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Abstract

The first observation of the singly Cabibbo-suppressedΩ0
c → Ω−K+ andΩ0

c → Ξ−π+

decays is reported, using proton-proton collision data at a centre-of-mass energy
of 13TeV, corresponding to an integrated luminosity of 5.4 fb−1, collected with the
LHCb detector between 2016 and 2018. The branching fraction ratios are measured
to be

B(Ω0
c → Ω−K+)

B(Ω0
c → Ω−π+)

= 0.0608± 0.0051 (stat)± 0.0040 (syst),

B(Ω0
c → Ξ−π+)

B(Ω0
c → Ω−π+)

= 0.1581± 0.0087 (stat)± 0.0043 (syst)± 0.0016 (ext).

In addition, using the Ω0
c → Ω−π+ decay channel, the Ω0

c baryon mass is measured
to be

M(Ω0
c ) = 2695.28± 0.07 (stat)± 0.27 (syst)± 0.30 (ext)MeV/c2,

improving the precision of the previous world average by a factor of four.
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Charmed baryons have been widely studied in the last decades, providing an excellent
sector to scrutinise the dynamics of light quarks bound to a heavy quark [1]. The Λc, Σc

and Ξc baryons, as well as their excited states, have been studied experimentally more
extensively than the Ω0

c baryon. Some of the current limitations on experimental knowledge
of the Ω0

c baryon system include the significant uncertainty in the mass determination [2–5],
recent lifetime results much larger than the previous world-average [6–9] and the fact that
only a few decay modes have been observed [2]. Hence, it is important to extend the
knowledge of the Ω0

c decay parameters with additional experimental inputs.
Decays of the Ω0

c baryon proceed via weak interactions and have been a subject of
significant theoretical interest. The decay amplitudes from non-factorizable contributions,
such as internal W -emission and W -exchange transitions, play a crucial role in these decays
and various methods have been developed to calculate such contributions [1]. Branching
fractions (BFs) of hadronic Ω0

c baryon decays are predicted by different theoretical models,
including the pole model [10–12], the covariant confined quark model [13–15], current
algebra [16], and the light-front quark model [17, 18]. Nevertheless, predictions of BFs
for both Ω0

c → Ω−π+ and Ω0
c → Ξ−π+ decays1 have significant discrepancies between the

different models [11,12,15–18], while there is no theoretical prediction for the Ω0
c → Ω−K+

decay. The Ω0
c → Ω−K+ and the Ω0

c → Ξ−π+ decays occur through external W -emission
or W -exchange transitions, receiving both factorizable and non-factorizable contributions.
Conversely, the Ω0

c → Ω−π+ decay is driven only by a factorizable contribution generated
by an external W -emission amplitude. To this day, no absolute BF of Ω0

c decays has been
measured. The Ω0

c → Ω−π+ decay is chosen as a normalization channel in all reported
studies [2]. Furthermore, no singly Cabibbo-suppressed two-body decay of Ω0

c baryons
into final states with a Ξ− or Ω− baryon has previously been observed. Only evidence of
the Ω0

c → Ξ−π+ decay has been reported by the Belle collaboration [19]. In addition, the
latest Ω0

c mass measurement reported by Belle is statistically limited by the small sample
size of Ω0

c → Ω−π+ decays used for the measurement [5]. This situation affects precision
measurements of heavier baryons, which decay to the Ω0

c baryon. Precise measurements of
BFs and the mass of the Ω0

c baryon are therefore necessary to test the theoretical models,
and to improve the understanding of the weak interactions in the charmed baryon sector.

This Letter reports the first observation of Ω0
c → Ω−K+ and Ω0

c → Ξ−π+ decays and
a precision measurement of the Ω0

c mass. The Ω− (Ξ−) candidates are reconstructed
through their decay to the ΛK− (Λπ−) final state, where the Λ baryons are reconstructed
in the pπ− final state. This measurement is based on a data sample collected in proton-
proton (pp) collisions with the LHCb detector between 2016 and 2018 at a centre-of-mass
energy of 13 TeV, corresponding to an integrated luminosity of 5.4 fb−1. The normalization
channel Ω0

c → Ω−π+ has a large yield and is used to measure the Ω0
c mass.

The LHCb detector is a single-arm forward spectrometer covering the 2 < η < 5 pseudo-
rapidity range, described in detail in Refs. [20–24]. The online event selection is performed
by a trigger [25], comprising a hardware stage based on information from the calorimeter
system, followed by a software stage that applies a full event reconstruction. The software
trigger relies on identifying Ω− (Ξ−) baryon decays to ΛK− (Λπ−) combinations, and
K+/π+ tracks consistent with originating from a Ω0

c baryon decay vertex.
Samples of simulated events are used to optimize selection requirements and estimate

the efficiencies of the signal and the normalization channels. The simulated pp collisions are

1Charge-conjugate processes are implied throughout this Letter.

1



generated using Pythia [26] with a specific LHCb configuration [27]. Decays of hadronic
particles and interactions with the detector material are described by EvtGen [28], using
Photos [29], and by the Geant4 toolkit [30, 31], respectively. Simulated samples for
signal and normalization channels are generated using a uniform phase-space distribution.

Good-quality tracks with transverse momentum pT > 100 MeV and momentum
p > 1 GeV are selected to form final-state hadrons.2 By using dedicated neural net-
works, particle identification (PID) is performed using the information from all the
sub-detector systems [32]. All final-state hadrons must have PID information consistent
with the corresponding particle mass hypothesis. The final-state particles are required to
be inconsistent with originating from a primary pp collision vertex (PV). This condition
is achieved by selecting tracks with a large impact parameter significance χ2

IP, defined
as the χ2 difference of a given PV fit with and without the particle (here, p, K− or π−)
under consideration. Given the long lifetimes of the Λ candidates and since they are decay
products of two-stage cascade decays of particles with similarly long lifetimes, the Λ decay
products are reconstructed outside the vertex locator. Protons and pions originating
from a Λ decay are required to have momentum greater than 3 GeV. Each Λ candidate
must have a good-quality vertex and an invariant mass within 6 MeV of the known Λ
mass [2]. The associated K− (π−) particles originating from Ω− (Ξ−) baryon decays are
required to have χ2

IP > 16 to suppress the prompt background produced at the pp collision
point. Each Ω− (Ξ−) candidate is required to have a transverse momentum greater than
500 MeV, a reconstructed decay time greater than 2 ps, a good-quality vertex, and an
invariant mass within 8 MeV of the known Ω− (Ξ−) baryon mass [2].

The signal and normalization channels are reconstructed by combining Ω− (Ξ−) and
π+ (K+) candidates, where the well-identified additional pions or kaons are selected
by requiring χ2

IP > 4. The Ω0
c candidates must have a small χ2

IP and a positive decay
time with respect to its associated PV, and should form a good-quality decay vertex.
The associated PV is the one for which the Ω0

c candidate has the smallest χ2
IP. The Ω0

c

candidates are also required to have pT > 800 MeV and an invariant mass within 45 MeV
of the known Ω0

c mass [2]. A kinematic fit [33] of the decay chain constrains the Ω0
c

candidate to originate from the associated PV, and the Ω−/Ξ− and Λ candidates to have
their known masses [2]. The four-momenta of all the final-state particles are updated
accordingly.

After applying the selection criteria, an extended unbinned maximum-likelihood fit
is performed to the Ω−K+, Ξ−π+, and Ω−π+ invariant-mass distributions shown in
Fig. 1, resulting in signal yields of 425 ± 35, 2780 ± 150, and 9330 ± 110, respectively.
The Ω0

c signal shapes are described by the sum of a Gaussian function and a Johnson SU

distribution [34] sharing the same mean and width parameters determined from the fit to
data (baseline model). The tail parameters of the Johnson SU function and the fractions
for the components are fixed to values obtained from a fit to simulated events. The
background contribution arises only due to random combinations of charged particles in
the event. This component is modelled by an exponential function, whose parameters are
allowed to vary freely in the fit and to be different between the signal and normalization
channels.

From the fit to the Ω−π+ invariant-mass distribution, the Ω0
c baryon mass is measured

to be 2695.28 ± 0.07 MeV, where the uncertainty is statistical only. Table 1 summarizes the

2Natural units with ℏ = c = 1 are used throughout this Letter.
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Figure 1: Invariant-mass distributions for (left) Ω0
c → Ω−K+, (middle) Ω0

c → Ξ−π+, and (right)
Ω0

c → Ω−π+ decays.

Table 1: Systematic uncertainties for the Ω0
c mass measurement.

Source Uncertainty [ MeV]
Momentum scale calibration 0.27
Energy loss correction 0.03
Fit model 0.01
Total 0.27
External input masses 0.30

systematic uncertainties on the measurement of the Ω0
c baryon mass, which are dominated

by the momentum-scale calibration and the uncertainty on the known value of the mass of
the Ω− baryon. The momentum-scale uncertainty is assessed by shifting the momentum
of all charged tracks by ±0.03% [35,36] in the simulated samples, resulting in a change of
0.27 MeV in the Ω0

c mass. In the simulation, the amount of material traversed by a charged
particle in the tracking system is known to 10% accuracy [37]. A systematic uncertainty of
0.03 MeV for the energy loss correction due to the uncertainty on the material interaction
lengths in the simulation is assigned after scaling by the number of final-state particles [36].
Pseudoexperiments are performed to evaluate the uncertainty due to the choice of the fit
model, by generating the Ω0

c mass spectrum with the baseline model described above and
fitting it with an alternative model. The alternative invariant-mass model for the signal
consists of a Crystal Ball function [38] combined with a Johnson SU distribution, while the
alternative background model is a linear function. The resulting mass shift of 0.01 MeV is
assigned as a systematic uncertainty of the invariant-mass fit model. The total systematic
uncertainty, obtained by adding all contributions in quadrature, is determined to be
0.27 MeV. To compute the invariant mass of the Ω0

c candidates, the known masses of the
Ω− and Λ baryons [2] are used as constraints in the kinematic fit and their uncertainties,
combining to 0.30 MeV, are taken as a systematic uncertainty due to external input.

The BF ratios are calculated as

B(Ω0
c → Ω−K+)

B(Ω0
c → Ω−π+)

=
rN
rϵ

,
B(Ω0

c → Ξ−π+)

B(Ω0
c → Ω−π+)

=
r′N
r′ϵ

· B(Ω−→ ΛK−)

B(Ξ−→ Λπ−)
, (1)

where r
(′)
N is the ratio of yields between the signal and normalization channels, r

(′)
ϵ

is the corresponding ratio of total efficiencies, B(Ω−→ ΛK−) = (67.8 ± 0.7)% and
B(Ξ−→ Λπ−) = (99.887 ± 0.035)% are the latest world averages [2]. The total efficiencies

3



include the geometrical acceptance and the reconstruction, trigger and selection efficien-
cies, which are determined from simulated samples. Various corrections to the simulated
samples are applied to ensure good agreement between data and simulation. The simulated
PID variables used as input to the neural network algorithm for each charged track have
been calibrated using dedicated high-statistics data samples. To compute the efficiency,
the distributions considered in the event selection are corrected in the simulated samples
to match the corresponding signal distributions, where the background is statistically
subtracted. Owing to the similarity in the decay topology of the signal and normalization
channels, the difference between signal-weighted data and simulation is obtained using the
Ω0

c → Ω−π+ sample, which has the largest signal yield. This correction factor is applied
to all simulated signal samples. The overall ratios of efficiencies, rϵ and r′ϵ, are found to
be 0.750 ± 0.009 and 1.280 ± 0.013, respectively, where the uncertainties are due to the
size of the simulated samples.

Most of the systematic effects cancel out in the BF ratio due to the similar topology
between signal and normalization channels. The remaining sources of systematic uncer-
tainty of the BF ratio measurement are summarized in Table 2. The total systematic
uncertainty is determined from the sum in quadrature of all contributions.

The tracking efficiencies of charged pions and kaons mostly cancel out in the ratios of
Eq. (1), except for the potential differences of their hadronic interactions with detector
materials. This uncertainty per track is estimated to be 1.4% for pions and 1.1% for
kaons [39]. Hence, their sum in quadrature, 1.78%, is assigned as a systematic uncertainty,
assuming the uncertainties between pions and kaons are uncorrelated. The PID variables
from the simulated samples are corrected to match the large high-purity calibration sam-
ples [40]. The difference between the total efficiency ratios between the PID transformation
method and the PID resampling method [40] is assigned as systematic uncertainty. The
systematic uncertainty due to the hardware trigger requirement is also studied. The
trigger efficiency is assumed to vary as a function of the momentum of the Ω0

c baryon.
Due to the limited signal yields of both signal channels in data, the trigger efficiency
is studied for the normalization channel to understand the difference between data and
simulation, which is then used to correct the efficiencies of the signal and normalization
modes. The difference between the corrected efficiency ratio and the uncorrected ratio is
assigned as a systematic uncertainty.

The choice of analytical probability density functions to model the fit components affects
the determination of the signal yields. Here, the systematic uncertainty is obtained by
varying the invariant-mass fit functions of all decay channels following the aforementioned
method used in the Ω0

c mass measurement.
The simulated samples are generated without considering any asymmetry in the angular

distributions for charmed weak decays, given the lack of knowledge of the dynamics of
the Ω0

c decays. The systematic uncertainty associated with the decay model used in the
simulation is evaluated by a simultaneous reweighting of the different angular variables in
the simulated samples to the corresponding signal-weighted data distributions [41]. The
uncertainty of the signal efficiency due to the finite simulation sample size is accounted as
an additional systematic uncertainty.

To estimate the systematic uncertainty linked to the signal-weighting strategy, the
weights applied are extracted from the Ω0

c → Ξ−π+ decay mode, which is the one with
higher yield among the signal channels, instead of those obtained from the normalization
mode. The efficiency of the signal channel is recalculated, and the change in the ratio is

4



Table 2: Systematic uncertainties (in percent) for the BF ratio measurement.

Source B(Ω−K+)/B(Ω−π+) B(Ξ−π+)/B(Ω−π+)
Tracking efficiency 1.78 1.78
PID efficiency 3.37 0.62
Trigger efficiency 1.26 0.69
Fit model 0.16 0.54
Decay model 3.59 1.32
Simulation sample size 0.07 0.08
Reweight strategy 2.82 0.52
Mass resolution 2.35 0.97
Total 6.51 2.70
External input BFs - 1.04

taken as a systematic uncertainty from the weighting strategy.
The ratio of invariant-mass resolutions between data and simulation is assumed to

depend linearly on the difference between the mass of Ω0
c baryon and the sum of the masses

of its decay products. Thus, by performing a linear fit to the ratio of the invariant-mass
resolution for the three decay processes, a corrected signal mass resolution can be obtained
for each decay. Pseudoexperiments are generated with the baseline model and fitted with
the corrected resolution model. The difference in signal yields obtained by the baseline
and alternative model is taken as the systematic uncertainty due to the mass resolution.

For the Ω0
c → Ξ−π+ decay process, the external inputs of B(Ω−→ ΛK−) and

B(Ξ−→ Λπ−) are taken from the known values [2] and the uncertainties are propagated
to the measured BF ratio.

In conclusion, using pp collision data collected with the LHCb experiment at a centre-
of-mass energy of 13 TeV, corresponding to an integrated luminosity of 5.4 fb−1, the first
observation of the Ω0

c → Ω−K+ and Ω0
c → Ξ−π+ singly Cabibbo-suppressed decays is

reported. The BF ratios are measured to be

B(Ω0
c → Ω−K+)

B(Ω0
c → Ω−π+)

= 0.0608 ± 0.0051 (stat) ± 0.0040 (syst),

B(Ω0
c → Ξ−π+)

B(Ω0
c → Ω−π+)

= 0.1581 ± 0.0087 (stat) ± 0.0043 (syst) ± 0.0016 (ext),

where the third uncertainty for the Ω0
c → Ξ−π+ decay is due to the external BF inputs to

the measurement. In addition, the Ω0
c mass is measured to be

M(Ω0
c ) = 2695.28 ± 0.07 (stat) ± 0.27 (syst) ± 0.30 (ext) MeV.

This is the most precise measurement of the Ω0
c mass to date, and improves the precision

of the present world-average [2] by a factor of four. The mass difference with respect to
the Ω− mass is found to be

M(Ω0
c ) −M(Ω−) = 1022.83 ± 0.07 (stat) ± 0.27 (syst) MeV.

The BF ratio B(Ω0
c → Ξ−π+)/B(Ω0

c → Ω−π+) reported in this Letter is larger than
the estimations from current algebra calculation with factorizable and non-factorizable

5



amplitudes [16], while it is further away from the predicted value from the light-front
quark model using only the external W -emission contribution [17, 18]. Additionally,
assuming negligible non-factorizable contributions and a relevant form factor similar to
that of Ω0

c → Ω−π+, the BF ratio B(Ω0
c → Ω−K+)/B(Ω0

c → Ω−π+) can be predicted to
be (|Vus|2/|Vud|2) ×Rphsp ≈ 0.0467 ± 0.0003 [2], where |Vus| and |Vud| are CKM matrix
elements, and Rphsp is the ratio of phase-space factors. This predicted value is more than
2σ smaller than the measurement presented in this Letter. These results indicate that
the non-factorizable contributions are necessary to accurately calculate the BFs in both
Ω0

c → Ω−K+ and Ω0
c → Ξ−π+ decays, and provide unique and fresh inputs to understand

the non-perturbative effects in different theoretical QCD-derived models.
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28Università degli Studi di Padova, Università e INFN, Padova, Padova, Italy
29INFN Sezione di Pisa, Pisa, Italy
30INFN Sezione di Roma La Sapienza, Roma, Italy
31INFN Sezione di Roma Tor Vergata, Roma, Italy
32Nikhef National Institute for Subatomic Physics, Amsterdam, Netherlands
33Nikhef National Institute for Subatomic Physics and VU University Amsterdam, Amsterdam,
Netherlands
34AGH - University of Science and Technology, Faculty of Physics and Applied Computer Science,

14

https://orcid.org/0000-0001-9905-8031
https://orcid.org/0000-0002-2100-0726
https://orcid.org/0000-0002-4258-4062
https://orcid.org/0000-0001-6104-1496
https://orcid.org/0000-0002-7235-6976
https://orcid.org/0000-0001-6759-2504
https://orcid.org/0000-0003-0133-1664
https://orcid.org/0000-0002-5909-1379
https://orcid.org/0000-0001-6041-115X
https://orcid.org/0000-0001-7542-3073
https://orcid.org/0000-0002-6391-2205
https://orcid.org/0000-0002-3281-8136
https://orcid.org/0000-0001-6711-4465
https://orcid.org/0000-0003-4062-710X
https://orcid.org/0000-0002-6915-6607
https://orcid.org/0000-0002-2629-4735
https://orcid.org/0000-0002-2399-7646
https://orcid.org/0000-0003-3979-4330
https://orcid.org/0000-0002-5041-7651
https://orcid.org/0000-0003-0597-4878
https://orcid.org/0000-0003-4410-6889
https://orcid.org/0000-0003-4160-9333
https://orcid.org/0000-0002-8142-4678
https://orcid.org/0000-0002-4113-1539
https://orcid.org/0000-0001-6116-3944
https://orcid.org/0000-0002-4589-2626
https://orcid.org/0000-0002-5121-6923
https://orcid.org/0000-0002-2142-3673
https://orcid.org/0000-0002-1023-1086
https://orcid.org/0000-0002-4149-4137
https://orcid.org/0000-0001-5255-0619
https://orcid.org/0000-0001-6561-2145
https://orcid.org/0000-0001-8285-3346
https://orcid.org/0000-0001-5448-4213
https://orcid.org/0000-0002-2675-3567
https://orcid.org/0000-0002-5552-0842
https://orcid.org/0000-0001-5765-6308
https://orcid.org/0000-0002-8317-385X
https://orcid.org/0000-0001-9178-9921
https://orcid.org/0000-0002-9839-4065
https://orcid.org/0000-0003-4077-6295
https://orcid.org/0000-0003-4543-8121
https://orcid.org/0000-0002-9337-3476
https://orcid.org/0000-0002-4282-0977
https://orcid.org/0000-0003-3192-0486
https://orcid.org/0000-0002-2699-2189
https://orcid.org/0000-0002-9700-3448
https://orcid.org/0000-0001-5012-4069
https://orcid.org/0000-0002-8521-1688
https://orcid.org/0000-0001-6950-5865
https://orcid.org/0000-0003-2800-1438
https://orcid.org/0000-0002-0241-5184
https://orcid.org/0000-0001-8885-565X
https://orcid.org/0000-0002-7531-6873
https://orcid.org/0000-0001-9558-1079
https://orcid.org/0000-0001-9602-4901
https://orcid.org/0009-0002-2675-4022
https://orcid.org/0000-0003-2505-0365
https://orcid.org/0000-0002-7481-3149
https://orcid.org/0000-0002-8917-2620
https://orcid.org/0000-0003-2937-9782
https://orcid.org/0000-0003-0572-2021
https://orcid.org/0000-0002-8771-0579
https://orcid.org/0000-0001-9869-5290
https://orcid.org/0000-0001-6977-8257
https://orcid.org/0000-0002-4393-2567
https://orcid.org/0000-0003-1230-3300
https://orcid.org/0000-0003-0468-3083
https://orcid.org/0000-0003-1714-9218
https://orcid.org/0000-0002-4655-715X
https://orcid.org/0000-0002-1701-9619
https://orcid.org/0000-0001-9717-1751
https://orcid.org/0000-0002-9865-8964
https://orcid.org/0000-0002-8826-9113
https://orcid.org/0000-0001-6010-8556
https://orcid.org/0000-0003-2279-8837
https://orcid.org/0000-0002-9794-4088
https://orcid.org/0000-0002-2385-0767
https://orcid.org/0000-0002-0157-188X
https://orcid.org/0000-0002-8185-3771
https://orcid.org/0000-0003-1237-4491
https://orcid.org/0000-0002-2344-9412
https://orcid.org/0000-0003-0322-9858
https://orcid.org/0000-0002-3804-9948
https://orcid.org/0009-0005-9485-9477
https://orcid.org/0000-0003-2035-3391
https://orcid.org/0000-0002-9812-4508
https://orcid.org/0000-0003-0609-6456
https://orcid.org/0000-0002-9573-4570
https://orcid.org/0000-0002-4485-1478
https://orcid.org/0000-0002-9211-3867
https://orcid.org/0000-0003-0159-291X
https://orcid.org/0000-0002-6227-3368
https://orcid.org/0000-0003-0038-5038
https://orcid.org/0000-0002-2411-1085
https://orcid.org/0000-0002-1478-4593
https://orcid.org/0000-0002-5972-6290


Kraków, Poland
35Henryk Niewodniczanski Institute of Nuclear Physics Polish Academy of Sciences, Kraków, Poland
36National Center for Nuclear Research (NCBJ), Warsaw, Poland
37Horia Hulubei National Institute of Physics and Nuclear Engineering, Bucharest-Magurele, Romania
38Affiliated with an institute covered by a cooperation agreement with CERN
39DS4DS, La Salle, Universitat Ramon Llull, Barcelona, Spain
40ICCUB, Universitat de Barcelona, Barcelona, Spain
41Instituto Galego de F́ısica de Altas Enerx́ıas (IGFAE), Universidade de Santiago de Compostela,
Santiago de Compostela, Spain
42Instituto de Fisica Corpuscular, Centro Mixto Universidad de Valencia - CSIC, Valencia, Spain
43European Organization for Nuclear Research (CERN), Geneva, Switzerland
44Institute of Physics, Ecole Polytechnique Fédérale de Lausanne (EPFL), Lausanne, Switzerland
45Physik-Institut, Universität Zürich, Zürich, Switzerland
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65Pontif́ıcia Universidade Católica do Rio de Janeiro (PUC-Rio), Rio de Janeiro, Brazil, associated to 2

66Physics and Micro Electronic College, Hunan University, Changsha City, China, associated to 7

67Guangdong Provincial Key Laboratory of Nuclear Science, Guangdong-Hong Kong Joint Laboratory of
Quantum Matter, Institute of Quantum Matter, South China Normal University, Guangzhou, China,
associated to 3

68Lanzhou University, Lanzhou, China, associated to 4

69School of Physics and Technology, Wuhan University, Wuhan, China, associated to 3

70Departamento de Fisica , Universidad Nacional de Colombia, Bogota, Colombia, associated to 13

71Universität Bonn - Helmholtz-Institut für Strahlen und Kernphysik, Bonn, Germany, associated to 17

72Eotvos Lorand University, Budapest, Hungary, associated to 43

73INFN Sezione di Perugia, Perugia, Italy, associated to 21

74Van Swinderen Institute, University of Groningen, Groningen, Netherlands, associated to 32

75Universiteit Maastricht, Maastricht, Netherlands, associated to 32

76Tadeusz Kosciuszko Cracow University of Technology, Cracow, Poland, associated to 35

77Department of Physics and Astronomy, Uppsala University, Uppsala, Sweden, associated to 54

78University of Michigan, Ann Arbor, MI, United States, associated to 63

79Departement de Physique Nucleaire (SPhN), Gif-Sur-Yvette, France

aUniversidade de Braśılia, Braśılia, Brazil
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iUniversità di Bologna, Bologna, Italy
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qUniversità di Perugia, Perugia, Italy
rScuola Normale Superiore, Pisa, Italy
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