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Abstract

The rare electromagnetic J/ψ → µ+µ−µ+µ− decay is observed with a significance
greatly exceeding the discovery threshold, using proton-proton collision data collected
by the LHCb experiment during 2016–2018 at a center-of-mass energy of 13TeV,
corresponding to an integrated luminosity of 5.4 fb−1. The rate of this decay is
measured relative to that of the J/ψ → µ+µ− mode. Using the QED model for the
four-muon decay in the efficiency estimation, its branching fraction is determined to
be

B(J/ψ→ µ+µ−µ+µ−) = (1.13± 0.10± 0.05± 0.01)× 10−6,

where the uncertainties are statistical, systematic and due to the uncertainty on the
branching fraction of the J/ψ → µ+µ− decay.
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1 Introduction

Decays of heavy-flavour mesons into final states containing more than two leptons are an
interesting but rather unexplored probe of the Standard Model (SM). The SM rates of
such decays can be computed relatively precisely. In addition, possible physics beyond
the SM that couples to leptons, may contribute to the rate of these decay processes [1].

Four-lepton decay modes have been observed for the light pseudoscalar π0 and η
mesons [2], where they proceed through a diphoton diagram. Recently, the BESIII collab-
oration reported observation of the η′ → e+e−e+e− decay [3], and the CMS collaboration
has observed the η → µ+µ−µ+µ− decay [4]. In addition, the LHCb collaboration has
searched for the loop-level four-muon decay of neutral kaons [5]. Besides these low-mass
particles, four-lepton final states are being actively explored for much heavier particles,
with electroweak and Higgs boson measurements [2]. However, knowledge of four-lepton
decays of heavy-quark hadrons is limited. The LHCb experiment has searched for the
four-muon decays of B0

(s) mesons [6], which proceed through loop-level electroweak di-
agrams involving the initial- or final-state radiation of a dimuon, but no signal was
observed. However, studies of tree-level multilepton decays of heavy-quark hadrons,
such as J/ψ→ µ+µ−µ+µ−, have not been performed until recently. As these decays are
comparatively abundant, their study would also allow for validation of the theoretical
description of final-state radiation (FSR) which can then be applied to the much rarer
four-lepton decays of B mesons [6, 7].

Recently, theoretical calculations for the electromagnetic four-lepton decay rates of
the vector quarkonia states, which are within the reach of current experiments, have been
published [8]. Of special interest is the J/ψ meson, a charmonium state with the quantum
numbers JPC = 1−−, that has a large production cross-section in various experimental
environments. It has a large electromagnetic decay width compared to its strong decay
width, which is suppressed due to the Okubo–Zweig–Iizuka rule [9, 10]. This makes the
four-lepton decay of the J/ψ meson an excellent tool for probing rare electromagnetic
processes and the theory of quantum electrodynamics (QED) at the LHC.

The predicted branching fractions, B, in Ref. [8] are (52.88 ± 0.28) × 10−6,
(36.73 ± 0.20) × 10−6 and (0.974 ± 0.005) × 10−6 for J/ψ → e+e−e+e−, J/ψ → e+e−µ+µ−

and J/ψ → µ+µ−µ+µ−, respectively, where the uncertainty comes only from that on the
known value of B(J/ψ→ µ+µ−). The difference in rates between decays to leptons of
different flavours is due to the mass difference between electrons and muons.

The BESIII experiment has searched for the four-lepton decays of the J/ψ meson [11],
observing its decays to the e+e−e+e− and e+e−µ+µ− final states, with measured branching
fractions being consistent with the theoretical predictions presented above. The four-muon
decay was not observed owing to its smaller rate, and only an upper limit was set on its
branching fraction, B(J/ψ→ µ+µ−µ+µ−) < 1.6 × 10−6 at 90% confidence level. Recently,
the CMS experiment has observed the J/ψ → µ+µ−µ+µ− decay, using proton-proton
(pp) collision data corresponding to an integrated luminosity of 33.6 fb−1 and reports
a signal yield of 11.6+3.8

−3.1. The corresponding branching fraction was measured to be
[1.01+0.33

−0.27 (stat)±0.04 (syst)]×10−6, assuming a phase-space decay model for the efficiency
estimation [12].

Large production cross-sections of vector quarkonia states at the LHCb experi-
ment [13, 14] make it a natural place for precision measurements of four-lepton quarkonia
decays. Since most of the cc and all bb mesons are produced promptly in the pp collision,
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Figure 1: Tree-level diagram for the four-muon decay of J/ψ mesons. The virtual photon γ∗ can
be emitted from either muon leg. The blue part of the diagram corresponds to the J/ψ → µ+µ−

decay.

reconstructed samples of heavy quarkonia suffer from very large backgrounds, making
prompt decays hard to isolate. An alternative mechanism of cc production is via decays
of b hadrons, referred to as secondary production, in which the production vertex of cc
mesons is displaced from the pp interaction point. At LHCb, electrons are more difficult
to reconstruct and identify than muons, resulting in both poorer efficiency and worse mass
resolution in decay modes with electrons. Consequently, the J/ψ → µ+µ−µ+µ− decay
mode is the ideal candidate for a first study of four-lepton decays of vector quarkonia at
LHCb.

The J/ψ→ µ+µ−µ+µ− decay proceeds predominantly via final-state radiation of a
virtual photon γ∗, as shown in Fig. 1. The analogous initial-state radiation process is
not expected to contribute significantly, as the process J/ψ → γγ is forbidden by the
requirement of C-parity conservation in electromagnetic processes. The rate of the FSR
process is suppressed by two factors of the electromagnetic coupling constant compared
to the dimuon decay without FSR. Further suppression arises from the relatively large
muon mass. Finally, the presence of identical muons in the final state leads to interference
terms between possible diagrams. It should be noted that most of the processes with
J/ψ → V V → µ+µ−µ+µ− where V is a light-quark vector resonance, that could lead to the
same final state, are forbidden by C-parity conservation in the strong and electromagnetic
interactions.

Assuming that the SM rate is dominated by the FSR process, it is possible to separate
the hadronic physics of the J/ψ annihilation into a virtual photon (identical for the
J/ψ→ µ+µ−µ+µ− and J/ψ→ µ+µ− decays), and the FSR process (only appearing in the
J/ψ→ µ+µ−µ+µ− decay). Therefore, the ratio of branching fractions of J/ψ→ µ+µ−µ+µ−

and J/ψ→ µ+µ− decays is an observable that can be theoretically predicted to a rather
high precision. This observable is also convenient experimentally, allowing the cancellation
of several sources of systematic uncertainty. The ratio of branching fractions is defined as

RB ≡ B(J/ψ→ µ+µ−µ+µ−)

B(J/ψ→ µ+µ−)
. (1)

Throughout this paper, J/ψ→ µ+µ−µ+µ− will be referred to as the “signal” mode and
J/ψ→ µ+µ− as the “normalisation” mode.

The remainder of this document is organised as follows. Section 2 contains a short
description of the LHCb detector, the data processing chain and the simulation. The
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candidate selection and background suppression is described in Sec. 3. The efficiency
modelling is described in Sec. 4, and the invariant-mass fits used to extract the final
results in Sec. 5. Systematic uncertainties are discussed in Sec. 6. This paper concludes
with a discussion of the results in Sec. 7.

2 LHCb detector, datasets 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 b or
c quarks. The detector includes a high-precision tracking system consisting of a silicon-
strip 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 4 T m,
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 pp collision vertex
(PV), the impact parameter, 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. The particle
identification is provided by several subdetectors. Two ring-imaging Cherenkov detectors
mainly aim at distinguishing different types of charged hadrons, but also contribute to
muon and electron identification at low momenta. A calorimeter system consisting of
scintillating-pad and preshower detectors, an electromagnetic and a hadronic calorimeter,
allows one to distinguish photons, electrons, hadrons and muons. Muons are identified
by a system composed of alternating layers of iron and multiwire proportional chambers.
This system returns a binary value for positive muon identification if the muon candidate
produces signal in a predefined number of stations that depends on its momentum [17].
Furthermore, a multivariate classifier combines information from each detector system,
returning a single probability value, denoted here as Pµ, for the muon hypothesis [18].
This measurement relies on data collected by the LHCb detector during 2016–2018, in pp
collisions at a center-of-mass energy of 13 TeV, corresponding to an integrated luminosity
of 5.4 fb−1. The online event selection is performed by a trigger [19], which consists of
a hardware stage, based on information from the muon systems and the calorimeters,
followed by a software stage, which applies a full event reconstruction.

Simulation of the decays of interest is required to model the effects of the detector
acceptance and the imposed selection requirements. In the simulation, pp collisions are
generated using Pythia [20] with a specific LHCb configuration [21]. Decays of unstable
particles are described by EvtGen [22], where on-shell final-state radiation is generated
using Photos [23]. The interaction of the generated particles with the detector, and its
response, are implemented using the Geant4 toolkit [24] as described in Ref. [25].

The J/ψ→ µ+µ− decay is simulated using the EvtGen model for decays of unpolarised
vector mesons into two leptons. Simulated J/ψ → µ+µ−µ+µ− decays are generated
according to an EvtGen model based on the analytical leading-order calculation of the
QED decay rate. This model is adapted from that used by the BESIII experiment in
Ref. [11] by assuming an unpolarised J/ψ production.

The simulation of J/ψ→ µ+µ− and J/ψ→ µ+µ−µ+µ− decays undergoes several offline
calibration steps to improve its agreement with data. Muon identification is calibrated
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by resampling the distributions of Pµ for each muon, using kernel density estimation.
This approach relies on large tag-and-probe calibration datasets of J/ψ→ µ+µ− decays,
collected in parallel to the regular data taking [18]. Dedicated J/ψ→ µ+µ− datasets
are used to calibrate the muon tracking efficiency and apply a correction weight per
track to simulated events [26]. The hardware trigger response is also calibrated using
the tag-and-probe technique relying on J/ψ→ µ+µ− datasets where the trigger decision
was taken using particles other than muons from the J/ψ decay. As mentioned above,
the two dominant production mechanisms of J/ψ mesons are prompt production in the
pp collision, or secondary production in decays of b hadrons. The proportion of J/ψ
candidates produced through the prompt and secondary mechanisms in simulation is
weighted to match the value measured at LHCb [13]. Finally, the kinematics of the J/ψ
candidates is weighted in simulation in bins of pT(J/ψ) and η(J/ψ), separately for prompt
and secondary production mechanisms, to match those of the J/ψ→ µ+µ− data; these
weights are also applied to the four-muon datasets.

3 Candidate selection

The data are analysed separately in two disjoint categories, prompt and secondary. The
prompt category contains J/ψ candidates whose decay-length significance with respect
to the PV (defined as the distance between the PV and the J/ψ decay vertex divided by
its uncertainty) does not exceed three standard deviations, while J/ψ candidates with
decay-length significance above this threshold are assigned to the secondary category.
The prompt category is characterised by a large background from particles other than
muons, consisting mostly of hadrons, produced directly in the pp collisions. They can be
misidentified as muons due to their decay in flight or due to assigning random hits in the
muon system to their track. In addition, some energetic hadrons are also able to pass
through the calorimeters and reach the muon system. The secondary category offers less
challenging background conditions, therefore an equivalent signal purity can be achieved
with a looser selection. It also benefits from the trigger system of the experiment, which
is optimised for weak decays of b and c hadrons.

At the hardware trigger stage, for both the signal and normalisation decays, one of the
muons is required to have pT greater than 1.3–1.8 GeV/c, depending on the data-taking
period. At the first software trigger stage, at least one dimuon candidate is required in
the datasets of the prompt category, while at least one dimuon or a displaced muon is
required in the datasets of the secondary category. At the second software trigger stage,
a four-muon candidate is required in the signal dataset of the prompt category, while a
displaced two-, three- or four-muon secondary vertex with a significant displacement from
any PV is required in the signal dataset of the secondary category. For the normalisation
dataset, a dimuon candidate with invariant mass consistent with the known J/ψ mass [2]
is required at the second software trigger stage. All track candidates used in this analysis
are required to be positively identified as muons. This implies that their momentum has
to exceed 3 GeV/c, which is the threshold to pass through the calorimeters and reach the
muon system.

Due to the high multiplicity of prompt tracks in an average pp collision, it is computa-
tionally challenging to fit all possible four-track vertices directly. The four-muon dataset
of the prompt category is therefore constructed by forming a good vertex from two dimuon
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candidates, each with a good vertex quality. Both the dimuon and four-muon candidates
are required to have a decay-length significance less than three standard deviations, in
order to prevent overlap with the secondary category. Each muon candidate is required to
have pT greater than 500 MeV/c and p greater than 10 GeV/c.

The four-muon candidates of the secondary category are reconstructed in a different
manner, by directly forming a good-quality four-track vertex, displaced from the associated
PV by more than three standard deviations. At least one muon candidate must have pT
greater than 500 MeV/c, and at least one other must have pT greater than 300 MeV/c.

The J/ψ→ µ+µ− candidates of the prompt category are required to have two oppositely
charged muons with pT above 650 MeV/c and p above 10 GeV/c that form a good vertex.
The transverse momentum of the dimuon must exceed 3 GeV/c. The J/ψ → µ+µ−

candidates of the secondary category are constructed from two oppositely charged muons
with pT above 500 MeV/c, forming a good-quality vertex that is displaced from the PV.

To reject fake tracks sharing track segments with genuine muons, the angle between any
two muon tracks in the laboratory frame is required to exceed 0.5 mrad. In the four-muon
dataset, all opposite-charge dimuon combinations are required to have an invariant mass
below 2900 MeV/c2 in order to suppress contributions from J/ψ→ µ+µ− decays combined
with two other muons. For the J/ψ→ µ+µ− decay, no further selection is required. Fewer
than one per mille dimuon events have more than one J/ψ→ µ+µ− candidate, and all
candidates are retained, as pair production of J/ψ mesons is not infrequent [27].

In the four-muon dataset, the dominant background source is the random combination
of muons and misidentified hadrons. A multivariate classifier is used to suppress this
background. It is based on the boosted decision tree (BDT) algorithm with gradient
boost [28, 29], as implemented in the TMVA toolkit [30], and is trained separately for
the prompt and secondary categories of J/ψ→ µ+µ−µ+µ− decays. The training uses
the following information: pT, η and the vertex quality of the four-muon candidate, as
well as the minimum and maximum Pµ values for the muon hypothesis amongst the
four muon candidates. In the secondary category, in addition, the angle between the
momentum vector of the J/ψ candidate and the vector joining the PV and the J/ψ decay
vertex, is used. As a signal proxy, simulated J/ψ→ µ+µ−µ+µ− decays are used, with all
calibrations applied, as discussed above. As a background proxy, four-muon candidates in
data are selected in the invariant-mass sidebands, 2700 < m(µ+µ−µ+µ−) < 2900 MeV/c2

and 3200 < m(µ+µ−µ+µ−) < 3400 MeV/c2. The requirement on the BDT output value is
optimised by maximising the quantity S/

√
S +B separately for the prompt and secondary

categories. Here, S is the expected J/ψ→ µ+µ−µ+µ− yield passing a certain BDT
requirement, estimated assuming the predicted branching fraction value from Ref. [8],
and B is the background yield in the signal region. The latter is estimated from the
observed background yield in the sidebands of the signal peak. The resulting BDT
selection requirements retain about 50% (60%) of signal J/ψ→ µ+µ−µ+µ− candidates in
the prompt (secondary) dataset, while rejecting 96% (98%) of background candidates.

A possible contamination due to misidentified hadrons in four-body decays of quarkonia,
such as the J/ψ → π+π−π+π− decay or the as yet unobserved J/ψ → π+π−µ+µ− decay,
is tested by requiring a positive pion or kaon identification on at least two muons, as well
as by loosening the muon identification criteria. No hint of such backgrounds is seen.

As the J/ψ → µ+µ−µ+µ− decay is rare, it is unlikely to occur twice in the same
event even in case of J/ψ pair production. However, given that the prompt four-muon
candidates are built from two dimuon candidates, constructed independently, each four-
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muon combination is reconstructed twice, unless one of these two candidates fails the
dimuon vertex-quality requirement. These two candidates are constructed from the same
four final-state tracks but may differ slightly due to the vertex reconstruction. Therefore,
only one candidate per event is arbitrarily selected to be retained, both in data and
simulation, after the full selection is applied. In the four-muon candidates of the secondary
category, no duplication occurs at the reconstruction stage, and less than 1% of events
contain multiple candidates. Where multiple candidates exist, one is selected arbitrarily.

4 Efficiency estimation

In order to measure the value of RB, the ratio of the observed J/ψ→ µ+µ−µ+µ− and
J/ψ→ µ+µ− yields needs to be corrected for the total detection efficiency for each of the
two decay modes. The efficiency estimation is performed using a calibrated simulation
of J/ψ decays with the prompt and secondary categories merged in the denominator of
the efficiency definition. The efficiency of the decay-length significance requirements that
define the two analysis categories is therefore part of the total efficiency for each category.
This aims for a consistent treatment of simulation and data: although in simulation it is
possible to fully distinguish the J/ψ candidates produced promptly and in b-hadron decays
using truth-level information, this cannot be done in data and is not equivalent to the
analysis category definition based on the decay-length significance which is a reconstructed
quantity.

The total efficiency accounts for the geometric and kinematic acceptance of the LHCb
detector, and trigger, reconstruction and selection requirements. The values of total
efficiency, as well as the efficiency ratio between the J/ψ→ µ+µ−µ+µ− and J/ψ→ µ+µ−

datasets, are shown in Table 1, where the quoted uncertainty is only due to the size of
simulated samples, discussed later. The efficiency ratio is lower in the prompt category,
due to the stringent requirements imposed in the trigger and offline selection. It is
worth pointing out that the weighting of the J/ψ kinematics changes the efficiency ratio
by about 10% (30%) in the secondary (prompt) categories. This is because simulation
underestimates the fraction of low-momentum J/ψ mesons, for which the efficiency is
typically low, especially in the prompt category. A large shift in efficiencies, exceeding
30%, is also observed when comparing the simulation based on the QED calculation with
less accurate models, such as those with kinematics uniformly distributed across the phase
space. This is due to the fact that the decay model choice impacts the simulated muon
kinematics, and therefore, the efficiency of the selection requirements. Indeed, the ratio of
efficiencies shown in Fig. 2 exhibits dependence on the dimuon invariant-mass observables
in the J/ψ→ µ+µ−µ+µ− decay. Therefore, a simultaneous analysis of the prompt and
secondary categories is a powerful tool to cross-check the obtained results.

Table 1: Total efficiency for the J/ψ→ µ+µ−µ+µ− and J/ψ→ µ+µ− decays, as well as their
ratio, split by analysis category. The uncertainties only account for the size of the simulated
samples.

Category ε(J/ψ→ µ+µ−µ+µ−) ε(J/ψ→ µ+µ−) Ratio
Prompt (0.052 ± 0.001)% (1.992 ± 0.001)% 0.0262 ± 0.0002

Secondary (0.085 ± 0.001)% (0.518 ± 0.001)% 0.164 ± 0.001
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Figure 2: Efficiency of the J/ψ → µ+µ−µ+µ− selection as a function of the maximum and
minimum values of the invariant masses of the same-charge or opposite-charge muon pairs, for
the prompt and secondary categories of J/ψ candidates, normalised to the total efficiency of the
corresponding J/ψ → µ+µ− category. The underlying distribution of these variables in the QED
model prior to detector effects is shown for reference, with an arbitrary normalisation.

5 Mass modelling

Signals are separated from the residual background with fits to the four-muon (dimuon)
invariant mass for the signal (normalisation) datasets. An extended maximum-likelihood
fit is performed separately for each studied dataset. It is implemented in the RooFit
toolkit [31] within the ROOT framework [32].

First, fits to the invariant-mass distributions of the selected dimuon candidates are
performed. The signal shape is parameterised with a linear combination of two Crystal
Ball functions [33] modified to have power-law tails on both sides of the peak, and one
Gaussian function. The two Crystal Ball functions are required to share the same mean.
The shape parameters are determined by fitting the simulated datasets. In the fit to data,
the relative fractions of individual components of the signal shape, and all the power-law
parameters of the Crystal Ball functions, are fixed to the values obtained from simulation.
The mean of one Crystal Ball function and its resolution parameter are allowed to vary,
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Figure 3: Invariant-mass distributions for (left) prompt J/ψ → µ+µ− candidates and (right)
secondary J/ψ → µ+µ− candidates. The results of the fit are overlaid.

as simulation slightly underestimates the resolution. The difference between the means
of the Gaussian and Crystal Ball functions is fixed from simulation, as are the ratios
of the width parameters of these three components. The combinatorial background is
modelled by a linear function with a slope that is allowed to vary. Due to the large size
of the dimuon datasets, binned maximum-likelihood fits are performed with 10 000 bins.
The resulting invariant-mass distributions in the prompt and secondary J/ψ→ µ+µ−

categories, as well as the fit results, are shown in Fig. 3: (341 880 ± 21)× 103 J/ψ→ µ+µ−

decays are observed in the prompt category, and (91 704 ± 11) × 103 in the secondary
category, where uncertainties are statistical only.

Unbinned maximum-likelihood fits are used to describe the J/ψ→ µ+µ−µ+µ− datasets.
The signal shape is parameterised by a linear combination of two double-sided Crystal Ball
functions sharing the same mean. As previously, the shape parameters are determined
from simulation and are kept fixed when fitting to data, except for one mean and one
resolution parameter that are allowed to vary, as done for the dimuon fit described
above. The background distribution is parameterised by an exponential function with
a slope parameter, which is allowed to vary. In the prompt category, the J/ψ candidate
is constrained to originate from the PV, which slightly improves the resolution on the
four-muon invariant mass. The J/ψ → µ+µ−µ+µ− yield is expressed as a product of
the ratio of branching fractions of J/ψ → µ+µ−µ+µ− and J/ψ → µ+µ− decays (RB),
the ratio of efficiencies between these two decay modes, and the previously measured
J/ψ→ µ+µ− yield. The quantity RB is therefore a parameter extracted directly from
the fit. The resulting four-muon invariant-mass distributions, with the fits overlaid,
are shown in Fig. 4. A clear peak of J/ψ → µ+µ−µ+µ− decays is observed in both
datasets, with the significance markedly exceeding the discovery threshold of five standard
deviations. The measured values of RB are (1.86 ± 0.30) × 10−5 (taking into account the
fit uncertainty correction, discussed below) and (1.90 ± 0.20) × 10−5 in the prompt and
secondary categories, respectively, where the quoted uncertainty is statistical only. The
two categories show a good agreement.
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Figure 4: Invariant-mass distributions for (left) prompt J/ψ → µ+µ−µ+µ− candidates and
(right) secondary J/ψ → µ+µ−µ+µ− candidates. The results of the fit are also shown.

If the fit is reformulated with the J/ψ→ µ+µ−µ+µ− yield as a free parameter, yields of
166 ± 27 and 286 ± 30 decays are measured in the prompt and secondary categories. One
can note that, unlike in the dimuon case, the yield of prompt J/ψ→ µ+µ−µ+µ− decays
is lower compared to the secondary decays, which is explained by the lower selection
efficiency in the prompt category.

Several cross-checks are performed to ensure the accuracy of the obtained results. The
behaviour of each fit model is validated using a large number of pseudoexperiments. While
good behaviour is found in the secondary category, the lower signal purity in the prompt
category leads to an underestimation of the uncertainty by about 4%. A correction of
4% is therefore applied to the uncertainty returned by the fit in the prompt case. Fits
are repeated in a narrower mass range, or by fixing the resolution parameter under the
assumption that the resolution differs between the data and simulation by the same
amount in the dimuon and four-muon datasets, and consistent results are obtained. The
results are also determined separately for each data-taking period and are found to agree
within the expected statistical scatter.

Agreement between the background-subtracted data and calibrated simulation is
examined in the kinematic observables of interest in the J/ψ→ µ+µ−µ+µ− decays from
the secondary category, as it offers the best statistical power. The background subtraction
is performed using the sPlot method [34], using the four-muon invariant mass as a
discriminating variable. As shown in Fig. 5, the dimuon invariant-mass distributions
match well within statistical uncertainties, showing that the QED model describes the data
accurately at the current precision level. No significant resonant structures are observed:
this confirms that the decay is indeed dominated by the FSR process, as expected. In
contrast, the model with kinematics uniformly distributed across the phase space does
not match the data.

As discussed above, the efficiency changes significantly throughout the phase space of
the decay, especially in the prompt category. This could lead to biases if the data differ
from the QED model at a level below the precision of the current data–model comparison
(Fig. 5). Before studying this effect with two tests discussed below, the expected statistical
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Figure 5: Comparison of maximum and minimum values of the invariant masses of the same-
charge or opposite-charge muon pairs in background-subtracted data and calibrated simulation
relying on the QED model in the secondary J/ψ → µ+µ−µ+µ− dataset. The distributions are
normalised to the same area. The simulated phase-space model is added for comparison. For
the data, only statistical uncertainties are shown.

scatter of efficiencies is estimated. This is achieved by generating datasets based on the
QED model for J/ψ→ µ+µ−µ+µ− decay, equal in statistical power to the signal observed
in data. The standard deviation of the efficiencies determined on these datasets is found
to be about 8% (15%) for the secondary (prompt) categories.

The first test relies on performing a background subtraction of the J/ψ→ µ+µ−µ+µ−

signal and weighting the simulation to match the dimuon invariant-mass distributions in
the data. Smoothing is applied to cope with the limited statistical power of the dataset.
The resulting shift in efficiencies is about 6% for both prompt and secondary categories,
which is within the expected statistical scatter. The second test is based on parameterising
the efficiency ratio in bins of three dimuon-mass observables, weighting the data by the
efficiency correction factors and performing a weighted fit to extract the RB parameter.
This approach has several shortcomings: it assumes that the efficiency can be described
as a function of only three observables; it is sensitive to the limitation in the number of
simulated events; and it produces large correction weights in certain areas of the phase
space, in particular, for background candidates. The obtained results are 4% (15%)
lower compared to the baseline values for the secondary (prompt) categories, which is
nevertheless consistent with the expected statistical scatter.
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6 Systematic uncertainties

Several systematic effects, affecting both the efficiency estimation and the mass modelling,
are studied.

The uncertainty due to the limited size of the simulated sample is propagated to
the final result. A small fraction of simulated signal candidates fails the truth-matching
algorithm. Studies show that this fraction is larger for the four-muon dataset compared
to the dimuon dataset and an uncertainty is assigned for the non cancellation in the ratio.
Furthermore, the proportion of J/ψ mesons in simulation produced through the prompt
production mechanism or from b-hadron decays is altered within the uncertainty on its
value from Ref. [13].

For each correction applied to the signal simulation, a corresponding uncertainty is
estimated. The calibrations of the kinematics of the J/ψ meson, as well as the hardware
trigger response, are re-evaluated with alternative binning schemes. An alternative dataset
is also used to validate the tag-and-probe efficiency measurement for the hardware trigger.
Similar studies are performed for the software trigger response. The uncertainties on the
tracking efficiency calibration procedure are propagated to the final result.

Detailed studies are performed to estimate the accuracy of the muon identification
calibration. In the resampling procedure of the Pµ distributions, the kernel size is modified
and the resampling is repeated. This allows the assessment of the uncertainty due to
nonuniform statistical coverage of the calibration sample. Furthermore, the bias coming
from the inaccurate background subtraction procedure in the calibration samples is studied.
This effect is pronounced at low muon pT and therefore affects the four-muon datasets more
than the dimuon ones. The associated systematic uncertainty is estimated by performing
dedicated fits to the calibration data in intervals of pT and measuring the difference in
muon efficiency as compared to the background-subtracted data.

Alternative models are studied to parameterise the signal and background shapes in
the invariant-mass fits. For the signal shapes in each dataset, a Hypatia function [35]
is used. For the background shapes, a second-degree polynomial function is used in the
four-muon dataset, with the parameters of the polynomial extracted from a fit to a wider
mass range. In the dimuon datasets, an exponential shape is used. Each alternative
model is used to generate a large number of pseudodatasets, and the fit with the default
model is repeated to estimate the average bias. As expected, in the dimuon datasets this
systematic uncertainty is larger compared to the statistical uncertainty, however, it is still
negligible compared to the statistical precision of the J/ψ→ µ+µ−µ+µ− yield.

The procedure to remove multiple candidates is also scrutinised. In the dimuon
datasets, where all candidates are preserved in the default approach, only one arbitrarily
chosen candidate is kept. In the secondary four-muon dataset, where the fraction of
the multiple candidates is about 1% and only one candidate is retained in the default
approach, all candidates are kept. Finally, in the prompt four-muon dataset, where the
reconstruction procedure leads to the presence of duplicate candidates for most events,
it is not meaningful to retain all candidates. Instead, the criterion for selecting the one
candidate to be kept is modified by selecting the candidates that are rejected by the
default procedure.

A summary of the systematic uncertainties on RB is presented in Table 2. Each source
of uncertainty is assumed to be either fully correlated or fully uncorrelated between the
two analysis categories.
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Table 2: Summary of systematic uncertainties considered in this analysis. All values are quoted
in percent of RB. The relative statistical uncertainty is also quoted for reference.

Source Secondary Prompt Correlated
Size of simulated samples 0.6 0.8 no
Treatment of simulation 1.1 0.8 yes
Fraction of J/ψ component from b decays 0.3 0.2 no
Kinematic calibration 0.5 0.2 no
Hardware trigger calibration 0.3 0.4 yes
Software trigger calibration 1.0 0.4 no
Tracking calibration 2.3 1.8 yes
Muon ID calibration 3.1 5.8 yes
Mass modelling 0.6 0.7 no
Multiple candidate selection 0.6 0.8 no
Total systematic uncertainty 4.4 6.3 –
Statistical uncertainty 10.5 16.2 no

Finally, the known value of B(J/ψ→ µ+µ−) = (5.961±0.033)% [2] is used to determine
the absolute value of B(J/ψ→ µ+µ−µ+µ−). The uncertainty on this value is propagated
to the final result as a separate term.

7 Results and conclusion

In the secondary category of J/ψ decays, the ratio of branching fractions of the
J/ψ→ µ+µ−µ+µ− and J/ψ→ µ+µ− decays is found to be RB = (1.90±0.20±0.08)×10−5,
where the first uncertainty is statistical and second systematic. In the prompt category of
J/ψ decays, the measured value is RB = (1.86± 0.30± 0.12)× 10−5. These two results are
in excellent agreement and show stability with respect to splits by data-taking periods.

The results from the two analysis categories are combined by performing a weighted
average that provides the minimum variance estimate of RB. Statistical uncertainties are
treated as uncorrelated. Systematic uncertainties are treated as either fully correlated or
uncorrelated, as described in Table 2, for which their total correlation coefficient is 0.10.
This results in the value

RB = (1.89 ± 0.17 ± 0.09) × 10−5,

which agrees within 1.4 standard deviations with the leading-order QED calculation of
RB = 1.63 × 10−5 from Ref. [8].

Multiplying the measured value of RB by the known value of the dimuon branching
fraction of the J/ψ meson [2],

B(J/ψ→ µ+µ−µ+µ−) = (1.13 ± 0.10 ± 0.05 ± 0.01) × 10−6,

is obtained, where the first uncertainty is statistical, the second is systematic and the third
is due to the uncertainty on B(J/ψ→ µ+µ−). This result relies on the simulated decay
model based on the QED calculation. Indeed, the dimuon invariant-mass distributions in
the background-subtracted J/ψ→ µ+µ−µ+µ− data agree, within available statistical pre-
cision, with the expectations from the QED calculation; no significant resonant structures
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are observed. A summary of existing measurements of the J/ψ→ µ+µ−µ+µ− branching
fraction is shown in Fig. 6.

To conclude, this analysis presents the first measurement of a four-lepton decay of
quarkonium at the LHCb experiment. The J/ψ→ µ+µ−µ+µ− decay is observed with
significance far above the discovery threshold, and the most precise measurement to date
of its branching fraction is performed. This result provides complementary input to the
study of J/ψ → e+e−e+e− and J/ψ → e+e−µ+µ− decays by the BESIII experiment [11].
It also is consistent with the recent measurement by the CMS collaboration [12]. To
validate the robustness of the analysis procedure, the data are divided into two disjoint
samples, corresponding to prompt and secondary J/ψ meson production, and analysed
separately. The J/ψ→ µ+µ− decay is used as a normalisation mode, also split by the
production mechanism. The kinematic distributions in the J/ψ→ µ+µ−µ+µ− decay are
found to agree with the QED model, but differ significantly from the phase-space model.

This observation of the J/ψ→ µ+µ−µ+µ− decay paves the way for studies of other
multilepton decays at LHCb. The importance of correct decay-model parametrisation in
simulation is highlighted: the impact of the lepton kinematic selection on the decay-model
dependence should be taken into account in these future analyses.

0 0.5 1 1.5
]6−) [10−µ+µ−µ+µ→ψJ/(Β

)ψJ/→)bb→(pp 1−LHCb (5.4 fb

)ψJ/→bb→pp 1−CMS (33.6 fb

)(2S)ψ→−e+e 810×BESIII (4.5

LO QED

Figure 6: Summary of the measurements of the J/ψ → µ+µ−µ+µ− branching fraction by the
BESIII [11] (upper limit at 90% CL) and CMS [12] experiments, compared with the result from
this paper. The statistical uncertainties are shown in red, with the total uncertainties in blue.
The leading-order QED prediction from Ref. [8] is shown as a dashed line whose uncertainty is
too small to display.
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M. Ramos Pernas55 , M.S. Rangel3 , F. Ratnikov42 , G. Raven37 ,
M. Rebollo De Miguel46 , F. Redi28,h , J. Reich53 , F. Reiss61 , Z. Ren7 ,
P.K. Resmi62 , R. Ribatti48 , G. R. Ricart14,82 , D. Riccardi33,r , S. Ricciardi56 ,
K. Richardson63 , M. Richardson-Slipper57 , K. Rinnert59 , P. Robbe13 ,
G. Robertson58 , E. Rodrigues59 , E. Rodriguez Fernandez45 , J.A. Rodriguez Lopez73 ,
E. Rodriguez Rodriguez45 , J. Roensch18, A. Rogachev42 , A. Rogovskiy56 , D.L. Rolf47 ,
P. Roloff47 , V. Romanovskiy42 , M. Romero Lamas45 , A. Romero Vidal45 ,
G. Romolini24 , F. Ronchetti48 , T. Rong6 , M. Rotondo26 , S. R. Roy20 ,
M.S. Rudolph67 , M. Ruiz Diaz20 , R.A. Ruiz Fernandez45 , J. Ruiz Vidal80,z ,
A. Ryzhikov42 , J. Ryzka38 , J. J. Saavedra-Arias9 , J.J. Saborido Silva45 , R. Sadek14 ,
N. Sagidova42 , D. Sahoo75 , N. Sahoo52 , B. Saitta30,j , M. Salomoni29,o,47 ,
C. Sanchez Gras36 , I. Sanderswood46 , R. Santacesaria34 , C. Santamarina Rios45 ,
M. Santimaria26,47 , L. Santoro 2 , E. Santovetti35 , A. Saputi24,47 , D. Saranin42 ,
A. Sarnatskiy76 , G. Sarpis57 , M. Sarpis61 , C. Satriano34,t , A. Satta35 , M. Saur6 ,
D. Savrina42 , H. Sazak16 , L.G. Scantlebury Smead62 , A. Scarabotto18 , S. Schael16 ,
S. Scherl59 , M. Schiller58 , H. Schindler47 , M. Schmelling19 , B. Schmidt47 ,
S. Schmitt16 , H. Schmitz17, O. Schneider48 , A. Schopper47 , N. Schulte18 ,
S. Schulte48 , M.H. Schune13 , R. Schwemmer47 , G. Schwering16 , B. Sciascia26 ,
A. Sciuccati47 , S. Sellam45 , A. Semennikov42 , T. Senger49 , M. Senghi Soares37 ,
A. Sergi27,47 , N. Serra49 , L. Sestini31 , A. Seuthe18 , Y. Shang6 , D.M. Shangase81 ,
M. Shapkin42 , R. S. Sharma67 , I. Shchemerov42 , L. Shchutska48 , T. Shears59 ,
L. Shekhtman42 , Z. Shen6 , S. Sheng5,7 , V. Shevchenko42 , B. Shi7 , Q. Shi7 ,
Y. Shimizu13 , E. Shmanin42 , R. Shorkin42 , J.D. Shupperd67 , R. Silva Coutinho67 ,
G. Simi31,p , S. Simone22,g , N. Skidmore55 , T. Skwarnicki67 , M.W. Slater52 ,
J.C. Smallwood62 , E. Smith63 , K. Smith66 , M. Smith60 , A. Snoch36 ,
L. Soares Lavra57 , M.D. Sokoloff64 , F.J.P. Soler58 , A. Solomin42,53 , A. Solovev42 ,
I. Solovyev42 , R. Song1 , Y. Song48 , Y. Song4 , Y. S. Song6 ,
F.L. Souza De Almeida67 , B. Souza De Paula3 , E. Spadaro Norella27 , E. Spedicato23 ,
J.G. Speer18 , E. Spiridenkov42, P. Spradlin58 , V. Sriskaran47 , F. Stagni47 ,
M. Stahl47 , S. Stahl47 , S. Stanislaus62 , E.N. Stein47 , O. Steinkamp49 ,
O. Stenyakin42, H. Stevens18 , D. Strekalina42 , Y. Su7 , F. Suljik62 , J. Sun30 ,
L. Sun72 , Y. Sun65 , D. Sundfeld2 , W. Sutcliffe49, P.N. Swallow52 , F. Swystun54 ,
A. Szabelski40 , T. Szumlak38 , Y. Tan4 , M.D. Tat62 , A. Terentev42 ,
F. Terzuoli33,v,47 , F. Teubert47 , E. Thomas47 , D.J.D. Thompson52 , H. Tilquin60 ,
V. Tisserand11 , S. T’Jampens10 , M. Tobin5,47 , L. Tomassetti24,k , G. Tonani28,n,47 ,
X. Tong6 , D. Torres Machado2 , L. Toscano18 , D.Y. Tou4 , C. Trippl43 , G. Tuci20 ,
N. Tuning36 , L.H. Uecker20 , A. Ukleja38 , D.J. Unverzagt20 , E. Ursov42 ,
A. Usachov37 , A. Ustyuzhanin42 , U. Uwer20 , V. Vagnoni23 , G. Valenti23 ,
N. Valls Canudas47 , H. Van Hecke66 , E. van Herwijnen60 , C.B. Van Hulse45,x ,

21

https://orcid.org/0000-0002-8077-8378
https://orcid.org/0000-0002-8601-2197
https://orcid.org/0000-0002-5024-3495
https://orcid.org/0000-0003-3871-5602
https://orcid.org/0009-0000-1201-4918
https://orcid.org/0000-0002-5882-1747
https://orcid.org/0009-0006-7202-0811
https://orcid.org/0000-0001-9112-3724
https://orcid.org/0000-0002-7884-345X
https://orcid.org/0009-0005-4236-4667
https://orcid.org/0000-0002-1642-4030
https://orcid.org/0000-0002-1862-7122
https://orcid.org/0000-0002-7008-8082
https://orcid.org/0000-0002-3863-352X
https://orcid.org/0000-0001-9721-3325
https://orcid.org/0000-0002-5732-4343
https://orcid.org/0000-0002-1996-0496
https://orcid.org/0000-0001-7871-5119
https://orcid.org/0000-0003-0222-7594
https://orcid.org/0009-0009-8578-3078
https://orcid.org/0000-0003-2995-1953
https://orcid.org/0000-0001-9837-6556
https://orcid.org/0000-0001-8659-4409
https://orcid.org/0000-0003-1836-7233
https://orcid.org/0000-0001-9622-820X
https://orcid.org/0000-0002-7224-9708
https://orcid.org/0000-0002-7763-252X
https://orcid.org/0000-0001-5189-230X
https://orcid.org/0000-0003-4465-2441
https://orcid.org/0000-0002-2289-918X
https://orcid.org/0000-0003-3754-7221
https://orcid.org/0000-0001-8058-0436
https://orcid.org/0000-0001-7867-1232
https://orcid.org/0000-0003-2222-9925
https://orcid.org/0000-0001-5942-1772
https://orcid.org/0000-0002-6855-7783
https://orcid.org/0000-0002-4298-5309
https://orcid.org/0000-0002-1476-7056
https://orcid.org/0000-0002-8293-2922
https://orcid.org/0000-0003-3236-1452
https://orcid.org/0000-0001-9923-0938
https://orcid.org/0000-0003-2000-6306
https://orcid.org/0000-0002-5204-9821
https://orcid.org/0000-0002-8346-9052
https://orcid.org/0000-0003-4264-9724
https://orcid.org/0000-0001-6453-4691
https://orcid.org/0000-0003-3932-7556
https://orcid.org/0000-0001-8453-658X
https://orcid.org/0000-0002-7518-0961
https://orcid.org/0000-0002-3632-2453
https://orcid.org/0000-0002-9787-3910
https://orcid.org/0000-0003-2599-7209
https://orcid.org/0000-0003-3002-4719
https://orcid.org/0000-0001-7956-763X
https://orcid.org/0000-0003-3049-7866
https://orcid.org/0000-0003-1600-9432
https://orcid.org/0000-0002-8690-5198
https://orcid.org/0000-0003-0762-5583
https://orcid.org/0000-0002-2897-5323
https://orcid.org/0000-0002-4522-4863
https://orcid.org/0000-0001-9728-8984
https://orcid.org/0000-0002-2657-4040
https://orcid.org/0000-0002-8395-7654
https://orcid.org/0000-0001-9974-9350
https://orcid.org/0000-0001-9025-2225
https://orcid.org/0000-0003-1778-1213
https://orcid.org/0000-0002-9292-2066
https://orcid.org/0009-0009-8397-572X
https://orcid.org/0000-0002-4254-3658
https://orcid.org/0000-0002-6847-2835
https://orcid.org/0000-0002-2752-001X
https://orcid.org/0000-0001-9802-1122
https://orcid.org/0000-0002-0656-9033
https://orcid.org/0000-0002-7026-1383
https://orcid.org/0000-0003-2846-7625
https://orcid.org/0000-0002-3040-065X
https://orcid.org/0000-0003-1895-9319
https://orcid.org/0000-0002-7973-8061
https://orcid.org/0000-0002-7548-6530
https://orcid.org/0000-0002-1034-1058
https://orcid.org/0000-0001-7908-7214
https://orcid.org/0000-0001-7378-4350
https://orcid.org/0000-0003-0939-4272
https://orcid.org/0000-0002-1217-8418
https://orcid.org/0000-0002-8830-1486
https://orcid.org/0000-0002-0118-4214
https://orcid.org/0000-0003-3438-9774
https://orcid.org/0000-0002-5479-9212
https://orcid.org/0000-0001-5704-6163
https://orcid.org/0000-0002-3999-6795
https://orcid.org/0000-0002-0050-575X
https://orcid.org/0000-0001-6367-6815
https://orcid.org/0000-0002-5727-4454
https://orcid.org/0000-0001-8362-7164
https://orcid.org/0000-0002-3543-0313
https://orcid.org/0000-0003-4235-2445
https://orcid.org/0000-0002-2510-8929
https://orcid.org/0000-0002-6270-130X
https://orcid.org/0000-0003-0438-8359
https://orcid.org/0000-0002-2640-3794
https://orcid.org/0000-0002-5600-9413
https://orcid.org/0000-0001-9539-8370
https://orcid.org/0000-0003-3491-0232
https://orcid.org/0009-0007-9229-653X
https://orcid.org/0000-0002-7082-887X
https://orcid.org/0000-0001-7731-6757
https://orcid.org/0000-0003-3826-0329
https://orcid.org/0000-0002-9810-1816
https://orcid.org/0000-0002-8776-6759
https://orcid.org/0000-0002-2146-2648
https://orcid.org/0000-0002-5605-1662
https://orcid.org/0000-0001-6067-7863
https://orcid.org/0000-0002-9617-9986
https://orcid.org/0009-0007-2159-3633
https://orcid.org/0000-0003-1711-2044
https://orcid.org/0000-0002-6402-1674
https://orcid.org/0000-0002-4976-0460
https://orcid.org/0000-0003-2462-913X
https://orcid.org/0000-0001-8752-4293
https://orcid.org/0000-0001-8372-6031
https://orcid.org/0000-0003-2689-1123
https://orcid.org/0000-0001-8702-7991
https://orcid.org/0000-0003-2290-9672
https://orcid.org/0000-0003-4013-3468
https://orcid.org/0000-0003-0528-2724
https://orcid.org/0000-0001-8750-863X
https://orcid.org/0000-0002-1468-0479
https://orcid.org/0000-0003-3305-0576
https://orcid.org/0000-0002-8400-1566
https://orcid.org/0000-0002-6394-1081
https://orcid.org/0000-0002-6014-7552
https://orcid.org/0000-0002-8581-3312
https://orcid.org/0000-0003-0166-2105
https://orcid.org/0009-0001-8533-0783
https://orcid.org/0000-0002-3648-0830
https://orcid.org/0009-0005-5265-9792
https://orcid.org/0000-0003-1731-7939
https://orcid.org/0000-0003-0670-006X
https://orcid.org/0000-0002-8568-1487
https://orcid.org/0000-0003-0383-1451
https://orcid.org/0000-0003-1130-2197
https://orcid.org/0009-0006-2212-6431
https://orcid.org/0000-0001-9676-6059
https://orcid.org/0000-0001-9495-6115
https://orcid.org/0000-0002-5033-0580
https://orcid.org/0000-0002-1127-5144
https://orcid.org/0000-0002-0736-3061
https://orcid.org/0000-0001-7987-7558
https://orcid.org/0000-0002-0287-6124
https://orcid.org/0000-0002-4098-9592
https://orcid.org/0000-0003-1331-1791
https://orcid.org/0000-0001-9193-8106
https://orcid.org/0000-0003-0700-5448
https://orcid.org/0000-0002-2653-1366
https://orcid.org/0000-0003-1512-9715
https://orcid.org/0000-0003-1391-5384
https://orcid.org/0000-0002-1050-5649
https://orcid.org/0000-0003-3171-9125
https://orcid.org/0000-0002-5781-8933
https://orcid.org/0000-0001-7915-8211
https://orcid.org/0000-0002-4936-1152
https://orcid.org/0000-0002-8868-1730
https://orcid.org/0000-0001-8881-3943
https://orcid.org/0009-0006-8218-2566
https://orcid.org/0000-0002-1545-959X
https://orcid.org/0000-0001-6741-6199
https://orcid.org/0000-0003-3631-8398
https://orcid.org/0000-0003-3410-0731
https://orcid.org/0000-0002-9897-9506
https://orcid.org/0000-0002-2687-1950
https://orcid.org/0000-0003-2460-3327
https://orcid.org/0000-0002-9740-0574
https://orcid.org/0000-0002-1305-3377
https://orcid.org/0000-0002-3872-1917
https://orcid.org/0000-0001-6431-6360
https://orcid.org/0000-0002-2652-123X
https://orcid.org/0000-0001-6181-4583
https://orcid.org/0000-0002-4893-3729
https://orcid.org/0000-0003-0644-3227
https://orcid.org/0000-0002-5355-5996
https://orcid.org/0000-0003-4254-6012
https://orcid.org/0000-0002-8854-8905
https://orcid.org/0000-0003-0256-4320
https://orcid.org/0000-0003-1959-5676
https://orcid.org/0000-0003-3471-1751
https://orcid.org/0000-0001-7181-6785
https://orcid.org/0009-0003-3794-3408
https://orcid.org/0000-0002-1111-5597
https://orcid.org/0000-0002-4950-6665
https://orcid.org/0000-0002-6117-7307
https://orcid.org/0000-0002-5280-9464
https://orcid.org/0000-0002-9867-0453
https://orcid.org/0000-0002-7576-4019
https://orcid.org/0000-0001-8476-8188
https://orcid.org/0000-0002-8243-400X
https://orcid.org/0000-0003-1776-0498
https://orcid.org/0000-0001-5214-8865
https://orcid.org/0000-0001-7055-6467
https://orcid.org/0000-0002-9474-9332
https://orcid.org/0000-0003-3830-4889
https://orcid.org/0000-0002-2739-7453
https://orcid.org/0000-0001-6767-7698
https://orcid.org/0000-0002-6020-2304
https://orcid.org/0000-0002-0034-2567
https://orcid.org/0000-0003-4933-5058
https://orcid.org/0000-0002-5147-3698
https://orcid.org/0000-0003-2751-8515
https://orcid.org/0009-0006-0672-7771
https://orcid.org/0000-0002-6604-2938
https://orcid.org/0000-0002-2562-7163
https://orcid.org/0000-0003-3860-6545
https://orcid.org/0000-0002-6866-7085
https://orcid.org/0000-0003-2574-8560
https://orcid.org/0000-0002-9717-225X
https://orcid.org/0000-0003-3277-5268
https://orcid.org/0000-0003-0984-7593
https://orcid.org/0000-0003-1196-5943
https://orcid.org/0000-0003-4735-2014
https://orcid.org/0000-0003-4916-0446
https://orcid.org/0000-0003-4249-6641
https://orcid.org/0000-0002-2047-7020
https://orcid.org/0000-0003-4184-1335
https://orcid.org/0000-0001-7477-1148
https://orcid.org/0000-0002-5278-1203
https://orcid.org/0000-0001-7030-6468
https://orcid.org/0009-0007-5613-6520
https://orcid.org/0000-0002-4732-2408
https://orcid.org/0000-0003-3664-1240
https://orcid.org/0000-0002-0364-5758
https://orcid.org/0000-0003-2611-7840
https://orcid.org/0000-0003-3255-9514
https://orcid.org/0000-0003-0480-4850
https://orcid.org/0000-0002-1484-2546
https://orcid.org/0000-0002-6519-4526
https://orcid.org/0000-0002-5829-6284
https://orcid.org/0000-0001-7865-2357
https://orcid.org/0000-0002-8514-3777
https://orcid.org/0000-0003-2206-311X
https://orcid.org/0000-0002-6119-7535
https://orcid.org/0000-0001-8748-8448
https://orcid.org/0000-0001-7961-7190
https://orcid.org/0000-0001-8807-8811
https://orcid.org/0000-0002-5397-6782


R. Van Laak48 , M. van Veghel36 , G. Vasquez49 , R. Vazquez Gomez44 ,
P. Vazquez Regueiro45 , C. Vázquez Sierra45 , S. Vecchi24 , J.J. Velthuis53 ,
M. Veltri25,w , A. Venkateswaran48 , M. Vesterinen55 , D. Vico Benet62 ,
M. Vieites Diaz47 , X. Vilasis-Cardona43 , E. Vilella Figueras59 , A. Villa23 ,
P. Vincent15 , F.C. Volle52 , D. vom Bruch12 , N. Voropaev42 , K. Vos77 ,
G. Vouters10,47 , C. Vrahas57 , J. Wagner18 , J. Walsh33 , E.J. Walton1,55 , G. Wan6 ,
C. Wang20 , G. Wang8 , J. Wang6 , J. Wang5 , J. Wang4 , J. Wang72 , M. Wang28 ,
N. W. Wang7 , R. Wang53 , X. Wang8, X. Wang70 , X. W. Wang60 , Y. Wang6 ,
Z. Wang13 , Z. Wang4 , Z. Wang28 , J.A. Ward55,1 , M. Waterlaat47, N.K. Watson52 ,
D. Websdale60 , Y. Wei6 , J. Wendel79 , B.D.C. Westhenry53 , C. White54 ,
M. Whitehead58 , E. Whiter52 , A.R. Wiederhold55 , D. Wiedner18 , G. Wilkinson62 ,
M.K. Wilkinson64 , M. Williams63 , M.R.J. Williams57 , R. Williams54 , Z.
Williams53 , F.F. Wilson56 , W. Wislicki40 , M. Witek39 , L. Witola20 , C.P. Wong66 ,
G. Wormser13 , S.A. Wotton54 , H. Wu67 , J. Wu8 , Y. Wu6 , Z. Wu7 , K. Wyllie47 ,
S. Xian70, Z. Xiang5 , Y. Xie8 , A. Xu33 , J. Xu7 , L. Xu4 , L. Xu4 , M. Xu55 ,
Z. Xu11 , Z. Xu7 , Z. Xu5 , D. Yang , K. Yang60 , S. Yang7 , X. Yang6 ,
Y. Yang27,m , Z. Yang6 , Z. Yang65 , V. Yeroshenko13 , H. Yeung61 , H. Yin8 , C. Y.
Yu6 , J. Yu69 , X. Yuan5 , Y Yuan5,7 , E. Zaffaroni48 , M. Zavertyaev19 ,
M. Zdybal39 , C. Zeng5,7 , M. Zeng4 , C. Zhang6 , D. Zhang8 , J. Zhang7 ,
L. Zhang4 , S. Zhang69 , S. Zhang62 , Y. Zhang6 , Y. Z. Zhang4 , Y. Zhao20 ,
A. Zharkova42 , A. Zhelezov20 , S. Z. Zheng6 , X. Z. Zheng4 , Y. Zheng7 ,
T. Zhou6 , X. Zhou8 , Y. Zhou7 , V. Zhovkovska55 , L. Z. Zhu7 , X. Zhu4 ,
X. Zhu8 , V. Zhukov16 , J. Zhuo46 , Q. Zou5,7 , D. Zuliani31,p , G. Zunica48 .

1School of Physics and Astronomy, Monash University, Melbourne, Australia
2Centro Brasileiro de Pesquisas F́ısicas (CBPF), Rio de Janeiro, Brazil
3Universidade Federal do Rio de Janeiro (UFRJ), Rio de Janeiro, Brazil
4Center for High Energy Physics, Tsinghua University, Beijing, China
5Institute Of High Energy Physics (IHEP), Beijing, China
6School of Physics State Key Laboratory of Nuclear Physics and Technology, Peking University, Beijing,
China
7University of Chinese Academy of Sciences, Beijing, China
8Institute of Particle Physics, Central China Normal University, Wuhan, Hubei, China
9Consejo Nacional de Rectores (CONARE), San Jose, Costa Rica
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jUniversità di Cagliari, Cagliari, Italy
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