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Abstract

The Ξ+
c π−π+ spectrum is investigated using proton-proton collisions at a center-

of-mass energy of 13TeV, corresponding to an integrated luminosity of 5.4 fb−1,
collected by the LHCb experiment during 2016–2018. Four states are observed with
high significance, and their masses and widths are measured to be

m[Ξc(2815)
+] = 2816.65± 0.03± 0.03± 0.23MeV,

Γ[Ξc(2815)
+] = 2.07± 0.08± 0.12MeV,

m[Ξc(2923)
+] = 2922.8± 0.3± 0.5± 0.2MeV,

Γ[Ξc(2923)
+] = 5.3± 0.9± 1.4MeV,

m[Ξc(2970)
+] = 2968.6± 0.5± 0.5± 0.2MeV,

Γ[Ξc(2970)
+] = 31.7± 1.7± 1.9MeV,

m[Ξc(3080)
+] = 3076.8± 0.7± 1.3± 0.2MeV,

Γ[Ξc(3080)
+] = 6.8± 2.3± 0.9MeV,

where the uncertainties are statistical, systematic, and due to the limited precision
on the Ξ+

c mass, respectively. The Ξc(2923)
+ baryon is observed for the first

time, and is consistent with being the isospin partner of the previously observed
Ξc(2923)

0 state. Most of the measured parameters are more precise than existing
world averages.
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Singly charmed baryons are bound states of a charm quark (c) and two light quarks
(u, d or s). Due to the large mass difference between the charm and the lighter quarks,
these baryons provide an insight into the spectrum of hadronic states using symmetries
described by the Heavy Quark Effective Theory [1,2]. Numerous theoretical predictions of
the properties of heavy baryons, containing either a charm or a beauty quark, have been
made in recent years [3–22], including some based on Lattice QCD calculations [23–26].
There are fifteen singly charmed baryons with orbital angular momentum L = 0, all of
which have now been observed [27]. The number increases drastically when considering
the orbital and radial excitations. Modeling such states as a heavy quark interacting with
a light diquark can help restrict the number of possible physical states [16, 20]. However,
despite the progress made in recent years, this number remains much higher than that
observed experimentally [28–33]. This implies that many other states remain undiscovered
or that some configurations are forbidden by selection rules. The latter would have a
broad impact in hadron spectroscopy given that the diquark is also used as a building
block of exotic states, including tetraquarks and pentaquarks [34–36].

The Ξc baryons, states with quark content csu or csd, are described by a wave function
which is antisymmetric (e.g. the Ξc ground state) or symmetric (e.g. Ξ ′

c or Ξc(2645)
excitations) under interchange of the light quark flavors. More than one hundred excited
Ξc baryons are expected in the mass region 2.8–3.8 GeV [23] and the mass splitting between
the states can be so small, relative to their natural widths, that they are difficult to resolve
experimentally.1 This might be the case for the Ξc(2970) state whose natural width was
measured to be about 30 MeV in the Ξ ′

c π and Ξcπ
+π− spectra [37] while only 15 MeV

in the Λ+
c K

−π+ [38] and Λ+
c K

− [32] systems. More precise measurements are needed to
determine if two different Ξc baryons have been mistakenly identified as a single state due
to the proximity of their masses.

This Letter presents a search for excited Ξ+
c baryons, hereafter collectively termed

Ξ∗∗+
c , in the Ξ+

c π
−π+ spectrum. This final state was studied by the Belle collaboration,

which reported the observation of the Ξc(2815)+ and Ξc(2970)+ baryons [37]. The spin-

parity of the latter was also measured to be JP = 1
2

+
[39]. A further structure peaking at

around 2.92 GeV was noted, although it was not statistically significant.
Data used in this analysis were collected by the LHCb experiment during 2016–2018

from proton-proton (pp) collisions at a center-of-mass energy of 13 TeV, corresponding to
an integrated luminosity of 5.4 fb−1. Excited Ξ+

c states are reconstructed through their
intermediate decay to Ξc(2645)0π+, with Ξc(2645)0→ Ξ+

c π
− and Ξ+

c → pK−π+.2

The LHCb detector [40, 41] is a single-arm forward spectrometer covering the pseu-
dorapidity range 2 < η < 5, designed for the study of particles containing b or c quarks.
The detector elements particularly relevant to this analysis are: a silicon-strip vertex
detector surrounding the pp interaction region that allows c and b hadrons to be identified
from their characteristically long flight distance [42]; 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 [43] placed downstream of the
magnet; and two ring-imaging Cherenkov detectors that provide particle identification
(PID) information to discriminate between different species of charged hadrons [44]. The
online event selection is performed by a trigger [45] consisting of a hardware stage based

1Natural units with ℏ = c = 1 are used throughout.
2The inclusion of charge-conjugate processes is implied throughout.
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on information from the calorimeter and muon systems, followed by a two-level software
stage which applies a full event reconstruction.

Simulation is used in this analysis to optimize the event selection and to model the
experimental mass resolution. Proton-proton collisions are generated using Pythia [46]
with a specific LHCb configuration [47]. Decays of unstable particles are described by
EvtGen [48]. The interaction of the generated particles with the detector, and its
response, are implemented using the Geant4 toolkit [49] as described in Ref. [50].

In order to maximize the signal efficiency, no explicit requirements are imposed at the
hardware trigger stage. At the software trigger stage a dedicated algorithm reconstructs
Ξ+

c → pK−π+ candidates from the combination of three reconstructed tracks which must
fulfill loose kinematic and PID requirements and be consistent with originating from a
common vertex with significant displacement from any primary interaction vertex (PV) in
the event. The Ξ+

c candidate must have a measured lifetime with respect to the associated
PV exceeding 0.15 ps, and a mass in the range 2432.5 < m(pK−π+) < 2502.5 MeV.

The Ξ+
c candidates selected by the trigger are subsequently combined with a pair

of oppositely charged particles, fulfilling loose pion PID requirements and consistent
with originating from the Ξ+

c associated PV, to form Ξ∗∗+
c → Ξc(2645)0(→ Ξ+

c π
−)π+

candidates. The Ξ+
c π

−π+ system must form a good-quality vertex and satisfy the
reconstructed mass conditions m(Ξ+

c π
−π+) < 3300 MeV and [m(Ξ+

c π
−) − m(Ξ+

c ) −
mPDG

π− ] < 150 MeV, where the second condition selects the Ξc(2645)0 resonance region and
mPDG

π− is the known pion mass [27].
Three selection stages are performed to sequentially optimize the signal for Ξ+

c ,
Ξc(2645)0, and Ξ∗∗+

c states. In the first (Ξ+
c ) selection stage, a series of loose criteria

are initially imposed to reduce the dominant combinatorial background by 85% while
retaining 83% of the signal. These include a requirement on the alignment of the Ξ+

c

momentum with the direction determined by its production and decay vertices, PID
requirements on each final-state particle, and loose requirements on topological variables
related to the Ξ+

c flight distance and its consistency with originating from a PV.
To further suppress background in the Ξ+

c sample, a multivariate algorithm (MVA)
is trained with signal and background samples extracted using the sPlot technique [51].
The Ξ+

c mass distribution is fitted to obtain weights for signal and background, based
on a 5% random sampling of the full data sample. In this fit the signal is described
by a double Gaussian function, i.e. the sum of two Gaussian functions constrained to
have a common mean, and the background by a first-order polynomial function. A
cross-validation method is used to ensure the classifier is not applied to the data on which
it is trained. A feed-forward neural network [52,53] is configured with a loss function that
properly accounts for the weights in the training samples [54]. A total of 29 input variables
are included, mainly topological quantities and PID variables for the final-state particles.
Following the training, a requirement is imposed on the classifier output to maximize the
signal significance S/

√
S + B, where S (B) is the signal (background) yield. This selection

retains 84% (16%) of the signal (background). The resulting m(pK−π+) distribution, after
imposing all Ξ+

c selection criteria, is shown in Fig. 1 for the full data sample. Also shown
is an indicative fit using the same model as described above. For subsequent analysis a
tighter mass window of 2451.3 < m(pK−π+) < 2486.0 MeV is imposed, containing 98% of
the signal. Around 7.7 × 106 Ξ+

c signal candidates are selected, with a purity of 84%.
In the second selection stage, a separate classifier is trained to optimize the signal

significance of the Ξc(2645)0 state. The signal and background training samples are
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Figure 1: Distribution of m(pK−π+) for candidates passing Ξ+
c selection requirements, together

with the fit model. The dashed vertical lines delimit the mass window imposed for subsequent
selection stages.

again derived from cross-validated data using the sPlot technique [51], following a fit
to the quantity mcorr[Ξc(2645)0] ≡ m(Ξ+

c π
−) − m(Ξ+

c ) + mPDG
Ξ+

c
, where the final entry

corresponds to the known Ξ+
c mass [27]. Using this mass difference leads to improved

resolution and, hence, higher signal purity. In the fit, the Ξc(2645)0 signal peak is described
by the convolution of a relativistic Breit–Wigner (RBW) function with a double Gaussian
resolution function. Simulation is used to fix the parameters of the resolution function,
with both widths free to vary in the fit through a common scale factor to account for
possible mismodeling. The dominant background is combinatorial, either from genuine
Ξ+

c baryons combined with an unrelated track, or fake Ξ+
c candidates. These components

are described empirically by a function f(x) = a(x−m0)
k +b(x−m0) with a, b, k, and m0

as free parameters. Two additional peaking backgrounds are observed in the sample. The
first occurs close to the signal peak, originating from Ξc(2815)0→ Ξc(2645)+(→ Ξ+

c π
0)π−

decays, where the neutral pion is not reconstructed. The second occurs in the mass
region around 2680 MeV, due to Ξc(2790)0→ Ξ ′

c
+(→ Ξ+

c γ)π− decays with the photon
not reconstructed. Both of these partially reconstructed backgrounds are described using
templates derived from a fast simulation software [55]. Their mass positions are allowed to
shift through Gaussian constraints centered on zero and with widths 0.3 MeV and 0.5 MeV
for the Ξc(2815)0 and Ξc(2790)0 decays, respectively, based on the experimental mass
uncertainties of these states [27].

The weighted signal and background samples obtained from the sPlot fit are used to
train a gradient Boosted Decision Tree (BDT) [56–58] with 14 input variables, one of which

3
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Figure 2: Distribution of mcorr(Ξc(2645)
0) for candidates passing the second selection stage.

The fit model is also shown for illustrative purposes. The dashed vertical lines enclose the mass
region selected for subsequent analysis.

is the neural network output from the first selection stage. The other variables include
PID and kinematic quantities for the pion, and topological quantities characterizing the
Ξ+

c π
− vertex quality. A requirement is imposed on the BDT output to optimize the

signal significance, which gives a signal (background) retention of 95% (74%). A mass
requirement 2635 < mcorr[Ξc(2645)0] < 2656 MeV is then applied, containing 98% of the
signal candidates. In total, around 56.5 × 104 Ξc(2645)0 signal candidates are selected,
with a purity of 52%. The mass distribution after all criteria have been imposed is shown
in Fig. 2 along with the results of an illustrative fit with the same model as described
above.

The final selection stage uses a third MVA to optimize possible Ξ∗∗+
c signal peaks

in an unbiased way. Simulation is used as a proxy for the signal to train the classifier,
with four samples generated with Ξ∗∗+

c mass assignments 2815, 2923, 2970, and 3055 MeV.
The input variable distributions and classifier performance are similar for the different
mass values, so these four samples are combined in the training. The background proxy
sample is taken from data, combining the wrong-sign final states Ξ+

c π
+π+ and Ξ+

c π
−π−,

which is found to provide a good description of the background entering the signal sample.
A gradient BDT [59] is trained with 15 input variables covering kinematic, topological,
and PID quantities. Following training, a requirement on the BDT output is imposed
to maximize the quantity ε/(5/2 +

√
B) [60] where ε is the signal efficiency taken from

simulation and B is the background yield under the signal peak of interest, taken from
the wrong-sign sample. The optimal requirement is calculated separately for the four

4
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Figure 3: Distribution of ∆M for candidates passing all selection requirements, shown with the
fit model. The individual signal components for the four observed states are drawn separately
as filled curves, and the background as a dotted line.

mass assignments used in simulation, and exhibits a weak mass dependence. The chosen
requirement is based on the Ξc(2923)+ hypothesis, and retains 34% (0.7%) of signal
(background) in the proxy samples.

A final requirement is imposed to reject cases where a single particle is reconstructed
as two tracks, with both included in the final state. Such candidates are removed by
requiring the two-dimensional angular separation between all pairs of final-state particles
to exceed 0.08 mrad. Following the application of all selection criteria, 84% of events
include only one selected Ξ∗∗+

c candidate. For events with multiple candidates, all are
accepted, with an alternative treatment considered later as a cross-check.

The mass distribution for candidates passing all selection requirements is shown in
Fig. 3, expressed in terms of the mass difference ∆M ≡ m(Ξ+

c π
−π+) −m(Ξ+

c ) − 2mPDG
π± .

Four distinct peaks are observed above a smooth background rising from the kinematic
threshold. These peaks are labeled as Ξc(2815)+, Ξc(2923)+, Ξc(2970)+, and Ξc(3080)+

based on their proximity to existing states [27], or in the case of Ξc(2923)+ to the
corresponding neutral state observed in decays to Λ+

c K
− [32].

An extended unbinned maximum-likelihood fit is performed on the ∆M distribution
to determine the masses and widths of these states, and their statistical significances. In
this fit, the background is described by an empirical function f(x) = xk exp(−cx), where
x ≡ (∆M −m0), and k, c, and m0 are free parameters. This model choice is motivated
by studies of the wrong-sign samples. Each signal peak is described by the convolution of
a relativistic Breit–Wigner function with a resolution function obtained from simulation.
Different assumptions are tested for the Blatt–Weisskopf barrier factors [61] and orbital
angular momentum of the states, with the results used to assign systematic uncertainties
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as described later. The resolution function is determined using the four simulated Ξ∗∗+
c

samples, which correspond quite closely in mass to the states observed in data. The ∆M
resolution is determined from simulation, and is described by a double Gaussian function
with a mass-dependent scale factor applied to both widths. This resolution varies from
1 MeV for the Ξc(2815)+ state to 2.5 MeV for the Ξc(3080)+ state.

The free parameters of the ∆M fit are the yields (N), peak positions, and widths
(Γ) of each of the four signal peaks, the three background shape parameters, and the
background yield. The absolute masses (m) are then determined from the peak positions
in ∆M by adding the known Ξ+

c and π± masses [27]. The fit model provides a good
description of the data, with a χ2 of 478 for 458 degrees of freedom. The parameters for
the observed states are measured to be

N [Ξc(2815)+] = 4072 ± 77,

m[Ξc(2815)+] = 2816.65 ± 0.03 ± 0.03 ± 0.23 MeV,

Γ[Ξc(2815)+] = 2.07 ± 0.08 ± 0.12 MeV,

N [Ξc(2923)+] = 738 ± 76,

m[Ξc(2923)+] = 2922.8 ± 0.3 ± 0.5 ± 0.2 MeV,

Γ[Ξc(2923)+] = 5.3 ± 0.9 ± 1.4 MeV,

N [Ξc(2970)+] = 6105 ± 255,

m[Ξc(2970)+] = 2968.6 ± 0.5 ± 0.5 ± 0.2 MeV,

Γ[Ξc(2970)+] = 31.7 ± 1.7 ± 1.9 MeV,

N [Ξc(3080)+] = 344 ± 77,

m[Ξc(3080)+] = 3076.8 ± 0.7 ± 1.3 ± 0.2 MeV,

Γ[Ξc(3080)+] = 6.8 ± 2.3 ± 0.9 MeV,

where the first uncertainty is statistical, the second is due to experimental systematic
effects discussed below, and the third uncertainty on the masses is from the limited
knowledge of the Ξ+

c mass [27].
The statistical significance for the two lowest-yield peaks is determined from Wilks’

theorem [62]. The Ξc(2923)+ state is observed with over 10σ significance, representing
the discovery of this state. The Ξc(3080)+ state is observed with 5.4σ significance. To
account for possible systematic effects from the choice of signal and background model,
the calculation is repeated for the alternative model choices described below, and the
lowest significance is quoted.

Various sources of systematic uncertainty are considered for the mass and width
measurements, as summarized in Table 1. Alternative descriptions of the signal peaks are
tested by varying the Blatt–Weisskopf radius used in the RBW function from its baseline
value of 3.1 GeV−1 to 2.0 GeV−1 and 4.0 GeV−1. In addition, the assumed orbital angular
momentum of the decay products, L, is varied independently for all four observed states
to cover any physically allowed values between L = 0 and L = 2. The standard deviation
of each signal parameter across the full ensemble of alternative signal models is taken as a
systematic uncertainty (labeled RBW in Table 1). In the baseline fit no interference is
included between the observed states. The Ξc(2970)+ resonance has a significant overlap
with both the Ξc(2923)+ and Ξc(3080)+ peaks, and so any interference could influence

6



Table 1: Summary of uncertainties on all measured parameters (in MeV), including a breakdown
of systematic uncertainties as described in the text. Entries marked with a dash are not relevant
for that measurement.

Contribution
Ξc(2815)+ Ξc(2923)+ Ξc(2970)+ Ξc(3080)+

m Γ m Γ m Γ m Γ
RBW 0.00 0.02 0.09 1.12 0.15 0.55 0.02 0.68
Interference 0.00 0.01 0.53 0.70 0.44 1.05 1.26 0.65
Resolution 0.00 0.12 0.00 0.11 0.01 0.04 0.00 0.08
Background 0.00 0.01 0.01 0.32 0.11 1.51 0.04 0.08
Mom. scale 0.02 — 0.05 — 0.07 — 0.10 —
Energy loss 0.02 — 0.02 — 0.02 — 0.02 —
Sel. bias 0.02 — 0.02 — 0.02 — 0.02 —
Total syst. 0.03 0.12 0.54 1.36 0.48 1.92 1.27 0.95
Stat. 0.03 0.08 0.28 0.87 0.46 1.68 0.72 2.28

the measured parameters. This is tested by performing two additional fits, independently
allowing interference between each pair of adjacent states, and assigning a systematic
uncertainty equal to the maximum shift in each parameter compared to the baseline result
(Interference).

Potential mismodeling of the detector resolution in simulation is tested by multiplying
the Gaussian widths for all resolution functions by a scale factor of 0.9 or 1.1 and repeating
the fits. This range is chosen based on detailed studies of the Ξ+

c (2645) peak in data
and simulation. Systematic uncertainties on fit parameters are then assigned as their
maximum shifts (Resolution). The description of the background component in the fit to
the ∆m distribution is varied by using a third-order polynomial function, and associated
systematic uncertainties are assigned as the shift in fit parameters from their baseline
values (Background).

The mass measurements may be affected by the LHCb momentum scale calibration
(Mom. scale) and by mismodeling of material leading to incorrect energy loss assumptions
in simulation and particle reconstruction (Energy loss). Previous studies indicate that
the former effect is associated with a systematic uncertainty corresponding to 0.03% of
the Q-value for the decay [63]. The systematic uncertainty due to imperfect modeling
of the energy loss is assigned as 0.02 MeV for all mass measurements, corresponding to
0.01 MeV for each of the two pion tracks entering the ∆M calculation [63]. The impact
from other final-state particles cancels in the mass difference. In addition, a potential bias
in the mass measurements originating from the event selection is tested by comparing
the reconstructed masses in simulation before and after the offline selection requirements
are imposed. A small shift of 0.016 MeV is found, consistent for all four states, which is
assigned as a systematic uncertainty (Sel. bias). No correction is applied as this shift is
found to be compatible with zero.

Several cross-checks are performed to confirm the robustness of the results. The fit
is repeated separately for each of the two Ξ±

c charges, for each of the two LHCb dipole
magnet polarities, and for each of the three data-taking years. In all cases the results are
self-consistent. Fits are also performed with additional resonances allowed to contribute,
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namely Ξc(2939)+, Ξc(3055)+, and Ξc(3123)+ states. These are added individually to the
fit, with their masses and widths constrained from external measurements [27]. In all
cases the results are stable compared to the baseline fit, and no evidence is found for the
presence of these extra states in the data sample.

In conclusion, this Letter presents a search for excited Ξ+
c states decaying to

Ξc(2645)0π+, with Ξc(2645)0→ Ξ+
c π

− and Ξ+
c → pK−π+. Four states are observed with

high significance, including the discovery of the Ξc(2923)+ baryon, and the first observation
of the Ξc(3080)+ baryon in this final state. Masses and widths are measured for all four
states, and are competitive with, or more precise than the existing world averages. The
natural width of the Ξc(2970)+ state is not consistent with that of the Ξc(2965)0 baryon
observed in the Λ+

c K
− mass spectrum [32], indicating that the two are different excited

Ξc states. This continues the success of the LHCb experiment in discovering new hadronic
states and precisely measuring their properties, a key input for understanding QCD in
the nonperturbative realm.
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End Matter

In the fit to the ∆M distribution, the peak positions are free parameters, denoted δM(X)
for state X. The values returned by the fit are

δM [Ξc(2815)+] = 69.80 ± 0.03 ± 0.03 MeV,

δM [Ξc(2923)+] = 175.95 ± 0.28 ± 0.54 MeV,

δM [Ξc(2970)+] = 221.77 ± 0.46 ± 0.48 MeV,

δM [Ξc(3080)+] = 329.92 ± 0.72 ± 1.27 MeV,

where the first uncertainty is statistical and the second is due to experimental systematic
effects. These measurements are converted into absolute mass measurements for the
excited baryons, as reported in the paper, by adding the masses of the two charged pions
and the Ξ+

c baryon (2467.71 ± 0.23 MeV) taken from Ref. [27].
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14Université Paris-Saclay, CNRS/IN2P3, IJCLab, Orsay, France
15Laboratoire Leprince-Ringuet, CNRS/IN2P3, Ecole Polytechnique, Institut Polytechnique de Paris,
Palaiseau, France

18

https://orcid.org/0000-0002-6604-2938
https://orcid.org/0000-0002-2562-7163
https://orcid.org/0000-0003-3860-6545
https://orcid.org/0000-0002-6558-6730
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/0000-0001-9753-329X
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/0009-0000-6052-6889
https://orcid.org/0009-0001-4404-561X
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/0009-0006-3241-8964
https://orcid.org/0000-0002-6119-7535
https://orcid.org/0000-0001-8748-8448
https://orcid.org/0000-0002-3221-7664
https://orcid.org/0000-0001-7961-7190
https://orcid.org/0000-0001-8807-8811
https://orcid.org/0000-0002-5397-6782
https://orcid.org/0000-0002-7738-6066
https://orcid.org/0000-0001-6178-6623
https://orcid.org/0000-0002-3285-7004
https://orcid.org/0000-0001-5319-1128
https://orcid.org/0000-0002-0767-9736
https://orcid.org/0000-0002-5865-0677
https://orcid.org/0000-0002-4311-3166
https://orcid.org/0000-0002-4649-3221
https://orcid.org/0000-0001-7917-9661
https://orcid.org/0000-0001-6950-1477
https://orcid.org/0009-0006-3864-8365
https://orcid.org/0000-0001-7717-2765
https://orcid.org/0009-0009-3494-2825
https://orcid.org/0009-0005-5503-8334
https://orcid.org/0000-0002-0944-4340
https://orcid.org/0000-0002-1915-9543
https://orcid.org/0000-0002-7865-2856
https://orcid.org/0000-0002-9392-6157
https://orcid.org/0000-0002-9283-4541
https://orcid.org/0000-0003-2265-3056
https://orcid.org/0000-0003-1828-3881
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/0000-0002-9783-5957
https://orcid.org/0000-0002-7235-6976
https://orcid.org/0000-0001-6759-2504
https://orcid.org/0000-0003-0133-1664
https://orcid.org/0009-0007-4060-799X
https://orcid.org/0000-0002-5909-1379
https://orcid.org/0000-0001-6041-115X
https://orcid.org/0009-0008-3130-0600
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/0009-0006-3560-1596
https://orcid.org/0000-0002-2399-7646
https://orcid.org/0000-0001-9565-8312
https://orcid.org/0009-0003-2254-7162
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/0000-0002-2778-0102
https://orcid.org/0000-0002-8142-4678
https://orcid.org/0000-0002-4113-1539
https://orcid.org/0000-0001-6116-3944
https://orcid.org/0000-0003-0652-721X
https://orcid.org/0000-0002-4589-2626
https://orcid.org/0009-0002-6794-9547
https://orcid.org/0000-0002-2142-3673
https://orcid.org/0009-0003-3902-8123
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/0000-0001-7765-8941
https://orcid.org/0000-0001-5448-4213
https://orcid.org/0000-0002-2675-3567
https://orcid.org/0009-0009-9224-4160
https://orcid.org/0000-0002-5552-0842
https://orcid.org/0000-0002-2207-0101
https://orcid.org/0000-0001-5765-6308
https://orcid.org/0000-0002-8317-385X
https://orcid.org/0000-0001-9178-9921
https://orcid.org/0000-0003-4077-6295
https://orcid.org/0000-0003-4543-8121
https://orcid.org/0000-0002-9337-3476
https://orcid.org/0000-0002-4282-0977
https://orcid.org/0000-0002-0654-7504
https://orcid.org/0000-0003-3192-0486
https://orcid.org/0000-0001-6756-9021
https://orcid.org/0000-0002-2699-2189
https://orcid.org/0009-0009-9115-1122
https://orcid.org/0000-0002-9700-3448
https://orcid.org/0000-0001-5012-4069
https://orcid.org/0009-0006-7038-0143
https://orcid.org/0000-0002-8521-1688
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/0000-0001-5146-7311
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/0000-0002-8771-0579
https://orcid.org/0000-0001-9869-5290
https://orcid.org/0000-0001-6977-8257
https://orcid.org/0009-0003-1647-2942
https://orcid.org/0000-0002-4393-2567
https://orcid.org/0000-0003-1230-3300
https://orcid.org/0000-0003-0468-3083
https://orcid.org/0009-0000-6595-7266
https://orcid.org/0000-0003-1714-9218
https://orcid.org/0000-0002-4655-715X
https://orcid.org/0000-0002-1701-9619
https://orcid.org/0009-0001-2039-9739
https://orcid.org/0009-0007-8273-2692
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/0000-0001-6346-8872
https://orcid.org/0000-0002-1630-0986
https://orcid.org/0000-0002-8185-3771
https://orcid.org/0000-0002-2344-9412
https://orcid.org/0009-0001-4723-095X
https://orcid.org/0000-0001-7647-7110
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/0009-0004-9621-1028
https://orcid.org/0000-0003-0159-291X
https://orcid.org/0000-0002-6227-3368
https://orcid.org/0000-0003-0038-5038
https://orcid.org/0000-0002-1478-4593
https://orcid.org/0000-0002-5972-6290


16LPNHE, Sorbonne Université, Paris Diderot Sorbonne Paris Cité, CNRS/IN2P3, Paris, France
17I. Physikalisches Institut, RWTH Aachen University, Aachen, Germany
18Universität Bonn - Helmholtz-Institut für Strahlen und Kernphysik, Bonn, Germany
19Fakultät Physik, Technische Universität Dortmund, Dortmund, Germany
20Physikalisches Institut, Albert-Ludwigs-Universität Freiburg, Freiburg, Germany
21Max-Planck-Institut für Kernphysik (MPIK), Heidelberg, Germany
22Physikalisches Institut, Ruprecht-Karls-Universität Heidelberg, Heidelberg, Germany
23School of Physics, University College Dublin, Dublin, Ireland
24INFN Sezione di Bari, Bari, Italy
25INFN Sezione di Bologna, Bologna, Italy
26INFN Sezione di Ferrara, Ferrara, Italy
27INFN Sezione di Firenze, Firenze, Italy
28INFN Laboratori Nazionali di Frascati, Frascati, Italy
29INFN Sezione di Genova, Genova, Italy
30INFN Sezione di Milano, Milano, Italy
31INFN Sezione di Milano-Bicocca, Milano, Italy
32INFN Sezione di Cagliari, Monserrato, Italy
33INFN Sezione di Padova, Padova, Italy
34INFN Sezione di Perugia, Perugia, Italy
35INFN Sezione di Pisa, Pisa, Italy
36INFN Sezione di Roma La Sapienza, Roma, Italy
37INFN Sezione di Roma Tor Vergata, Roma, Italy
38Nikhef National Institute for Subatomic Physics, Amsterdam, Netherlands
39Nikhef National Institute for Subatomic Physics and VU University Amsterdam, Amsterdam,
Netherlands
40AGH - University of Krakow, Faculty of Physics and Applied Computer Science, Kraków, Poland
41Henryk Niewodniczanski Institute of Nuclear Physics Polish Academy of Sciences, Kraków, Poland
42National Center for Nuclear Research (NCBJ), Warsaw, Poland
43Horia Hulubei National Institute of Physics and Nuclear Engineering, Bucharest-Magurele, Romania
44Authors affiliated with an institute formerly covered by a cooperation agreement with CERN.
45DS4DS, La Salle, Universitat Ramon Llull, Barcelona, Spain
46ICCUB, Universitat de Barcelona, Barcelona, Spain
47Instituto Galego de F́ısica de Altas Enerx́ıas (IGFAE), Universidade de Santiago de Compostela,
Santiago de Compostela, Spain
48Instituto de Fisica Corpuscular, Centro Mixto Universidad de Valencia - CSIC, Valencia, Spain
49European Organization for Nuclear Research (CERN), Geneva, Switzerland
50Institute of Physics, Ecole Polytechnique Fédérale de Lausanne (EPFL), Lausanne, Switzerland
51Physik-Institut, Universität Zürich, Zürich, Switzerland
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