the phase of the CKM element Vtd governing the coupling between top and down quarks,
and the oscillation between B0 and B0 mesons. It thus accounts for CP violation in the
interference between direct decays of B0 and B0 mesons to a CP eigenstate and decays to
the same final state after oscillation.
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The angle β is most precisely measured in the B0 → J/ψK0
S channel1 where the proper-

time distributions for B0 and B0 decays exhibit a large asymmetry [4]. At tree level, these
decays proceed through a Cabibbo-favoured b → ccs quark transition, which results in a
relatively large branching fraction of O(10−3). This also facilitates the interpretation of
the CP asymmetry in terms of β as the dominating tree-level amplitude carries no phase.
Higher-order decay topologies such as hadronic penguin diagrams can nevertheless affect the
decay amplitude. By introducing a shift in the observed phase, they can mask the presence
of physics beyond the SM and complicate the determination of the angle β [5]. While their
contribution to B0 → J/ψK0

S decays is expected to be relatively small, they might become a
dominant source of uncertainty in future measurements of β [6, 7].

Current constraints on the phase shift induced by penguin amplitudes are based on a
simultaneous analysis of several CP -violation observables for decays mediated by a b→ ccd

quark transition, whose tree-level amplitude is suppressed [6]. Compared to B0 → J/ψK0
S

decays these modes are experimentally challenging; with branching fractions of O(10−5),
several resonances contributing to the final state (e.g. B0 → J/ψπ+π− decays [8]), photons in
the final state (e.g. B0 → J/ψπ0 decays) or, in the case of B0

s → J/ψK0
S decays [9], a smaller

production cross section for B0
s mesons compared to B0 mesons.

The BaBar and Belle collaborations reported evidence of indirect CP -violation in
B0 → J/ψπ0 decays [10, 11]. The reported values of the CP observables are compatible
with the results from B0 → J/ψK0

S decays, suggesting a small contribution of loop-mediated
processes to the angle β. The world average for the branching fraction of B0 →J/ψπ0 decays
of (1.66 ± 0.10) × 10−5 [12] is based on these two analyses. As pointed out in ref. [13],
this value could imply significant contributions from intermediate pairs of charm mesons to
the decay amplitude, which makes the branching fraction an interesting probe of final-state
interaction effects. Moreover, the quark model predicts simple relations between the branching
fractions of B0 decays to J/ψP (where P is a pseudo-scalar meson π0, η or η′) and the η/η′

mixing angles [14], hence motivating higher precision measurements of these modes.
As a first step towards a CP -violation analysis of B0 → J/ψπ0 decays, this paper reports

the measurement of the branching fraction through the ratio

R =
BB0→J/ψπ0

BB+→J/ψK∗+
, (1.1)

where B+ → J/ψK∗+ decays are used as the normalisation channel, and the K∗+ meson
is reconstructed via its decay to K+π0. The study is based on the dataset recorded with
the LHCb detector in pp collisions between 2011 and 2018, corresponding to an integrated
luminosity of 9 fb−1 collected at centre-of-mass energies of

√
s = 7, 8 and 13 TeV.

2 Detector and simulation

The LHCb detector [15, 16] is a single-arm forward spectrometer covering the pseudorapidity
range 2 < η < 5, designed for the study of particles containing beauty or charm quarks.
It includes a high-precision tracking system consisting of a silicon-strip vertex detector

1The inclusion of the charge-conjugated decays is implied throughout the paper.
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(VELO) surrounding the pp interaction region, a large-area silicon-strip detector (TT) located
upstream of a dipole magnet with a bending power of approximately 4 Tm, and three stations
of silicon-strip detectors and straw drift tubes placed downstream of the magnet. The tracking
system provides a measurement of the momentum, p, of charged particles with a relative
uncertainty that varies from 0.5% at low momentum to 1.0% at 200 GeV/c. The minimum
distance of a track to a primary vertex (PV), the impact parameter (IP), is measured with a
resolution of (15 + 29/pT)µm, where pT is the component of the momentum transverse to the
beam, in GeV/c. Various charged hadrons are distinguished using information from two ring-
imaging Cherenkov detectors. In addition, photons, electrons, and hadrons are identified by a
calorimeter system consisting of scintillating-pad and preshower detectors, an electromagnetic
and a hadronic calorimeter. The electromagnetic calorimeter (ECAL) response is calibrated
using samples of π0 → γγ decays [17] recorded in different detector-occupancy conditions
during the 2011–2012 and 2015–2018 data-taking campaigns, respectively. Muons are identified
by a system composed of alternating layers of iron and multiwire proportional chambers.

The online event selection is performed by a trigger, which consists of a hardware stage
followed by a two-level software stage [18]. An alignment and calibration of the detector
is performed in near real-time with the results used in the software trigger [19]. The same
alignment and calibration information is propagated to the offline reconstruction, ensuring
consistent information between the trigger and offline software. In this analysis, candidate
events are required to pass the hardware trigger, which selects muon and dimuon candidates
with high transverse momenta using information from the muon system. The first stage of
the software trigger performs a partial event reconstruction and requires events to have two
well-identified oppositely charged muons with an invariant mass larger than 2.7 GeV/c2. The
second stage performs a full event reconstruction. Events are retained for further processing
if they contain a displaced J/ψ → µ+µ− candidate. The decay vertex is required to be well
separated from each reconstructed PV of the pp interaction by requiring the distance between
the PV and the J/ψ decay vertex divided by its uncertainty to be greater than three.

Simulated pp collisions are generated using Pythia [20, 21] with a specific LHCb config-
uration [22]. Decays of hadronic particles are described by EvtGen [23], in which final-state
radiation is generated using Photos [24]. The interaction of the generated particles with the
detector, and its response, are implemented using the Geant4 toolkit [25, 26] as described
in ref. [27]. The production of some samples is based on a computing-efficient model which
re-uses the underlying event and decays the B meson several times [28]. The resulting selection
efficiencies are found to be compatible with those based on the default production model.

3 Event selection

Signal B0 candidates are built from the combination of J/ψ and π0 mesons, reconstructed
in the µ+µ− and γγ final states, respectively. The two muon candidates are required to
have a transverse momentum larger than 500 MeV/c and to form a good vertex with a
significant displacement from the PV. Furthermore, their combination must have a mass
within 100 MeV/c2 of the known J/ψ mass [12]. The photon candidates are reconstructed
from isolated energy deposits in the calorimeter system with a transverse energy above
200 MeV. Diphoton combinations are considered only if their transverse momentum exceeds
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1 GeV/c and if the associated energy deposits in the ECAL are well separated from each
other. The latter requirement removes some π0 candidates at high pT for which the mass
resolution decreases. Candidate π0 decays are retained within a wide diphoton mass window
of 50–300 MeV/c2, such that the backgrounds can be studied.

Each B0 candidate is assigned to the PV with the smallest χ2
IP, defined as the smallest

difference in the vertex-fit χ2 to a given PV reconstructed with and without the candidate
particle being considered. A loose requirement on the χ2

IP effectively reduces combinatorial
background and is complemented by the requirement that the angle between the reconstructed
B0 momentum and the direction defined by the primary and J/ψ vertices (the so-called
direction angle) should be smaller than two degrees. Furthermore, the impact parameter of
the B0 candidates should be smaller than 200µm. A kinematic vertex fit [29] is applied to the
B0 candidates to improve the resolution: the dimuon and diphoton masses are constrained
to the known values of the J/ψ and π0 masses [12], respectively, and the B0 candidate is
assumed to have been produced at the PV.

To reject background candidates and improve the resolution on the B0 mass, the final
selection step imposes strict requirements on the particle identification (PID) of the photon,
the mass of the π0 candidates, and on a multivariate classifier based on a boosted decision
tree (BDT). The classifier is trained to distinguish between simulated signal B0 candidates
and background candidates from data whose dimuon mass differs from the known J/ψ mass
by more than 60 MeV/c2. It exploits the difference between signal and background in the
transverse momenta of the B0, J/ψ and π0 candidates, the B0 and J/ψ IPs, the J/ψ vertex-fit
χ2 and the direction angle of the B0 candidate. Variables related to the isolation of the J/ψ
vertex and to the event occupancy (such as the number of particles reconstructed around the
B0 flight direction and their momentum) are also used. The requirements on the photon PID,
diphoton mass and classifier output are chosen to maximise the product of the purity and the
significance of the signal. They are determined based on the expected signal and background
yields in a region around the known B0 mass. The BDT requirement removes more than
99.9% of the background while retaining 25% of the signal. Furthermore, the diphoton mass
requirement retains π0 candidates within one unit of the detector resolution, which is roughly
9 MeV/c2, and reduces significantly the contamination from background events.

The decay mode B+ → J/ψK∗+(→ K+π0) is used for the normalisation. The J/ψ and π0

candidates are selected with identical criteria as for the signal mode, while the K+ meson is
required to have a pT greater than 250 MeV/c, pass loose PID requirements, and be associated
to a track that is significantly displaced from the PV. The mass of the K+π0 combination
must lie within 100 MeV/c2 of the known K∗+ mass [12]. Finally, B+ and B0 candidates
share the same selection criteria for the classifier output.

4 Yields of signal and normalisation decays

The diphoton mass distributions in the signal and normalisation data samples are first studied
to constrain the yield of some background contributions, as described in section 4.1. These
constraints are then used to determine the yield of signal decays based on a fit to the B0

mass distribution in data, as presented in section 4.2. Finally, the yield of B+ decays is
reported in section 4.3.

– 4 –



J
H
E
P
0
5
(
2
0
2
4
)
0
6
5

4.1 Study of the diphoton mass distribution

The mass distribution of π0 candidates reflects the presence of partially reconstructed
K0

S → π0π0 decays where one pion is missed. In the signal data sample, these partially
reconstructed decays represent a significant source of background, especially from processes
such as B0 → J/ψK0

S decays. The sensitivity to the K0
S contamination stems from the

significant flight distance of K0
S mesons in the LHCb tracking system and the hypothesis used

at the reconstruction level that photons originate from the interaction region. Neutral pions
from K0

S decays are thus reconstructed with a wrong production vertex and on average, at a
lower mass than π0 mesons from signal decays. This signature is exploited to constrain the
K0

S contamination in the data sample by a fit to the diphoton mass distribution. Furthermore,
these false π0 candidates representing combinatorial background are broadly distributed in the
diphoton mass, which can also be exploited to assess the contamination of that background.

The yields of K0
S and false π0 background contributions in the signal data sample are first

determined over the full diphoton mass range and then extrapolated to the narrow region
around the known π0 mass, that corresponds to the final selection requirement. The yields
are determined from an extended unbinned maximum-likelihood fit to the diphoton mass
distribution, which includes events with a genuine π0 meson produced near the interaction
region, thus exhibiting a correctly reconstructed mass around 135 MeV/c2. The mass shapes
of the three components are based on simulation. The main contributions to the genuine
π0 and K0

S components are B0 → J/ψπ0 and B0 → J/ψK0
S decays, respectively. Simulated

samples corresponding to these decays are thus used to parameterise the shapes of the two
components. The sum of two Crystal Ball functions [30] that share the same mean and
width parameters (later referred to as a double-sided Crystal Ball function) is used for the
shape of the genuine π0 component while a Crystal Ball function with a different width for
masses below and above the mean represents the K0

S component. The false π0 component is
modelled by a power-law function using samples of simulated Bu,d,s → J/ψX decays, where
X refers to different sets of final-state particles produced in the known B decay modes with
branching fractions larger than roughly 10−5.

All shape parameters are fixed to the values found in the fits to simulated distributions,
except for the mean and widths of the Crystal Ball functions that are corrected using a
similar fit to the normalisation data sample, where K0

S backgrounds are negligible and these
corrections are well measured.

The diphoton mass distributions for the signal and normalisation data samples are shown
in figure 1, without the diphoton mass requirement, together with the fit results. In the
narrow region around the known π0 mass, 832 ± 82 and 449 ± 27 K0

S and false π0 candidates
are found, respectively. The uncertainties account for the choice of parameterisation of the
fit components and the precision of the mean and width corrections.

4.2 Signal yield

The number of signal decays is determined using an extended unbinned maximum-likelihood
fit to the measured J/ψπ0 mass distribution. The signal component of the fit is parameterised
by the sum of two Crystal Ball functions that share the same mean. The shape parameters
are fixed to the values obtained from the simulation, except the widths σL,R on the left and
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Figure 1. Mass distribution of π0 candidates shown with the fit projection for the (left) signal and
(right) normalisation modes. The dashed line and coloured regions represent the π0 produced at the
interaction region (IR) and the other fit components, respectively.

right side of the peak, which are allowed to deviate from their simulated values by a scale
factor Rσ = σdata/σsim that is free to vary in the fit.

The fit model accounts for two main sources of background. First, several fit components
are associated to partially reconstructed B → J/ψπ0π decays where the second pion, neutral
or charged, is missed. Each corresponding mass shape is parameterised by a double-sided
Crystal Ball function using simulation. As done for the signal shape, the simulated width
parameters are corrected by Rσ. Based on their known dependence on the mass resolution,
the mean and tail parameters are also corrected. While the yields of Bu,c → J/ψρ+(→ π+π0)
decays are free to vary in the fit, the yield of B0 → J/ψK0

S decays is fixed to the K0
S yield

found in the diphoton mass fit. A small contribution from B → J/ψK∗(→ K0
Sπ) decays

(with K0
S → π0π0 and one of the two π0 is used) is expected but neglected in the fit as its

impact on the signal yield is negligible (see section 6.1). Other B → J/ψX backgrounds
where X = (ϕ, η, ω) decays to π+π−π0, or X = ω (K∗) and decays to γπ0 (Kπ0) were
investigated and found to be negligible.

As a second source of background, one or more final-state particles in a b-hadron decay
can be mistakenly replaced by a particle from the underlying event. In that case, the mass of
the corresponding J/ψπ0 candidates will peak close to the signal region. Due to the vertex
requirements applied to charged particles, the probability of an occurrence is only significant
when the final-state particles are photons: either one decay photon is replaced which results
in a false π0 candidate, or two decay photons are replaced by a false or genuine π0 meson.
The J/ψπ0 mass shape of false π0 contributions from signal and partially reconstructed decays
(later referred to as Random γ in figure 2 (left)) are determined using π0 candidates with
masses above 200 MeV/c2. A parameterisation based on the sum of an exponential function
and a Gaussian function with exponential tails is used. Their contamination in the narrow
region around the known π0 mass is fixed to the yield of false π0 candidates found in the
diphoton mass fit. Although they do not involve photons from the underlying event, false
π0 candidates formed in e.g. B0 → J/ψK0

S(→ π0π0) decays by combining photons from the

– 6 –



J
H
E
P
0
5
(
2
0
2
4
)
0
6
5

5500 6000 6500

m(J/ψπ0) [MeV/c2]

0

50

100

150

200

250

C
an

d
id
at
es

/
(2
0
M
eV
/c

2
)

LHCb 9 fb−1

Total

B0 → J/ψπ0

B+
u,c → J/ψρ+

B0 → J/ψK0
S

Random γ

Combinatorial

5000 5500 6000

m(J/ψK+π0) [MeV/c2]

0

200

400

600

800

1000

1200

1400

1600

1800

2000

C
an

d
id
at
es

/
(1
0
M
eV
/c

2
)

LHCb 9 fb−1

Total

B+ → J/ψK∗+

B → J/ψK∗+π

Random γ/π0

Combinatorial

Figure 2. Mass distribution of B candidates shown with the fit projection for (left) signal and (right)
normalisation modes. The dashed line and coloured regions represent B0 → J/ψπ0 or B+ → J/ψK∗+

decays and different sources of background, respectively.

Parameter Value
N(B0 → J/ψπ0) 1232 ± 55

N(B+ → J/ψρ+) 307 ± 49

N(B+
c → J/ψρ+) 75 ± 30
NB 783 ± 91
Rσ 0.88 ± 0.04

αB × 103 (c2/MeV) − 1.56 ± 0.16

Table 1. Results of the fit to the J/ψπ0 mass: the yields of signal and background decays, the
yield of genuine π0 combinatorial candidates (NB), the ratio between the signal width in data and in
simulation (Rσ), and the shape parameter of the combinatorial background (αB).

two different π0 decays are implicitly accounted for in this approach. Finally, background
contributions from genuine π0 mesons (later referred to as Combinatorial in figure 2 (left))
are more broadly distributed than the false π0 contributions and are therefore modelled
differently, using an exponential function whose parameter αB is free to vary in the fit.

A yield of 1232 ± 55 B0 → J/ψπ0 decays is measured in the data sample. The mass
distribution of J/ψπ0 candidates and the fit results are shown in figure 2 (left) where the
upper bound of the mass range is lower than that of the fit by 400 MeV/c2 to emphasise
the B0 peak. All fit parameters are listed in table 1. The yields of partially reconstructed
B+ → J/ψρ+ and B+

c → J/ψρ+ backgrounds determined by the signal fit and their expected
values based on the full reconstruction of the decays (as presented in section 7.1) are consistent
within 0.5 and 0.2 standard deviations, respectively.

4.3 Normalisation decay yield

The yield of normalisation decays is determined using an extended binned maximum-likelihood
fit to the measured J/ψK+π0 mass distribution. The signal component of the fit is parame-
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terised with a double-sided Crystal Ball function. Shape parameters are taken from simulation
while the mean J/ψK∗+ mass and width parameters are allowed to deviate from their simulated
values by an offset Dµ,K∗ = µdata,K∗ − µsim,K∗ and a scale factor Rσ,K∗ , respectively.

Partially reconstructed background contributions are dominated by B → J/ψK∗+π

decays where the pion is missed. Although several kaon resonances contribute to the three-
hadron final state, the corresponding mass shape is determined using simulation samples
of B+ → J/ψK1(1270)+ decays (where the K1(1270)+ resonance decays to K∗+π0) and
parameterised by a double-sided Crystal Ball function. The J/ψK+π0 mass distributions
for kaon resonances heavier than K1(1270)+ mesons are expected to be shifted to lower
J/ψK+π0 masses due to the larger momentum of the missed pion. The mean parameter is
therefore free to vary in the fit to account for the presence of heavier resonances. The width,
however, is corrected using the same scale factor Rσ,K∗ as used for the normalisation mass
shape. Other parameters are fixed to the values extracted from simulation.

Background B+ candidates formed when mistakenly associating one or two photons
from the underlying event to the final-state particles produced in a b-hadron decay are also
present in the normalisation data sample and mainly stem from B+ → J/ψK∗+ decays
due to the large branching fraction and high selection efficiency. As a result, they can be
simply parameterised using the corresponding simulation samples instead of the data-driven
approach followed for the signal model (the two approaches are compared in section 7.3). The
components associated with one- and two-photon background contributions are modelled as a
double-sided Crystal Ball function and a Gaussian function with exponential tails, respectively.
In both cases, the mean and width parameters are subject to the corrections Dµ,K∗ and Rσ,K∗

applied to the normalisation shape parameters. The two background yields are expressed as
the product of the yield of normalisation decays times their relative contributions expected
from simulation. These contributions are corrected for the slightly larger photon occupancy in
data and for isospin-conjugated B0 → J/ψK∗0(→ K+π−) decays (where the missed charged
pion is replaced by a π0 candidate from the underlying event) which contribute to the
two-photon background only. To a lesser extent, partially reconstructed B → J/ψK∗+π

decays can also be misreconstructed by exchanging the decay photons with photons from
the event. To ensure that this component is accounted for, the reconstructed photons in the
B+ → J/ψK1(1270)+ sample are allowed to originate from the underlying event. The yield
of that component is not corrected for the slightly larger photon occupancy in data, however,
the impact of this correction on the normalisation yield is negligible. Finally, combinatorial
background contributions caused by the wrong association of final-state particles with a
muon or a kaon from the event are modelled using an exponential function, with its slope
parameter αB,K∗ freely varying in the fit.

Other sources of peaking backgrounds were investigated and found to be negligible given
their lower branching fraction and selection efficiency, such as B+ → J/ψρ+(→ π+π0) decays,
where the charged pion is misidentified as a kaon, and B+ → χc1(→ J/ψγ)K+ decays, where
the photon is associated to a photon from the event.

In the data sample, the yield of B+ → J/ψK∗+ decays is measured to be 13052 ± 115.
The mass distribution of J/ψK+π0 candidates and the fit results are shown in figure 2 (right)
while the fitted parameters are listed in table 2. The simulation effectively reproduces the

– 8 –
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Parameter Value
N(B+ → J/ψK∗+) 13052 ± 115

N(B → J/ψK∗+π) 1998 ± 79
NB,K∗ 1039 ± 90
Rσ,K∗ 1.05 ± 0.01

Dµ,K∗ (MeV/c2) − 0.3 ± 0.3

Dµ,K∗π (MeV/c2) − 17 ± 2

αB,K∗ × 103 (c2/MeV) − 3.9 ± 0.2

Table 2. Results of the fit to the J/ψK+π0 mass: the yields of normalisation and partially recon-
structed background decays, the yield of combinatorial candidates (NB,K∗), the ratio between the
normalisation width in data and in simulation (Rσ,K∗), the difference between the normalisation mean
in data and in simulation (Dµ,K∗), the difference Dµ,K∗π for partially reconstructed decays and the
shape parameter of the combinatorial background (αB,K∗).

B+ peak position for normalisation decays which justifies that this parameter is fixed in the
fit to the signal data sample. Contrary to the signal mode where the B0 mass resolution was
better in data than in simulation, the scale factor is slightly above one for the normalisation
mode. Finally, the shift in mass for the shape of partially reconstructed B → J/ψK∗+π

decays is negative, as expected from the contributions of kaon resonances heavier than the
K1(1270)+ meson.

5 Branching fraction ratio result

The ratio of the branching fractions between the signal and normalisation decays defined
in eq. (1.1) is calculated as

R =
NB0→J/ψπ0

NB+→J/ψK∗+
×
ϵB+→J/ψK∗+

ϵB0→J/ψπ0
× BK∗+→K+π0 , (5.1)

where NB0→J/ψπ0 and NB+→J/ψK∗+ are the yields reported in section 4, ϵB0→J/ψπ0 and
ϵB+→J/ψK∗+ the efficiencies for the selection requirements applied to the corresponding
candidates, and BK∗+→K+π0 = 1/3 [12]. The efficiencies account for the loss of B-meson
candidates due to the detector acceptance, the reconstruction of the final-state particles and
the selection requirements detailed in section 3.

The efficiencies that are not associated with PID requirements are estimated using
simulated samples without any particular weighting of the events, as the known discrepancies
between data and simulation are small. Furthermore, the bias should be comparable in
the two modes and cancel in the efficiency ratio. As assessed in detail in section 6.3, the
systematic uncertainty assigned to this assumption is relatively small compared to the
statistical uncertainty affecting the signal yield.

– 9 –
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Photon PID efficiencies are also estimated using simulation. Due to a strong dependence
of the PID performance on the particle multiplicity, a weight is applied to each simulated
event to improve the description of the photon cluster isolation in the ECAL, the photon
kinematics and the number of reconstructed tracks, and eventually of the PID response.
The weights are determined using the normalisation data sample from which background
contributions are statistically removed by the sPlot method [31], and are applied to both
the normalisation and signal simulated samples. The efficiencies are then calculated from
the sums of weights over the events passing and failing the photon PID requirement. In the
selection of the normalisation candidates, the efficiency for the charged kaon PID requirement
is determined using calibration samples collected from charm decays [32].

Finally, as the reconstructed π0 mass in 2011–2012 data samples is above the known
π0 mass by 1–2%, the simulation is corrected accordingly before estimating the efficiency
of the selection requirements.

An efficiency ratio between the signal and normalisation decays of 2.73± 0.05 is obtained,
the normalisation mode efficiency being smaller mostly because of the kaon reconstruction
requirement. Using eq. (5.1), the obtained ratio of branching fractions is

R = (1.153 ± 0.053) × 10−2,

where the uncertainty is statistical.

6 Systematic uncertainties

6.1 Signal fit model

The dominant sources of uncertainty are associated to the choice of parameterisation for the
mass shapes in the signal fit, the constraints on the K0

S and false π0 background contributions,
the assumption of negligible B → J/ψK0

Sπ contributions, and the choice to set the mean
parameter of the signal shape to its simulated value (i.e. Dµ = 0).

A different parameterisation is used for each fit component and the modified model is
fitted to the data sample. The variation in signal yield is taken as a systematic uncertainty,
except when more than one alternative parameterisation is considered, in which case the
average variation or the standard deviation is considered.

The signal shape is replaced by a double-sided Novosibirsk function [33] while random
variations of the default parameters describing partially reconstructed backgrounds are
generated using the covariance matrices. A hundred sets of new parameters are obtained for
each background and used in the fit, and the standard deviation of the signal yield is taken
as a systematic uncertainty. In the default model, combinatorial backgrounds associated
to photons from the event are modelled using the high-mass region of the diphoton mass
distribution that extends from 200–300 MeV/c2. This interval is divided in four regions to
determine new values of the shape parameters, keeping the same function. The average
variation of the signal yield for the four parameterisations is taken as a systematic uncertainty.
An alternative description for the other combinatorial background component is obtained
by combining J/ψ and π0 candidates from different events. The resulting B0 candidates are

– 10 –



J
H
E
P
0
5
(
2
0
2
4
)
0
6
5

passed through the full chain of offline selection requirements and their mass distribution
is parameterised by the sum of a Crystal Ball function and an exponential function with
a slope free to vary in the fit. The fit results using these models deviate from the default
result by less than 1%, except in the case of partially reconstructed B0 → J/ψK0

S background
decays, where a change in signal yield of 1.5% is observed.

In the default model, the yields of K0
S and false π0 backgrounds are fixed to the values

obtained in the study of the diphoton mass distribution. The default fit is repeated after
changing the yields by their uncertainty, as reported in section 4.1. The resulting changes in
signal yield lie between 0.6–0.9% and are considered as a systematic uncertainty.

Previously neglected B → J/ψK0
Sπ decays are incorporated in the fit model by setting

their contribution relative to B0 → J/ψK0
S decays to its expected value. As these events are

distributed well below the signal peak, the resulting change in signal yield is negligible.
Finally, the 1–2% difference in the ECAL calibration between the 2011–2012 and 2015–

2018 data-taking campaigns is accounted for by leaving the signal mean parameter Dµ free
to vary in the fit. A change in signal of 1.5% is observed while the parameter Dµ takes
the value (3.8 ± 2.2) MeV/c2.

In summary, a total uncertainty associated to the choice of signal fit model of 2.6% is found,
dominated by the parameterisation of the K0

S background shape and the ECAL energy scale.

6.2 Normalisation fit model

The strategy to assess the uncertainties on the yield of normalisation decays is similar
to that of the signal yield. The shape of the normalisation component is replaced by a
Bukin function [34]. For the background components related to underlying-event photons,
combinatorial candidates and partially reconstructed decays, the default functions are replaced
by the sum of two Gaussian functions, a Chebyshev polynomial of second degree [35] and an
Argus function [36] convoluted with a Gaussian function, respectively. The largest variations
in the normalisation yield are found for the modified model of the normalisation and partially
reconstructed decays, which are both at the level of 0.3–0.4%.

The correction to the relative yield of one- and two-photon backgrounds with respect to
that of the normalisation yield is changed according to its uncertainty, as determined in a
study of B+ → J/ψK+ decays that contaminate the data sample when the kaon is mistakenly
associated with two photons from the event. A systematic uncertainty of 0.3% is assigned.

The different ECAL calibration in the 2011–2012 and 2015–2018 data samples observed
at the π0 mass level (1–2%) is reflected in the B+ mass (0.06%) despite the π0 mass
constraint imposed by the kinematic fit of the decays. This small difference in the B+ mass is
ignored in the default model, which determines the shape of the normalisation channel from
simulated samples that have the same calibration. The associated uncertainty is determined
by correcting the simulated B+ mass of the 2011–2012 and 2015–2018 samples to match the
mass measured in the two different data sets, deriving new parameters for the normalisation
shape and fitting the new model to the combined data set. The relative change in yield
of 0.2% is taken as a systematic uncertainty, which brings the total uncertainty associated
with the choice of the normalisation model to 0.6%.
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6.3 Selection efficiencies

Given the similar topology and selection of signal and normalisation decays, the ratio of
efficiency for several requirements should be close to one. This is assessed in detail for
the BDT classifier, trigger and photon PID requirements by comparing the corresponding
efficiencies in data and in simulation.

The multivariate classifier is constructed to have a similar response to signal and normal-
isation decays, but also to their isospin-conjugated decays B+ → J/ψπ+ and B0 → J/ψK∗0,
respectively. These two modes are selected with relatively high efficiency and are less prone
to backgrounds due to the absence of a neutral pion in the final state. They are therefore
suitable to measure precisely the efficiency of the classifier output requirement and derive a
possible correction to the efficiency ratio appearing in eq. (5.1). That correction is measured
with a precision of 1.7%, limited by the size of the B+ → J/ψπ+ data sample. Given that the
difference between the measured and simulated efficiency ratios is less than that precision, no
correction is applied and that precision is taken as a systematic uncertainty.

The uncertainty associated with the trigger requirements is determined similarly using
samples of B+ → J/ψK+ events that fulfil any trigger requirements, with the J/ψ signals
excluded [37]. Each sample is divided into two smaller samples, which are weighted to
reproduce the muon kinematics in the signal and normalisation modes, respectively. The
obtained efficiency ratio in data and simulation shows an excellent compatibility of the order
of 0.3% which is considered as a systematic uncertainty.

The modelling of the photon PID distributions is studied using background-subtracted
samples of normalisation decays. After dividing the sample into two halves, one of the
two samples is further weighted such that the photon kinematic and isolation variables
match the ones for signal decays. The efficiency is then determined for a wide range of
photon PID requirements in each of the two samples and the obtained values compared to
the simulation. The difference in the efficiency ratios between data and simulation at the
chosen PID requirement is negligible, however, the largest difference of 0.8% is retained as
a conservative estimate of the systematic uncertainty.

Uncertainties specific to the selection of B+ → J/ψK∗+ candidates pertain to the kaon
reconstruction and PID requirement, as well as the K∗+ mass requirement. The former
is evaluated based on dedicated track reconstruction studies performed with J/ψ → µ+µ−

decays whose results are extrapolated to the case of kaons, and gives an uncertainty of
1.5% [38]. The PID requirement efficiency is derived using calibration samples from which
three-dimensional efficiency tables in bins of kaon pT, η, and the number of reconstructed
tracks in the event are produced. The influence of the choice of binning on the efficiency is
found to be below 0.3% and is taken as a systematic uncertainty. The influence of the size
of the calibration samples is below one part per thousand and is therefore ignored. Finally,
the modelling of the K∗+ mass shape is studied by enlarging the selection mass window of
K+π0 candidates (from ±100 to ±300 MeV/c2 around the known K∗+ mass) for J/ψK+π0

candidates in a narrow region around the B+ mass peak. This pure sample of K∗+ mesons
allows a precise determination of the efficiency in data, compatible with the simulated value
at the level of 1.1%, which is taken as a systematic uncertainty.
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Source Uncertainty (%)
Signal model 2.6
Normalisation model 0.6
Simulated sample size 1.6
BDT classifier 1.7
Trigger 0.3
Photon PID 0.8
Kaon reconstruction 1.5
K∗+ mass 1.1
Systematic uncertainty 4.1
Statistical uncertainty 4.6
Total uncertainty 6.2

Table 3. Summary of uncertainties on the ratio of branching fractions for B0 → J/ψπ0 and
B+ → J/ψK∗+ decays. Systematic uncertainties of individual sources are added in quadrature.

The size of the simulation sample for signal and normalisation decays enters the total
systematic uncertainty through the statistical precision of the estimated selection efficiencies,
which is evaluated to 1.6%.

6.4 Summary of uncertainties

The sources of systematic uncertainties affecting the ratio of branching fractions are sum-
marised in table 3. Statistical and systematic uncertainties are found to be of the same
order and are added in quadrature.

7 Cross-checks

7.1 Study of background modes

The number of 307 ± 49 partially reconstructed B+ decays to the J/ψρ+ final state found
in the signal fit (table 1) is compatible with the expected yield of 339 ± 19 based on a
reconstruction of this mode that includes the charged pion. Similarly, the contribution of
75 ± 30 B+

c → J/ψρ+ decays to the signal data sample is also compatible with the value of
62 ± 4 obtained when fully reconstructing these decays.

In the study of these backgrounds, the selection of ρ+ candidates is similar to those of
the K∗+ in normalisation decays after exchanging the kaon for a pion. Moreover, the mass of
π+π0 candidates is required to be within 200 MeV/c2 of the known ρ+ mass [12]. The B+

candidates are selected with identical criteria on the BDT classifier, π0 mass and photon
PID as for the signal mode. In the case of B+

c candidates, these selection requirements are
relaxed to accommodate the small production of B+

c mesons.
The determination of the yield of B+ decays accounts for partially reconstructed

B+ → J/ψK∗+ background contributions where K∗+ mesons decay to K0
S(→ π0π0)π+ and
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Figure 3. Mass distribution of J/ψρ+ candidates shown with the fit projection in the (left) B+ and
(right) B+

c signal region. In the latter case, the selection requirements are relaxed to accommodate
the small production of B+

c mesons. The dashed line and coloured regions represent B+ or B+
c decays

to the J/ψρ+ final-state and different sources of background, respectively.

one π0 meson is missed. Like in the signal mode, decays with a K0
S meson in the final state

and random photon backgrounds are constrained using a fit to the diphoton mass distribution.
Backgrounds from the mis-identification of the kaon in normalisation decays are suppressed by
a dedicated PID requirement imposed on the pion. In the B+

c sample, peaking backgrounds
are ignored and only combinatorial backgrounds are modelled in the fit.

Results of the fits to the B+ and B+
c samples are shown in figure 3. Given that the

B+
c mode has never been observed, the detailed analysis of these decays is the subject of

a separate publication [39].

7.2 Study of isospin-conjugated modes

Decays of B+ → J/ψπ+ and B0 → J/ψK∗0 are used to assess the systematic uncertainty
associated to the modelling of the BDT classifier response. They can also be used to verify
that the total efficiencies are well estimated in simulation by measuring the ratio of the
branching fractions.

In this study, the pT requirement for the π+ meson is identical to the one for the π0

mesons in signal and normalisation decays. In addition to the previous selection requirements
placed on the K+ and K∗ candidates, stringent PID requirements are imposed to reduce
the contamination from the main peaking backgrounds. Accordingly, the mass model for
J/ψπ+ background candidates accounts only for mis-identified B+ → J/ψK+ decays which
still pass the PID selections given a much larger branching fraction, and a combinatorial
component. The J/ψK∗0 model includes partially reconstructed decays with one missed pion
and a combinatorial component. Results of the fits to the B+ and B0 samples are shown
in figure 4. The obtained branching fraction ratio is compatible with the world average at
the level of 1.3 standard deviations.

7.3 Assumptions used in the signal and normalisation fits

Partially reconstructed B0 → J/ψK0
S and B+ → J/ψρ+ backgrounds have a similar distribu-

tion in the J/ψπ0 mass. In the default fit model, the yield of the latter is free to vary, while
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(s) → J/ψK∗0 decays
and different sources of background, respectively.

the former yield is fixed to the value determined in another fit to the diphoton mass (see
section 4.1). A model where the K0

S yield is free to vary and the B+ → J/ψρ+ yield fixed to its
expected value (as determined in section 7.1) gives a small 0.4% change in the results from the
default model. Similarly, fixing the yield of B+

c decays has a 0.7% effect on the signal yield.
In the default normalisation fit, random photon background contributions are constrained

using calibrated simulation samples, while a data-driven approach is adopted in the signal fit.
The normalisation yield, however, is robust against the choice of model for these backgrounds
with a small variation of 0.4% when the signal model is used, which is at the level of the
associated systematic uncertainty of 0.3%.

By default, no action is taken to remove multiple candidates from the signal and
normalisation data samples to which they contribute at the level of one and five parts per
thousand, respectively. The bias in the yields when randomly removing multiple candidates
from the samples is indeed found to be negligible.

8 Results

The obtained branching fraction ratio between B0 → J/ψπ0 and B+ → J/ψK∗+ decays is

R = (1.153 ± 0.053 (stat.) ± 0.048 (syst.)) × 10−2.

The current world-average for the normalisation branching fraction of (1.43±0.08)×10−3 [12]
includes seven measurements performed using K∗+ candidates with a reconstructed mass
within a 100 MeV/c2 mass window or smaller of the known K∗+ mass [40–46]. The Belle
analysis [42] is the only to measure the yield for resonant decays but estimates the contributions
from nonresonant decays at the level of 5.2% in the K∗ mass region. Including the nonresonant
contributions, the uncertainty-weighted average of the normalisation branching fraction
increases to

BB+→J/ψK∗+ = (1.449 ± 0.083) × 10−3.
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Figure 5. Branching fraction for B0 → J/ψπ0 decays as measured in this analysis and by the
BaBar and Belle collaborations. The world average and its uncertainty (PDG 2022) are indicated by
the solid and dashed lines, respectively, representing a combination of the Belle, BaBar and CLEO
measurements [10, 11, 47]. The latter measurement is affected by a much larger error and is not shown.

Combined with the world average BB0→J/ψπ0 = (1.66 ± 0.10) × 10−5, the expected ratio R of
(1.15 ± 0.10) × 10−2 agrees with the result of this analysis, the latter being more precise.

Finally, using this new average for the normalisation branching fraction, the obtained
branching fraction for signal decays is

BB0→J/ψπ0 = (1.670 ± 0.077 (stat.) ± 0.069 (syst.) ± 0.095 (ext.)) × 10−5,

where the last uncertainty reflects the precision on the branching fraction of the normalisation
mode. As shown in figure 5, this result is in agreement with previous measurements.

9 Summary

The measurement of the branching fraction of B0 → J/ψπ0 decays using B+ → J/ψK∗+

decays as normalisation channel is presented. The measured ratio of branching fractions is
compatible with the value determined from the average branching fractions of the individual
decay modes and is more precise. Using a slightly increased average for the normalisation
mode that accounts for the presence of nonresonant decays in the analysed B+ → J/ψK∗+

sample, the branching fraction obtained for B0 → J/ψπ0 decays is (1.67 ± 0.14) × 10−5,
compatible with the current world-average of (1.66 ± 0.10) × 10−5. This result achieves a
similar precision as the most precise single measurement of (1.62 ± 0.13) × 10−5 published
by the Belle collaboration [10]. This analysis also paves the way for future CP -violation
measurements with these decays.
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