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Introduction PDG 2025 • Fig. 9.4

• Hadron spectroscopy:

a probe of non-perturbative QCD

• Masses, widths, quantum numbers:

tests of the strong interaction

• Conventional and exotic hadrons:

a growing spectrum

PRL 91 (2003) 262001 PRL 115 (2015) 072001
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Figure 3: Mass distributions of the (left) Ω+
cc and (right) Ξ++

cc candidates, with the fit results
overlaid.

and Ξ++
cc invariant-mass distributions shown in Fig. 3. The signals are described by the

sum of a Gaussian function and a modified Gaussian function with power-law tails on
both sides [97]. All shape parameters are fixed to values obtained from simulation, except
for the mass peak positions and resolution. The resolution in the Ξ++

cc signal channel
is free to vary in the fit, while the resolution in the Ω+

cc signal channel is fixed to the
simulated value corrected by the difference between data and simulation evaluated with
the Ξ++

cc sample. The background is described by a linear function with a slope that is
free to vary in the fit. The Ω+

cc signal yield is measured to be 184 ± 24, corresponding to
a local significance of 9.0σ evaluated with a likelihood-ratio test [98]. After accounting
for the look elsewhere effect [99] in the range 3660–3780 MeV/c2, the global significance is
8.7σ. The Ξ++

cc signal yield is measured to be 2770 ± 110, and the Ξ++
cc mass resolution is

measured to be 6.3 ± 0.3 MeV/c2, corresponding to an Ω+
cc mass resolution of 6.4 MeV/c2.

The difference between the mass peak positions of the Ω+
cc and Ξ++

cc baryons is measured
to be 104.6 ± 1.0 MeV/c2. Using the mass difference cancels, to leading order, the bias
associated with the companion pion, as discussed below.

The event selection favors candidates with larger flight distances. In the presence of
multiple scattering, this biases the opening angles between the decay products and there-
fore the reconstructed invariant mass [85]. The size of the effect depends on the selection
requirements and on the lifetime of the decaying hadron. For weakly decaying charmed
hadrons, the bias is typically not negligible. It can be evaluated with simulation by com-
paring the fitted mass of signal candidates before and after applying the selection [50, 55].
The bias is studied for Ω+

cc lifetime hypotheses in the interval [90, 190] fs, chosen according
to the predicted lifetime ratio τ(Ω+

cc)/τ(Ξ++
cc ) [49] and the measured lifetime of the Ξ++

cc

baryon [56]. Within this interval, the bias on the mass difference, which is subtracted from
the fitted value, is parameterized as p0 + p1 × τ(Ω+

cc), where p0 = 1.3 ± 0.1 MeV/c2 and
p1 = (−7.4 ± 0.7) × 10−3 MeV/c2 fs−1. At the midpoint, τ(Ω+

cc) = 140 fs, the correction is
0.30 MeV/c2.

The main sources of systematic uncertainty on the measurement of the mass difference
are summarized in Table 1, including those associated with the selection-induced bias
correction, the unknown Ω+

cc lifetime, and the uncertainties on the masses of the charmed
baryons. The dependence of the selection-induced bias correction on the Ω+

cc lifetime is

5

Ω+
𝑐𝑐
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LHCb detector
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Chapter 2

The LHCb Detector

2.1 Detector layout

LHCb is a single-arm spectrometer with a forward angular coverage from approximately 10 mrad
to 300 (250) mrad in the bending (non-bending) plane. The choice of the detector geometry is
justified by the fact that at high energies both the b- and b-hadrons are predominantly produced in
the same forward or backward cone.

The layout of the LHCb spectrometer is shown in figure 2.1. The right-handed coordinate
system adopted has the z axis along the beam, and the y axis along the vertical.

Intersection Point 8 of the LHC, previously used by the DELPHI experiment during the LEP

Figure 2.1: View of the LHCb detector.
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LHCb Run 1&2 detector

Acpt. 2 < 𝜂 < 5, ℒ︀int(𝑝𝑝) = 9 fb−1

Single-arm, forward spectrometer designed 

for heavy-flavour physics.

• Excellent tracking and vertexing

‣ 𝜎(𝑝)/𝑝 < 1% @ 𝜀track > 96%
‣ 𝜎(IP) = (15 + 29/𝑝𝑇 )𝜇m

• Excellent particle identification

‣ 𝜀PID(𝐾) ≈ 95% @ MisID(𝜋 → 𝐾) ≈ 5%
‣ 𝜀PID(𝜇) ≈ 97% @ MisID(𝜋 → 𝜇) ≈ 3%

March 5, 2015 12:10 IJMPA S0217751X15300227 page 51

LHCb detector performance
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LHCb Data
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LHCb Simulation

Fig. 39. Kaon identification efficiency and pion misidentification rate as measured using data
(left) and from simulation (right) as a function of track momentum.82 Two different ∆ logL(K−π)
requirements have been imposed on the samples, resulting in the open and filled marker distribu-
tions, respectively.
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Fig. 40. Pion misidentification fraction versus kaon identification efficiency as measured in 7TeV
LHCb collisions: (left) as a function of track multiplicity, and (right) as a function of the number
of reconstructed primary vertices.82 The efficiencies are averaged over all particle momenta.

A search is performed for hits within rectangular windows around the extrapolation
points where the x and y dimensions of the windows are parameterised as a function
of momentum at each station and separately for each muon system region. The
parameters are optimised to maximise the efficiency and at the same time provide
low misidentification probabilities of pions as muons. The same criterion is used to
define the number of stations required to have hits within a window as a function of
momentum. A minimum momentum of 3 GeV/c is necessary for a muon to traverse
the calorimeters and reach the M2 and M3 stations, while above 6 GeV/c they
traverse all five of the stations. For each muon candidate, likelihoods for the muon
and non-muon hypotheses are computed, based on the average squared distance of
the hits that are closest to the extrapolation points.

The performance of the muon identification is obtained from data using muons
from J/ψ → µ+µ− decays, protons from Λ → pπ− decays and kaons and pions
from D0 → K−π+, where the D0 is selected from D∗+ → D0π+ decays. These
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LHCb Upgrade detector
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the 40 MHz LHC bunch crossing rate and cope with the larger event multiplicity thanks to a higher
granularity. A full revision of the experiment’s software and of the data processing and computing
strategy was also necessary to deal with the expected large increase in data volume.

This paper describes the design and construction of the upgraded LHCb experiment providing
details on all the new subdetectors, on the trigger and online systems and on the software and data
processing frameworks.

2 The LHCb detector

2.1 Detector layout

LHCb is a single-arm forward spectrometer covering the pseudorapidity range 2 < 𝜂 < 5, located
at interaction point number 8 on the LHC ring. Figure 2 shows the layout of the upgraded detector.
The coordinate system used throughout this paper has the origin at the nominal 𝑝𝑝 interaction point,
the 𝑧 axis along the beam pointing towards the muon system, the 𝑦 axis pointing vertically upward
and the 𝑥 axis defining a right-handed system. Most of the subdetector elements (with the notable
exception of vertex and Cherenkov detectors) are split into two mechanically independent halves (the
access side or Side A at 𝑥 > 0 and the cryogenic side or Side C at 𝑥 < 0), which can be opened for
maintenance and to guarantee access to the beam pipe.

Figure 2. Layout of the upgraded LHCb detector.

The particle tracking system comprises an array of pixel silicon detectors surrounding the
interaction region called vertex locator (VELO), the silicon-strip upstream tracker (UT) in front of the
large-aperture dipole magnet, and three scintillating fibre tracker (SciFi Tracker) stations downstream

– 5 –

LHCb Run 3 detector
• All subdetectors have readout rate at the 

full 40 MHz collision rate.

• A fully software-based trigger ditching 

the hardware Level-0 trigger.

• The VELO switched from strip to pixel, 

to improves primary-vertex and impact-

parameter measurements.

• The upstream tracker (UT) and SciFi 

tracker provide fast, precise tracking at 

higher instantaneous luminosity.

JINST 19 (2024) P05065
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Hadrons discovered by LHCb

https://www.koppenburg.ch/particles.html
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Meson results shown in this talk
After MENU 2023 • New meson states

‣ New charmonium states:
ℎ𝑐(4000), 𝜒𝑐1(4010), ℎ𝑐(4300) PRL 133 (2024) 131902

‣ New orbitally excited states:
𝐵+

𝑐 (1𝑃) PRL 135 (2025) 231902

‣ New charm-strange state:
𝐷𝑠1(2933)+, 𝐽 𝑃 = 1+

arXiv:2604.21257

‣ New beauty-strange state:
𝐵∗

𝑠0(5700)0
arXiv:2609.25178

• Exotic-structure tests

‣ Updated radiative-decay study:
𝑋(3872) JHEP 11 (2024) 121

‣ The 𝑇𝑐𝑐1(4430)−
 state in hidden and open charm channels:

PRD 113 (2026) L071101

LHCb-PAPER-2026-033 (prelim.)
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Simultaneous fit to 𝐵+ → 𝐷∗∓𝐷±𝐾+ channels
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Figure 1: Distributions of two-body invariant masses: (a) M(D∗−D+), (c) M(D+K+) and
(e) M(D∗−K+) in the B+ → D∗−D+K+ sample; (b) M(D∗+D−), (d) M(D−K+) and
(e) M(D∗+K+) in the B+ → D∗+D−K+ sample. The fit results (red-solid lines) are over-
laid on the data distributions. Contributions from different components are also shown in
different line styles as indicated in the legend. The result of fitting the data using a model with-
out the hc(4000), χc1(4010) and hc(4300) components (reference fit) is shown with green-dotted
lines for comparison.

with m0 = 4.35 GeV. The parameters α and β are determined from the fit to data to
be 0.11 ± 0.03 GeV−2 and −0.34 ± 0.05 GeV−2, respectively, where the uncertainty is
statistical only. For the NR1++ contribution, only the S-wave component is considered.
The NR contributions amount to about 50% of the total fit fraction. Alternative models
with fewer NR contributions, or NR amplitudes in the one or more of the D(∗)±K± systems,
are attempted but none provide agreement with the data comparable or better than that
of the baseline model.

The two resonant contributions, T ∗
c̄s̄0(2870)0 and T ∗

c̄s̄1(2900)0, found in B+ → D+D−K+

decays, are included in the B+ → D∗+D−K+ model to describe the enhancement seen
in Fig. 1(e). The statistical significances of the T ∗

c̄s̄0(2870)0 and T ∗
c̄s̄1(2900)0 states are

found to be 11σ and 9.2σ, respectively, thus confirming their existence in a new decay
channel. If their parameters are left free in the fit, their values show some tension with

4

𝐵+ → 𝐷∗−𝐷+𝐾+ 𝐵+ → 𝐷∗+𝐷−𝐾+

𝐷∗−𝐷+

𝐷+𝐾+

𝐷∗−𝐾+

𝐷∗+𝐷−

𝐷−𝐾+

𝐷∗+𝐾+

𝑇 ∗
𝑐𝑠0(2870)0 𝑇 ∗

𝑐𝑠1(2900)0

Open-charm tetraquarks confirmed in a 

new channel

• Most obvious in 𝐷−𝐾+ spectrum:

‣ 𝑇 ∗
𝑐𝑠0(2870)0

: 11𝜎  significance

‣ 𝑇 ∗
𝑐𝑠1(2900)0

: 9.2𝜎  significance

• Explicitly exotic: [𝑐𝑠𝑢𝑑]
• First observed in 𝐵+ → 𝐷+𝐷−𝐾+ 

PRL 125 (2020) 242001

PRL 133 (2024) 131902
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Three new charmonium-like states
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Figure 1: Distributions of two-body invariant masses: (a) M(D∗−D+), (c) M(D+K+) and
(e) M(D∗−K+) in the B+ → D∗−D+K+ sample; (b) M(D∗+D−), (d) M(D−K+) and
(e) M(D∗+K+) in the B+ → D∗+D−K+ sample. The fit results (red-solid lines) are over-
laid on the data distributions. Contributions from different components are also shown in
different line styles as indicated in the legend. The result of fitting the data using a model with-
out the hc(4000), χc1(4010) and hc(4300) components (reference fit) is shown with green-dotted
lines for comparison.

with m0 = 4.35 GeV. The parameters α and β are determined from the fit to data to
be 0.11 ± 0.03 GeV−2 and −0.34 ± 0.05 GeV−2, respectively, where the uncertainty is
statistical only. For the NR1++ contribution, only the S-wave component is considered.
The NR contributions amount to about 50% of the total fit fraction. Alternative models
with fewer NR contributions, or NR amplitudes in the one or more of the D(∗)±K± systems,
are attempted but none provide agreement with the data comparable or better than that
of the baseline model.

The two resonant contributions, T ∗
c̄s̄0(2870)0 and T ∗

c̄s̄1(2900)0, found in B+ → D+D−K+

decays, are included in the B+ → D∗+D−K+ model to describe the enhancement seen
in Fig. 1(e). The statistical significances of the T ∗

c̄s̄0(2870)0 and T ∗
c̄s̄1(2900)0 states are

found to be 11σ and 9.2σ, respectively, thus confirming their existence in a new decay
channel. If their parameters are left free in the fit, their values show some tension with

4

𝐵+ → 𝐷∗−𝐷+𝐾+ 𝐵+ → 𝐷∗+𝐷−𝐾+

𝐷∗−𝐷+

𝐷+𝐾+

𝐷∗−𝐾+

𝐷∗+𝐷−

𝐷−𝐾+

𝐷∗+𝐾+

ℎ𝑐(4000)
𝜒𝑐1(4010)

ℎ𝑐(4300)

• Simultaneous fit: three new 

contributions

State 𝐽 𝑃𝐶 𝑚0 (MeV) Γ0 (MeV) Sig.

ℎ𝑐(4000) 1+− 4000+17
−14

+29
−22 184+71

−45
+97
−61 9.1𝜎

𝜒𝑐1(4010) 1++ 4012.5+3.6
−3.9

+4.1
−3.7 62.7+7.0

−6.4
+6.4
−6.6 16𝜎

ℎ𝑐(4300) 1+− 4307.3+6.4
−6.6

+3.3
−4.1 58+28

−16
+28
−25 6.4𝜎

• Possible/tentative level assignments

‣ ℎ𝑐(4000), ℎ𝑐(4300):
→ ℎ𝑐(2𝑃) / ℎ𝑐(3𝑃) candidates

‣ 𝜒𝑐1(4010):
→ possible 𝜒𝑐1(2𝑃) with potential 

exotic admixture

PRL 133 (2024) 131902
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Orbitally excited 𝐵+
𝑐  mesons

• Previously: 2𝑆 excitations

‣ ATLAS: first candidate PRL 113 (2014) 212004

‣ CMS / LHCb: two resolved peaks 

PRL 122 (2019) 132001  PRL 122 (2019) 232001

• This work: first orbitally excited 1𝑃  signal

• Cascade decay:

𝐵𝑐(1𝑃)+ → 𝐵∗+
𝑐 𝛾1
⤷ 𝐵+

𝑐 𝛾2
⤷ 𝐽 /𝜓𝜋

‣ Soft 𝛾2 undetected

→ shifted reconstructed 𝐵+
𝑐 𝛾1 mass
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Figure 1: Distribution of the mass difference M(B+
c γ)−M(B+

c ), where the B+
c candidate mass

lies within the range [6240, 6300] MeV/c2. The inset displays the mass distribution of the B+
c

candidates reconstructed from the B+
c → J/ψπ+ decay. The fit results are overlaid.

parameters except the peak location are fixed from simulation. The natural widths of
the Bc(1P )+ states are expected to be only a few hundred keV [7,56] and are neglected
due to their small effect compared to the resolution. The combinatorial background is
parametrized by a monotonically increasing third-order polynomial function [57].

Using this simple model, the root mean square of the structure is approximately
62 MeV/c2, which is significantly larger than the expected value of about 36 MeV/c2 under
the single-peak hypothesis. A better fit quality is obtained using an effective two-peak
model, where the locations of both peaks are allowed to vary. The corresponding p value,
determined using a Kolmogorov–Smirnov estimation [58], is found to exceed 90%. The
fit result is shown in Fig. 1. The parameters of interest for the minimal two-peak model
include the summed signal yields, N , and the locations of the two peaks, M1 and M2, which
are measured as N = 182±25, M1 = 6704.8±5.5 MeV/c2, and M2 = 6752.4±9.5 MeV/c2.
The lower-mass peak accounts for (56 ± 11)% of the total signal yield.

The signal significance relative to the background-only hypothesis is evaluated using
Wilks’ theorem [59] and pseudoexperiments [60]. Both methods yield consistent results,
with the significance exceeding 8 standard deviations, which remains when alternative
signal and background models are considered. When further accounting for the look-
elsewhere effect within the predicted mass region [61], the significance lies above 7 standard
deviations. The B+

c γ mass spectra sourced from different data-taking periods, under
opposite LHCb dipole magnet polarities, and obtained using different selection criteria
are also investigated, and the presence of a signal structure is confirmed in all of them.
Given the available data and limited mass resolution, the potential presence of additional

3

Significance

> 7𝜎
𝐵+

𝑐 𝛾1 spectrum

• Two effective peaks  in 𝐵+
𝑐 𝛾1

stat. syst.
external
𝑚𝐵+

𝑐
 uncer.

𝑀1 = 6704.8 ±5.5 ±2.8 ±0.3 MeV/ 𝑐2

𝑀2 = 6752.4 ±9.5 ±3.1 ±0.3 MeV/ 𝑐2

• Four 1𝑃  levels unresolved
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A new charm–strange state: 𝐷𝑠1(2933)+
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Figure 2: Distributions of m(D+K+π−) for B0→ D+D−K+π− candidates in the signal region
with fit results from the (left) initial and (right) baseline models. The components labeled MI
and NR correspond to the quasi-model-independent amplitude for JP = 1− D+

s states and
nonresonant amplitudes, respectively. The amplitudes of the included charmonium states are
summed and denoted collectively as ψ/χc.

The baseline amplitude model is obtained by subsequently removing amplitudes with
statistical significance less than 3 standard deviations from the initial model with the
new D+

s state. The retained components are listed in Table 1, and the fit projection in
the m(D+K+π−) distribution is shown in Fig. 2 (right). The significance of the new D+

s

state is largely unaffected by this procedure. Its mass and width are measured to be

m0 = 2933 +6
−5 (stat) +4

−3 (syst) MeV,

Γ0 = 72 +18
−12 (stat) + 7

−10 (syst) MeV,

respectively, where the first uncertainty is statistical and the second systematic. Since
its spin-parity is JP = 1+, the new state is denoted as Ds1(2933)+. The pole
mass and width of the Ds0(2590)+ are found to be 2606 +2

−5 (stat) +11
−11 (syst) MeV and

87 + 5
−14 (stat) + 5

−13 (syst) MeV, respectively, consistent with the values reported in the pre-
vious analysis [18]. Fit fractions, defined as in Ref. [52], are reported in Table 1 for all
components in the amplitude model.

Systematic uncertainties on the measured parameters are summarized in Tables 2 and
3 of the End Matter. The dominant uncertainties arise from modeling of the resonance
lineshapes, and are assessed by replacing the baseline parametrizations with other com-
monly used descriptions of the same states. For instance, the (K+π−)S component is
described using the LASS parametrization [54] in the baseline model, and is replaced by
a K-matrix formalism with parameters taken from the FOCUS experiment [56] when
evaluating the associated systematic uncertainty. Other sources include imperfections in
the corrections applied to simulated samples; limited size of input samples and the choice
of hyperparameters in the KDE used for efficiency and background parameterizations;
uncertainties from fixed resonance parameters and the Blatt–Weisskopf barrier radius;
inclusion of additional potential contributions from known resonances, namely D∗

s3(2860)+,
Tcc1(3900)+, Tcc1(4430)+, T ∗

cs0(2870)0, T ∗
cs1(2900)0, T ∗

cs0(2900)0, ψ(4230), ψ(4360), and
ψ(4415); the background fraction determined from the B0 mass fit; the treatment of
backgrounds with only one or zero charm resonances and events with multiple B0 candi-
dates; and potential intrinsic biases in the amplitude-fit procedure. The total systematic

6

without 𝐷𝑠1(2933)+ with 𝐷𝑠1(2933)+

> 10𝜎  significance
𝐷𝑠3(2860)+

 removed
for its < 3𝜎  significance

• Full phase-space 5D amplitude analysis on 

the decay channel: 𝐵0 → 𝐷+𝐷−𝐾+𝜋− using 

LHCb Run2 data, totally 5.4fb−1 at 13 TeV

• Discovered a new charm strange state at

stat. syst.

𝑚0=2933  +6
−5  +4

−3 MeV
Γ0= 72 +18

−12 +7
−10MeV

• Angular dependence determines 𝐽 𝑃 = 1+ , 

not only a mass-spectrum excess.

• Compatible with a conventional 𝐷𝑠(2𝑃 ′
1)+

 

state, the first radial excitation of the 𝑃-wave 

𝐷𝑠  system.
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A new beauty-strange state: 𝐵∗
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Figure 1: Invariant-mass distribution of the B0
sπ

0 candidates summed over the three B0
s decay

modes with the total fit projection overlaid.

masses to their world-average values [7] and requiring the candidate to originate from the
pp interaction point [80]. The signal component is modelled by a relativistic S-wave Breit–
Wigner function with the resonance mass and natural width shared across the three decay
modes, convolved with a decay-mode dependent detector response function. The response
function, parametrised as a Gaussian kernel with power-law tails, is determined from
simulation. The possible small differences between simulation and data are accounted for
by a resolution scale factor determined using the Σc(2455)+→ Λ+

c π
0, Σc(2520)+→ Λ+

c π
0,

and Ξ+
c → Λ+

c π
0 decays, as detailed in Methods. The background contribution is modelled

using a sigmoid function modulated by a first-order polynomial following Refs. [81–83],
with its parameters free to vary independently in each decay mode. Figure 1 displays
the mass spectrum summed over all decay modes, along with the corresponding total fit
projection. The Kolmogorov–Smirnov test [84] yields p-values exceeding 40% for all three
decay modes, indicating excellent agreement between data and the fit model, without
overfitting. The individual mass distributions and corresponding fit results for each decay
mode are provided in Methods, Fig. 3.

The simultaneous fit yields 343+44
− 41 signal counts. The mass of the resonance is measured

to be 5698.9 MeV/c2, with a 1.5 MeV/c2 statistical and 0.6 MeV/c2 systematic uncertainty,
where the latter accounts for fit model dependencies, track momentum calibration and
external inputs on the B0

s and π0 masses taken from Ref. [7]. The natural width is found to
be consistent with zero, as illustrated by the likelihood profile in Fig. 2. Profile-likelihood
scans are performed across all considered variations of the signal and background models,
from which the most conservative envelope is chosen. Using a Bayesian approach with a
uniform prior [85] imposed over the range of 0 to 20 MeV, this is translated into an upper
limit on the natural width of Γ < 9.8 (11.8) MeV at the 90% (95%) confidence level (CL).
The local (global) signal significance, evaluated using pseudoexperiments over a mass
range of [5620, 5860] MeV/c2 and cross-checked using Wilks’ theorem [86], exceeds 8 (7)
standard deviations, thereby establishing the structure as a new excited B0

s state.

3

Significance

> 7𝜎

Run1 + Run2

• 𝐵0
𝑠  reconstructed via three decay modes

‣ 𝐵0
𝑠 → 𝐷−

𝑠 𝜋+

‣ 𝐵0
𝑠 → 𝐽 /𝜓𝜑

‣ 𝐵0
𝑠 → 𝐷−

𝑠 𝜋+𝜋+𝜋−

where 𝐷−
𝑠 → 𝐾+𝐾−𝜋−, 𝐽 /𝜓 → 𝜇+𝜇− and 𝜑 →

𝐾+𝐾−

• Narrow peak in 𝐵0
𝑠 𝜋0

stat. syst.

𝑚 = 5698.9 ±1.5 ±0.6 MeV/ 𝑐2

Γ < 9.8 MeV at 90% CL
• Below both 𝐵+𝐾− and 𝐵0𝐾0 thresholds, and much 

lighter than conventional quark-model expectations

• Interpretations:

‣ 0+ analogue of the 𝐷∗
𝑠0(2317)+

 state, or

‣ 1+ state which decays through 𝐵∗0
𝑠 𝜋0, with the 

photon undetected

arXiv:2609.25178
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𝑋(3872): radiative decays constrain structure
• Analyzed decay channels:

‣ 𝐵+ → 𝜒𝑐1(3872)(→ 𝜓(2𝑆)𝛾 )𝐾+

‣ 𝐵+ → 𝜒𝑐1(3872)(→ 𝐽 /𝜓𝛾)𝐾+

• First observation of

𝜒𝑐1(3872) → 𝜓(2𝑆)𝛾 :

‣ 4.8𝜎  with Run 1 data,

‣ and 6.0𝜎  with Run 2 data, both 

including systematic 

uncertainty.

• The ℛ︀𝜓𝛾  ratio turns out to be 

substantial:

ℛ︀𝜓𝛾 =
Γ𝜒𝑐1(3872)→𝜓(2𝑆)𝛾

Γ𝜒𝑐1(3872)→𝐽 /𝜓𝛾

stat. syst. external BF

=1.67±0.21±0.12 ±0.04

J
H
E
P
1
1
(
2
0
2
4
)
1
2
1

Figure 1. Distributions of the (left) ωεK+ and (right) ωε mass of selected B+ candi-
dates summed over Run 1 and Run 2 data-taking periods. Top and bottom rows correspond
to the B+ → (χc1(3872)→ ω(2S)ε)K+ and B+ → (χc1(3872)→ J/ωε)K+ candidates, respectively.
The ωεK+ mass spectra are shown for candidates within the narrow ωε mass regions around
the χc1(3872) mass, and vice versa, the ωε mass spectra are shown for candidates within the narrow
ωεK+ mass regions around the B+ mass. Projections of the fit, described in the text, are overlaid.

2. a background component from the B→ ω(2S)K+X decays, whose shape is determined
from the simulation as

n∑

i=0

n∑

j=0
 ijLi(u)Lj(v) , (4.1a)

where u and v stand for the ω(2S)εK+ and ω(2S)ε masses, reduced to
the −1 ≤ u, v ≤ 1 interval, n = 10 and Li(u) and Lj(v) are Legendre polynomials.
The (n+ 1)2 coefficients  ij are calculated as

 ij =
∑

k

2i+ 1
2

2j + 1
2 Li(u)Lj(v) , (4.1b)

where the last sum runs over the events in the simulated sample that passes all selection
criteria;

– 7 –
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𝑋(3872): interpreting the radiative ratio

• Previous measurements are confusing

• Updated Run 1 + Run 2; improved systematics

• Large ℛ︀𝜓𝛾  despite smaller 𝜓(2𝑆)𝛾  phase space

• Pure-molecule predictions disfavoured in the 

models tested

A sizeable compact component is favoured, though 

the precise composition remains model-dependent

J
H
E
P
1
1
(
2
0
2
4
)
1
2
1

Figure 2. Summary of experimental results for the ratio of the partial decay widths for the radiative
ωc1(3872)→ ε(2S)γ and ωc1(3872)→ J/εγ decays. The results from this analysis for the Run 1 and
Run 2 data sets are shown as red points with error bars. The coloured band corresponds to the average
of the LHCb results in this paper. Where provided, the outer uncertainties bars correspond to total
measurement uncertainties, while inner ones are for statistical uncertainties only.

Run 2 data-taking periods are combined using the best linear unbiased estimator [155] ac-
counting for the correlated systematic uncertainties. The obtained value for the ratio Rεγ

is found to be

Rεγ = 1.67± 0.21± 0.12± 0.04 .

A summary of experimental results for the ratio of branching fractions of
the ωc1(3872)→ ε(2S)γ and ωc1(3872)→ J/εγ decays is presented in figure 2. The com-
bined ratio of partial radiative widths from this study is below the upper limit set by
the Belle [26] collaboration and consistent with the previous measurements by the BaBar [20]
and LHCb [46] collaborations. However, it is notably in tension with the upper limit set
by the BESIII collaboration [32].

The large measured value of the Rεγ ratio is generally inconsistent with the calculations
based on the pure DD̄→ molecular hypothesis for the ωc1(3872) state [59, 86, 91, 92] unless
some special assumptions are made [82, 83]. On the contrary, it agrees with a broad range
of predictions based on other hypotheses of the ωc1(3872) structure, including conventional
cc̄ charmonium [67, 69, 71, 84–90], cc̄qq̄ tetraquark [92], and molecules mixed with a sizeable
compact component [82, 83, 93–95]. This measurement provides a strong argument in favour
of a compact component in the ωc1(3872) structure.

– 14 –
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Reinvestigation of 𝑇𝑐𝑐1(4430)+

• 4D amplitude fit:

𝐵+ → 𝜓(2𝑆)𝐾0
𝑆 𝜋+

• 𝑇𝑐𝑐1(4430)+
 confirmed:

> 16𝜎  statistical; > 9𝜎  incl. systematics
‣ supported by Argand motion

• Multiple models tested:
‣ Baseline: Relativistic Breit–Wigner
‣ Triangle-singularity model also describes 

the data but within a large statistical error
‣ Flatté parameterization: constrains the 

coupling to a near by open-charm 
coupling.
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Figure 2: (Left) Distribution of the ψ(2S)π+ invariant-mass of background-subtracted data.
The projections of the fit including (red) only K∗+ resonances and (blue) a model-independent
amplitude are also shown. (Right) Argand diagram for the amplitude AX , showing the complex
amplitude values at six points. Each point corresponds to a different value of mψπ, which
increases in the counterclockwise direction.

In the first model the structure is considered as a resonance, T+
cc̄ , decaying into the

ψ(2S)π+ final state and with the mass distribution described by a relativistic Breit–
Wigner function. The mass and width of the T+

cc̄ state are allowed to float, and only
the lowest possible orbital angular momentum between the ψ(2S) and π+ mesons is
considered in the baseline fit. A satisfactory description of data is achieved for the
spin-parity JP (T+

cc̄) = 1+. The projection of the amplitude fit result onto the ψ(2S)π+

invariant mass is shown by the red curve in Fig. 3. The T+
cc̄ mass and width are measured

to be MT+
cc̄

= 4.452 ± 0.016+0.055
−0.033 GeV/c2 and ΓT+

cc̄
= 0.174 ± 0.019+0.083

−0.020 GeV. The T+
cc̄

fit fraction in the B+→ ψ(2S)K0
Sπ

+ decay is determined to be fT+
cc̄

= (3.7 ± 0.6+4.0
−0.7)%,

where the first uncertainty is statistical and the second systematic. The fit fraction of a
specific contribution is calculated as the integral of its amplitude squared over the full
phase space divided by that of the total amplitude squared. The sources of systematic
uncertainties are described below. The T+

cc̄ properties are consistent with those of the
Tcc̄1(4430)+ structure observed in the B0→ ψ(2S)K−π+ decay [27]. The significance of
the T+

cc̄ state is evaluated based on 2∆ lnL = 2 lnLT+
cc̄
− 2 lnLK∗+ , where LK∗+ and LT+

cc̄

refer to the likelihood functions without and with the T+
cc̄ component, each evaluated at

its maximum. The quantity 2∆ lnL follows a χ2 distribution, with a number of degrees
of freedom approximately twice the number of additional free parameters in the T+

cc̄ fit
compared to the K∗+-only fit, after accounting for the look-elsewhere effect [12, 46]. The
statistical significance of the T+

cc̄ state with JP = 1+ is determined to be more than 16σ,
and remains above 9σ after including systematic effects, which is obtained by the fit with
the smallest ∆ lnL among all systematic sources.

The JP assignment for the T+
cc̄ state is determined by comparing the likelihood values

of the fits with different hypotheses. The 0+ assignment is excluded due to parity
conservation. The hypotheses 0−, 1−, 2−, 2+ are rejected relative to the 1+ hypothesis

4

Argand motion consistent with resonant phase variation

in the B̄0 → ψð2SÞK−πþ decay [28]. The signifi-
cance of the Tþ

cc̄ state is evaluated based on
2Δ lnL ¼ 2 lnLTþ

cc̄
− 2 lnLK%þ , where LK%þ and LTþ

cc̄
refer

to the likelihood functions without and with the Tþ
cc̄

component, each evaluated at its maximum. The quantity
2Δ lnL follows a χ2 distribution, with a number of degrees
of freedom approximately twice the number of additional
free parameters in the Tþ

cc̄ fit compared to the K%þ-only fit,
after accounting for the look-elsewhere effect [12,47]. The
statistical significance of the Tþ

cc̄ state with JP ¼ 1þ is
determined to be more than 16σ, and remains above 9σ
after including systematic effects, which is obtained by the
fit with the smallest Δ lnL among all systematic sources.
The JP assignment for the Tþ

cc̄ state is determined by
comparing the likelihood values of the fits with different
hypotheses. The 0þ assignment is excluded due to parity
conservation. The hypotheses 0−, 1−, 2−, 2þ are rejected
relative to the 1þ hypothesis with a significance of more
than 6σ, 11σ, 7σ, 11σ, respectively, after accounting for the
systematic uncertainty. Therefore, the Tþ

cc̄ spin-parity is
unambiguously determined as JP ¼ 1þ, consistent with the
quantum numbers of the Tcc̄1ð4430Þþ state observed in the
B̄0 → ψð2SÞK−πþ decay [28]. Consequently, it is reason-
able to conclude that the Tþ

cc̄ state in the Bþ → ψð2SÞK0
Sπ

þ

decay corresponds to that observed in the B̄0 →
ψð2SÞK−πþ decay [11,12,47], being produced by the
decay processes related via isospin symmetry.
Various sources of systematic uncertainties are studied

for the mass, width and fit fraction measurements of the Tþ
cc̄

state, including varying the masses and widths of K%þ

resonances; adding a nonresonant K0
Sπ

þ component with
zero spin; including the low mass tails of K%ð1680Þþ and
K%

3ð1780Þþ into the amplitude fit; parametrizing the
K%

0ð700Þþ and K%
0ð1430Þþ states with the LASS model

[48]; varying the Blatt-Weisskopf radius for both Bþ and
intermediate states’ decays between 3 and 5 ðGeV=cÞ−1;
allowing higher orbital angular momenta to contribute;
extracting the signal projection weights using alternative

signal or background models in the Bþ invariant-mass fit.
The differences between the results of the baseline fit and
alternative fits are taken as the systematic uncertainties.
Based on previous measurements of ψðnSÞπþ spectra
[11–13,47], an additional Tcc̄1ð4200Þþ → ψð2SÞπþ or
Tcc̄0ð4240Þþ → ψð2SÞπþ component is added to the ampli-
tude with the Tcc̄1ð4200Þþ or Tcc̄0ð4240Þþ parameters fixed
to their known values [28] as another source of systematic
uncertainty. The significance of either the Tcc̄ð4200Þþ state
or the Tcc̄ð4240Þþ state is determined to be 4σ. Among
systematic uncertainties related to theK%þ modeling, which
are not independent, only the maximum difference is
retained and is combined with other sources to obtain
the total systematic uncertainty.
In the model described above, the Tcc̄1ð4430Þþ state is

assumed to decay only into the ψð2SÞπþ final state.
However, if the Tcc̄1ð4430Þþ has a molecular nature,
it is expected to couple strongly to open-charm hadrons
whose invariant-mass threshold lies near its mass. Notably,
the Tcc̄1ð4430Þþ mass is close to the D̄%

1ð2600Þ0Dþ

production threshold, and its spin-parity is consistent with
an S-wave D̄%

1ð2600Þ0Dþ configuration. To account for this
possibility, the amplitude model is modified, taking into
account the effect that the opening of the Tcc̄1ð4430Þþ →
D̄%

1ð2600Þ0Dþ decay channel would have on the
Tcc̄1ð4430Þþ → ψð2SÞπþ lineshape. Within this frame-
work, the Tcc̄1ð4430Þþ resonance is modeled using the
Flatté parametrization [49],

F ¼ 1

m2
f −m2 − iðρ1g21 þ ρ2g22Þ

; ð2Þ

where the positive parameters g1 and g2 represent the
coupling strengths to the ψð2SÞπþ and D̄%

1ð2600Þ0Dþ

channels, respectively, and ρ1 and ρ2 are the corresponding
phase-space factors, discussed further in the Supplemental
Material [36]. The Flatté parametrization reduces to
the relativistic Breit–Wigner parametrization for g2 ¼ 0.
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FIG. 3. Distribution of the ψð2SÞπ invariant-mass of background-subtracted data, with the projections of the fit including the
relativistic Breit–Wigner parametrization (red) or the triangle singularity amplitude (blue) for the (left) baseline fit and (right) the fit with
full orbital angular momenta.
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𝑇𝑐𝑐1(4430)−
 in open charm

• First open-charm observation :

𝑇𝑐𝑐1(4430)− → 𝐷∗−𝐷0 in 𝐵0 → 𝐷∗−𝐷0𝐾+.

‣ Reference fit: known 𝐷+
𝑠  contributions 

alone miss the dip near 4.4 GeV

‣ Adding 𝑇 (4430)−
 gives a 5.3𝜎  significance 

including systematics.

• Preferred 𝐽 𝑃 = 1+  fitted mass and width 

are consistent with the 𝜓(2𝑆)𝜋− 

measurement.

• The open/hidden partial-width ratio is near 

unity, but its uncertainties are large. This 

ratio offers a test of molecular versus 

compact models.
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Figure 4: Distributions of two-body invariant mass m(D∗−D0). The total fit, D0K+ contribu-
tions, and interference curves correspond to the baseline model including the Tcc1(4430)

− state,
while the reference fit denotes the fit without the Tcc1(4430)

−.

the default. Notably, when both resonances are included simultaneously, the significance179

of the Tcc1(4200)− diminishes to 1.6σ. The upper limit on its fit fraction, including both180

statistical and systematic uncertainties, is 1.9% at 95% confidence level.181

Contributions from the Tcc1(3900)− and T ∗
cs1(2900)0 states are also tested, and the182

improvements in fit quality are marginal, with statistical significances of 1.3σ and 2.6σ,183

respectively. The corresponding upper limits on their fit fractions, with both statistical184

and systematic uncertainties included, are determined to be 0.24% and 0.32% at 95%185

confidence level.186

Systematic uncertainties are assessed in four categories: signal and background yield187

determination, background and efficiency modeling, decay amplitude descriptions, and188

fit model. Uncertainties in the yield extraction are evaluated by replacing the B0 sig-189

nal lineshape with a Gaussian function, the background exponential with a first-order190

Chebyshev polynomial, and assigning the resulting variations in the amplitude fit as the191

systematic uncertainty. Efficiency uncertainties arising from particle identification, trigger192

calibration, and simulation sample size are estimated by generating alternative efficiency193

maps through variations of the calibration inputs and propagation of their associated194

uncertainties. The dominant systematic uncertainties originate from amplitude modeling,195

which is probed by varying the Blatt–Weisskopf radius from its nominal value of 3.0 GeV−1
196

to 1.5 GeV−1 and 4.5 GeV−1, as well as by adjusting fixed parameters, such as the masses197

and widths of D∗
s2(2573)+, D∗

s3(2860)+, and Tcc1(4430)− states, by ±1σ of their known198

uncertainties [38]. The spline points in the QMI model are shifted by ±10 MeV to explore199

their impact. For the fit model, systematic uncertainties are evaluated by comparing200

the baseline results with alternative scenarios, including the use of a K-matrix model to201

describe the D0K+ JP = 1− component, and the inclusion of a potential additional D0K+
202

resonant state identified through a comprehensive scan over all physically allowed JP
203

hypotheses. The largest deviation from the baseline fit across these variations is assigned204

as the systematic uncertainty. The total systematic uncertainty is obtained by adding205

6

LHCb-PAPER-2026-033 (preliminary)

14 / 21

https://lhcb-glance.cern.ch/alcm/analysis/details/3991


Baryon results shown in this talk
After MENU 2023 Beyond the meson sector, these baryon results 

complement LHCb’s broader hadron-spectroscopy 

programme:

• New charmed baryon:
Ξ𝑐(2923)+ → Ξ+

𝑐 𝜋−𝜋+
PRL 135 (2025) 161901

• New excited charmed baryons
Σ𝑐(2900)0

 and Σ𝑐(3200)0
arXiv:2607.10595

• New doubly charmed baryons with Run 3 data:
Ω+

𝑐𝑐 → Ω0
𝑐 𝜋+

arXiv:2609.21921

Ξ+
𝑐𝑐 → Λ+

𝑐 𝐾−𝜋+
PRL 137 (2026) 021902
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New charmed baryon: Ξ𝑐(2923)+
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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.

the wrong-sign sample. The optimal requirement is calculated separately for the four
mass assignments used in simulation, and exhibits a weak mass dependence. The chosen
requirement is based on the Ξc(2923)+ hypothesis, and retains 34% of signal while rejecting
99.3% of 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 [31], or in the case of Ξc(2923)+ to the
corresponding neutral state observed in decays to Λ+

c K
− [36].

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, giving a compromise between a good fit quality and
a small number of free parameters. Each signal peak is described by the convolution of a
relativistic Breit–Wigner function with a resolution function obtained from simulation.

5

Ξ𝑐(2923)+

• First observation  of the charged 

Ξ𝑐(2923)+
 in the Ξ+

𝑐 𝜋−𝜋+ spectrum.

• Measured mass/width:

stat syst Ξ+
𝑐  mass

𝑚 = 2922.8 ±0.3 ±0.5 ±0.2 MeV
Γ = 5.3 ±0.9 ±1.4 MeV

• Consistent with the isospin partner of 

the previously observed Ξ𝑐(2923)0
.

PRL 135 (2025) 161901
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New excited charmed baryons: Σ𝑐(2900)0
 and Σ𝑐(3200)0

• Amplitude analysis of 

𝐵− → Λ+
𝑐 𝑝𝜋−

• Candidates within the red 

box are considered for the 

amplitude fit
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Figure 2: Distributions of (left) mΛ+
c π− , (middle) mΛ+

c p and (right) mpπ− invariant masses. The
results of the baseline fit for solutions of groups (top) A and (bottom) B are also shown.

Table 1: Masses, widths and relative fit fractions (R(Σ∗∗0
c )) of B−→ Σ∗∗0

c (→ Λ+
c π

−)p relative
to B−→ Σc(2455)

0(→ Λ+
c π

−)p for the two groups of solutions, where the first uncertainties are
statistical and the second are systematic. The JP of the Σc(2520)

0 state is measured to be 3/2+.

Parameter Group A Group B

mΣc(2800)0 [GeV/c2] 2.819 ± 0.006 ± 0.002 2.848 ± 0.004 ± 0.006

ΓΣc(2800)0 [GeV] 0.033 ± 0.007 ± 0.008 0.099 ± 0.007 ± 0.021

mΣc(2900)0 [GeV/c2] 2.908 ± 0.005 ± 0.009 2.914 ± 0.003 ± 0.008

ΓΣc(2900)0 [GeV] 0.175 ± 0.008 ± 0.023 0.092 ± 0.006 ± 0.023

mΣc(3200)0 [GeV/c2] 3.186 ± 0.006 ± 0.014 3.190 ± 0.005 ± 0.011

ΓΣc(3200)0 [GeV] 0.133 ± 0.018 ± 0.027 0.100 ± 0.015 ± 0.032

R(Σc(2520)0) 0.09 ± 0.01 ± 0.02 0.11 ± 0.01 ± 0.03

R(Σc(2800)0) 0.09 ± 0.02 ± 0.05 0.86 ± 0.07 ± 0.42

R(Σc(2900)0) 1.68 ± 0.07 ± 0.29 0.50 ± 0.04 ± 0.19

R(Σc(3200)0) 0.21 ± 0.03 ± 0.05 0.17 ± 0.03 ± 0.05

R((Λ+
c π

−)NRS−wave) 2.19 ± 0.14 ± 0.22 2.23 ± 0.11 ± 0.30

significance of the three Σ∗∗0
c states is evaluated using likelihood-ratio tests based on pseu-

doexperiments [49]. The two-resonance hypothesis to model the structure at 2.8 GeV/c2,
corresponding to the Σc(2800)0 and Σc(2900)0 states, is favored over the single-resonance
hypothesis with a significance of 7.5σ, including systematic uncertainties. The Σc(3200)0

state is observed with a significance of 12.0σ. Additional resonant contributions in the
Λ+

c π
− system are investigated but found to be negligible.

The ratio between the fractional contribution to B−→ Λ+
c pπ

− decay of the high-mass

5

• The six panels show two equally good solutions: Group A (top) 

has a narrow Σ0
𝑐(2800) and broad Σ0

𝑐(2900), while Group B (bottom) 

gives them similar widths.

arXiv:2607.10595
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First Run 3 baryon observation: Ξ+
cc

Ξ+
cc → Λ+

𝑐 𝐾−𝜋+

• Decay channel: Ξ+
𝑐𝑐 → Λ+

𝑐 𝐾−𝜋+, using 6.9fb−1 at 

13.6 TeV collected in 2024 (Run 3).

• First new particle observed with the LHCb Run 3 

detector; significance exceeds 7𝜎 .

• Mass and isospin splitting (Δ𝑚 = 𝑚(Ξ+
𝑐𝑐) − 𝑚(Ξ++

𝑐𝑐 )):
stat. syst. 𝜏(Ξ+

𝑐𝑐)

𝑚 = 3619.97 ±0.83 ±0.26  +1.90
−1.30 MeV/ 𝑐2

Δ𝑚 = −1.77 ±0.84 ±0.15  +1.90
−1.30 MeV/ 𝑐2

• Nearly equal masses: consistent with the predicted 

balance of strong and electromagnetic effects. 

PRD 91 (2015) 094502

PRL 137 (2026) 021902
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New doubly charmed baryon: Ω+
𝑐𝑐(𝑐𝑐𝑠)
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Figure 3: Mass distributions of the (left) Ω+
cc and (right) Ξ++

cc candidates, with the fit results
overlaid.

and Ξ++
cc invariant-mass distributions shown in Fig. 3. The signals are described by the

sum of a Gaussian function and a modified Gaussian function with power-law tails on
both sides [97]. All shape parameters are fixed to values obtained from simulation, except
for the mass peak positions and resolution. The resolution in the Ξ++

cc signal channel
is free to vary in the fit, while the resolution in the Ω+

cc signal channel is fixed to the
simulated value corrected by the difference between data and simulation evaluated with
the Ξ++

cc sample. The background is described by a linear function with a slope that is
free to vary in the fit. The Ω+

cc signal yield is measured to be 184 ± 24, corresponding to
a local significance of 9.0σ evaluated with a likelihood-ratio test [98]. After accounting
for the look elsewhere effect [99] in the range 3660–3780 MeV/c2, the global significance is
8.7σ. The Ξ++

cc signal yield is measured to be 2770 ± 110, and the Ξ++
cc mass resolution is

measured to be 6.3 ± 0.3 MeV/c2, corresponding to an Ω+
cc mass resolution of 6.4 MeV/c2.

The difference between the mass peak positions of the Ω+
cc and Ξ++

cc baryons is measured
to be 104.6 ± 1.0 MeV/c2. Using the mass difference cancels, to leading order, the bias
associated with the companion pion, as discussed below.

The event selection favors candidates with larger flight distances. In the presence of
multiple scattering, this biases the opening angles between the decay products and there-
fore the reconstructed invariant mass [85]. The size of the effect depends on the selection
requirements and on the lifetime of the decaying hadron. For weakly decaying charmed
hadrons, the bias is typically not negligible. It can be evaluated with simulation by com-
paring the fitted mass of signal candidates before and after applying the selection [50, 55].
The bias is studied for Ω+

cc lifetime hypotheses in the interval [90, 190] fs, chosen according
to the predicted lifetime ratio τ(Ω+

cc)/τ(Ξ++
cc ) [49] and the measured lifetime of the Ξ++

cc

baryon [56]. Within this interval, the bias on the mass difference, which is subtracted from
the fitted value, is parameterized as p0 + p1 × τ(Ω+

cc), where p0 = 1.3 ± 0.1 MeV/c2 and
p1 = (−7.4 ± 0.7) × 10−3 MeV/c2 fs−1. At the midpoint, τ(Ω+

cc) = 140 fs, the correction is
0.30 MeV/c2.

The main sources of systematic uncertainty on the measurement of the mass difference
are summarized in Table 1, including those associated with the selection-induced bias
correction, the unknown Ω+

cc lifetime, and the uncertainties on the masses of the charmed
baryons. The dependence of the selection-induced bias correction on the Ω+

cc lifetime is

5

Significance

= 8.7𝜎

• Decay chain:
Ω+

𝑐𝑐 → Ω0
𝑐 𝜋+

⤷ 𝑝𝐾−𝐾−𝜋+

• using 6.3fb−1 at 13.6 TeV collected in 

2024 (Run 3)

• Mass:

stat. syst. lifetime
external
masses

3725.9 ±1.0 ±0.2 ±0.4 ±0.6 MeV/ 𝑐2

• Width measurement is consistent with 

detector resolution.

arXiv:2609.21921
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Completing the spin-1/2 baryon multiplet
Ω+

𝑐𝑐  (𝑐𝑐𝑠)
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Figure 3: Mass distributions of the (left) Ω+
cc and (right) Ξ++

cc candidates, with the fit results
overlaid.

and Ξ++
cc invariant-mass distributions shown in Fig. 3. The signals are described by the

sum of a Gaussian function and a modified Gaussian function with power-law tails on
both sides [97]. All shape parameters are fixed to values obtained from simulation, except
for the mass peak positions and resolution. The resolution in the Ξ++

cc signal channel
is free to vary in the fit, while the resolution in the Ω+

cc signal channel is fixed to the
simulated value corrected by the difference between data and simulation evaluated with
the Ξ++

cc sample. The background is described by a linear function with a slope that is
free to vary in the fit. The Ω+

cc signal yield is measured to be 184 ± 24, corresponding to
a local significance of 9.0σ evaluated with a likelihood-ratio test [98]. After accounting
for the look elsewhere effect [99] in the range 3660–3780 MeV/c2, the global significance is
8.7σ. The Ξ++

cc signal yield is measured to be 2770 ± 110, and the Ξ++
cc mass resolution is

measured to be 6.3 ± 0.3 MeV/c2, corresponding to an Ω+
cc mass resolution of 6.4 MeV/c2.

The difference between the mass peak positions of the Ω+
cc and Ξ++

cc baryons is measured
to be 104.6 ± 1.0 MeV/c2. Using the mass difference cancels, to leading order, the bias
associated with the companion pion, as discussed below.

The event selection favors candidates with larger flight distances. In the presence of
multiple scattering, this biases the opening angles between the decay products and there-
fore the reconstructed invariant mass [85]. The size of the effect depends on the selection
requirements and on the lifetime of the decaying hadron. For weakly decaying charmed
hadrons, the bias is typically not negligible. It can be evaluated with simulation by com-
paring the fitted mass of signal candidates before and after applying the selection [50, 55].
The bias is studied for Ω+

cc lifetime hypotheses in the interval [90, 190] fs, chosen according
to the predicted lifetime ratio τ(Ω+

cc)/τ(Ξ++
cc ) [49] and the measured lifetime of the Ξ++

cc

baryon [56]. Within this interval, the bias on the mass difference, which is subtracted from
the fitted value, is parameterized as p0 + p1 × τ(Ω+

cc), where p0 = 1.3 ± 0.1 MeV/c2 and
p1 = (−7.4 ± 0.7) × 10−3 MeV/c2 fs−1. At the midpoint, τ(Ω+

cc) = 140 fs, the correction is
0.30 MeV/c2.

The main sources of systematic uncertainty on the measurement of the mass difference
are summarized in Table 1, including those associated with the selection-induced bias
correction, the unknown Ω+

cc lifetime, and the uncertainties on the masses of the charmed
baryons. The dependence of the selection-induced bias correction on the Ω+

cc lifetime is

5

Ξ+
𝑐𝑐  (𝑐𝑐𝑑)

• Together with Ξ++
𝑐𝑐  (𝑐𝑐𝑢), discovered in 2017: the ground-state spin-

1/2 multiplet is complete.

• Spin-3/2 partners remain to be discovered.

↓

↓
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Summary and outlook
• New results since MENU 2023:

‣ Meson spectroscopy:

– Three charmonium-like states, ℎ𝑐(4000), 𝜒𝑐1(4010), ℎ𝑐(4300), with measured 𝐽 𝑃𝐶

– First orbitally excited 𝐵+
𝑐  signal, with four 1𝑃  levels still unresolved

– New 𝐷𝑠1(2933)+
 state with 𝐽 𝑃 = 1+, and tentative spectroscopic assignment

– Unexpectedly light and narrow 𝐵∗
𝑠0(5700)0

‣ Exotic-structure tests:

– Confirmed 𝑇 ∗
𝑐𝑠0(2870)0

 and 𝑇 ∗
𝑐𝑠1(2900)0

– 𝑋(3872) radiative decays challenge a purely molecular interpretation in the models tested

– 𝑍(4430) in hidden and open charm: revisited in 𝜓(2𝑆)𝜋  and first observed in 𝐷∗𝐷
‣ Baryon spectroscopy:

– New Ξ+
𝑐  and Σ0

𝑐  states; Run 3 observations of Ω+
𝑐𝑐  and Ξ+

𝑐𝑐
• Outlook with Run 3: a much larger dataset and many ongoing analyses promise more spectroscopy 

results in the near future.
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