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Spectroscopy at LHCb
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The LHCb Detector
LHCb is a single-arm spectrometer in the forward region
(2 < η < 5) at the LHC.
Optimised for studying b (and c) decays which are boosted in
the forward region.
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The LHCb Detector
Good tracking and particle identification performance.

VELO and T stations.
▶ Momentum resolution σp/p ≈ 0.5− 1%.
▶ IP resolution (15 + 29/pT [GeV])µm.

Muon, RICH, ECAL and HCAL.
▶ ϵ(e) ∼ 90%, e → h misID ∼ 5%.
▶ ϵ(K) ∼ 95%, π → K misID ∼ 5%.
▶ ϵ(µ) ∼ 97%, π → µ misID ∼ 1− 3%.
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Recent Spectroscopy Results
LHCb has a strong record of spectroscopy results.
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Recent Spectroscopy Results

Conventional
▶ Ξc(2923)+ and Ξc(2939)+ in B0 → Λ+

c Λ̄c
−K0

s .
▶ Ds1(2933)+ in B0 → D+D−K+π−.
▶ Σc(2800)0, Σc(2900)0 ,Σc(3200)0 in B− → Λ+

c p̄π−.
▶ Bc(1P)+ in B+

c γ spectroscopy.
▶ Ξ+

cc discovery covered by Xuhao. I want to add that predicted
τ(Ξ+

cc) ∼ detector resolution.
Exotic
▶ Λb → Λ+

c D−
s K+K−.

▶ χc(3872) → J/ψµ+µ−.
▶ Tcc̄(4430)+ in B+ → ψ(2S)K0

sπ
+.

▶ Amplitude analysis of B0 → ηcK+π−.
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Conventional Spectroscopy
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Bc(1P)+ → B+
c γ

PRD 112 (2025) 11, 112003
PRL 135 (2025) 23, 231902

Search for orbitally excited Bc(1P)+ via B+
c γ.

Experimental data can resolve a two-peak structure, with
▶ M1 = 6704.8± 5.5(stat)± 2.8(syst)± 0.3(B+

c ) MeV
▶ M2 = 6752.4± 9.5(stat)± 3.1(syst)± 0.3(B+

c ) MeV
Attempted fits with 6 peak theory models:
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B0 → Λ+
c Λ̄

−
c K0

s LHCb-PAPER-2025-072 in preparation

Isospin partner of B+ → Λ+
c Λ̄

−
c K+ seen by Belle

(EPJC 78 (2018) 3, 252), BaBar (PRD 77 (2008) 031101) and LHCb
(PRD 108 (2023) 012020).
▶ BaBar and Belle reported Ξc(2930).
▶ PRL 124 (2020) 22, 222001: LHCb analaysis of Ξ′

c → Λ+
c K−

found two peaks, Ξc(2923) and Ξc(2939). Resolved Ξc(2930)?
210 B0 → Λ+

c Λ̄
−
c K0

s signal events.
Significances: 3.9σ double peak vs no resonance hypotheses,
1.7σ double peak vs single peak hypotheses.
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B0 → D+D−K+π− LHCb-PAPER-2025-073 in preparation

Previously observed Ds0(2590)
+ at m(K+π−) < 750 MeV in this

decay mode. PRL 126 (2021) 12, 122002
Perform amplitude analysis over full phase space.
Require a new Ds1(2933)

+ state with > 10σ significance.
▶ M = 2933+6+4

−5−3 MeV, Γ = 72+18+7
−12−10 MeV.

▶ JP = 1+ favored over 0−, 1+, 2± by > 5σ.
Compatible with conventional Ds(2P′

1)
+ state.
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Figure 2: Distributions of m(D+K+ω→) for B0
→ D+D→K+ω→ candidates in the signal region

with fit results from model (left) without and (right) with the new D+
s state.

by this procedure. Its mass and width are measured to be197

m = 2933 +6
→5 (stat)

+4
→3 (syst)MeV,

! = 72 +18
→12 (stat)

+ 7
→10 (syst)MeV,

respectively, where the first uncertainty is statistical and the second systematic. Since198

its spin-parity is JP = 1+, the new state is denoted as Ds1(2933)+. The pole199

mass and width of the Ds0(2590)+ are found to be 2606 +2
→5 (stat)

+11
→11 (syst)MeV and200

87 + 5
→14 (stat)

+ 5
→13 (syst)MeV, respectively, consistent with the values reported in the pre-201

vious analysis [16]. Fit fractions, defined as in Ref. [42], are reported in Table 1 for all202

components in the amplitude model.203

Systematic uncertainties on the measured parameters are summarised in Tables 2204

and 3 of the End Matter. The dominant uncertainties arise from modeling of the205

resonance lineshapes, and are assessed by replacing the baseline parametrisations with other206

commonly used descriptions of the same states. For instance, the (K+ω→)S component is207

described using the LASS parameterisation [44] in the baseline model, and is replaced208

by a K-matrix formalism with parameters taken from the FOCUS experiment [46] when209

evaluating the associated systematic uncertainty. Other sources include imperfections in210

the corrections applied to simulated samples; limited size of input samples and the choice211

of hyper-parameters in the KDE used for e”ciency and background parametrisations;212

uncertainties from fixed resonance parameters and the Blatt–Weisskopf barrier radius;213

inclusion of additional potential contributions from known resonances, namely D↑
s3(2860)

+,214

Tcc1(3900), Tcc1(4430), T ↑
cs0(2870)

0, T ↑
cs1(2900)

0, T ↑
cs0(2900), ε(4230), ε(4360), and ε(4415);215

the background fraction determined from the B0 mass fit; the treatment of non-double-216

charm backgrounds and events with multiple B0 candidates; and potential intrinsic biases217

in the amplitude-fit procedure. The total systematic uncertainty is obtained by the sum218

in quadrature of the contributions from di#erent sources, with positive and negative219

variations treated separately.220

In conclusion, an amplitude analysis of the full phase space of B0
→ D+D→K+ω→

221

decays is performed, which reveals a new resonance, Ds1(2933)+, in the D+K+ω→ sys-222

tem with statistical significance exceeding 10 standard deviations. The Breit–Wigner223

parameters of this state are determined to be m = 2933 +6
→5 (stat)

+4
→3 (syst)MeV and224

! = 72 +18
→12 (stat)

+ 7
→10 (syst)MeV, with its spin-parity found to be JP = 1+. Fit frac-225

tions of the individual components in the amplitude fit are also measured. The Ds1(2933)+226

6

Figure: Without (left) and with (right) Ds1(2933)+ in the fit.
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B− → Λ+
c p̄π− LHCb-PAPER-2026-001 in preparation

Σc(2800) observation by Belle (PRL 94 (2005) 122002), but BaBar
analysis (PRD 78 (2008) 112003) of B− → Λ+

c p̄π− measured an
inconsistent mass. Mixing or multiple states?
LHCb amplitude analysis of B− → Λ+

c p̄π− favors Σc(2800)
0,

Σc(2900)
0 and Σc(3200)

0.
▶ Two peak Σc(2800)-Σc(2900) favored over single peak by 7.5σ.
▶ Σc(3200)0 observed with 12.0σ.
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Figure 2: Distributions of (a,d) mω+
c ε→ , (b,e) mω+

c p and (c,f) mpε→ invariant masses. The results
of the baseline fit for solutions of (top) group A and (bottom) B also shown.

of the ωc(2800)0 and widths of the ωc(2900)0 di!er significantly from those obtained in158

Group A. The preferred spin–parity assignments in Group B are JP = 1/2→, 1/2+, and159

3/2→ for the three ω↑↑0
c states, respectively. The two-body invariant-mass distributions160

and projections of the amplitude fit are shown in Fig. 2. Despite the di!erences in the161

individual contributions between the two groups, the overall fits describe the data equally162

well. The measured masses and widths of the three ω↑↑0
c states are listed in Table 1, where163

the quoted statistical uncertainties are obtained using pseudoexperiments.164

The best solution in each group is taken as baseline model, while the spread among165

solutions within the same group is assigned as a source of systematic uncertainty. The166

significance of the three ω↑↑0
c states is evaluated using likelihood-ratio tests based on pseu-167

doexperiments [41]. The two-resonance hypothesis to model the structure at 2.8GeV/c2,168

corresponding to the ωc(2800)0 and ωc(2900)0 states, is favored over the single-resonance169

hypothesis with a significance of 7.5ε, including systematic uncertainties. The ωc(3200)0170

state is observed with a significance of 12.0ε. Additional resonant contributions in the171

ϑ+
c ϖ

→ system are investigated but found to be negligible.172

The ratio between the fractional contribution of the high-mass ω↑↑0
c resonance to the173

B→→ ϑ+
c ϖ

→p decay and that of the ωc(2455)0 resonance is determined as174

R(ω↑↑0
c ) ↑ FF[B→→ ω↑↑0

c (→ ϑ+
c ϖ

→)p]

FF[B→→ ωc(2455)0(→ ϑ+
c ϖ

→)p]
, (3)

where the fraction (FF) for a resonance is calculated as the ratio of the phase-space175

integral of the squared amplitude for that resonance to the integral of the total squared176

amplitude. Relative fit fractions are obtained using integrals over the full Dalitz plot.177

Various systematic uncertainties are considered for the mass, width and fractions of178

the ω↑↑0
c states, as summarized in Tables 2 and 3 in the End Matter. The uncertainty179

associated with the invariant-mass fit is evaluated by repeating the amplitude fit while180

varying the background fraction within its statistical uncertainty and by modifying the181
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Figure 2: Distributions of (a,d) mω+
c ε→ , (b,e) mω+

c p and (c,f) mpε→ invariant masses. The results
of the baseline fit for solutions of (top) group A and (bottom) B also shown.

of the ωc(2800)0 and widths of the ωc(2900)0 di!er significantly from those obtained in158

Group A. The preferred spin–parity assignments in Group B are JP = 1/2→, 1/2+, and159

3/2→ for the three ω↑↑0
c states, respectively. The two-body invariant-mass distributions160

and projections of the amplitude fit are shown in Fig. 2. Despite the di!erences in the161

individual contributions between the two groups, the overall fits describe the data equally162

well. The measured masses and widths of the three ω↑↑0
c states are listed in Table 1, where163

the quoted statistical uncertainties are obtained using pseudoexperiments.164

The best solution in each group is taken as baseline model, while the spread among165

solutions within the same group is assigned as a source of systematic uncertainty. The166

significance of the three ω↑↑0
c states is evaluated using likelihood-ratio tests based on pseu-167

doexperiments [41]. The two-resonance hypothesis to model the structure at 2.8GeV/c2,168

corresponding to the ωc(2800)0 and ωc(2900)0 states, is favored over the single-resonance169

hypothesis with a significance of 7.5ε, including systematic uncertainties. The ωc(3200)0170

state is observed with a significance of 12.0ε. Additional resonant contributions in the171

ϑ+
c ϖ

→ system are investigated but found to be negligible.172

The ratio between the fractional contribution of the high-mass ω↑↑0
c resonance to the173

B→→ ϑ+
c ϖ

→p decay and that of the ωc(2455)0 resonance is determined as174

R(ω↑↑0
c ) ↑ FF[B→→ ω↑↑0

c (→ ϑ+
c ϖ

→)p]

FF[B→→ ωc(2455)0(→ ϑ+
c ϖ

→)p]
, (3)

where the fraction (FF) for a resonance is calculated as the ratio of the phase-space175

integral of the squared amplitude for that resonance to the integral of the total squared176

amplitude. Relative fit fractions are obtained using integrals over the full Dalitz plot.177

Various systematic uncertainties are considered for the mass, width and fractions of178

the ω↑↑0
c states, as summarized in Tables 2 and 3 in the End Matter. The uncertainty179

associated with the invariant-mass fit is evaluated by repeating the amplitude fit while180

varying the background fraction within its statistical uncertainty and by modifying the181
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B− → Λ+
c p̄π− LHCb-PAPER-2026-001 in preparation

Masses and widths categorized as Group A and Group B.
▶ Each group contains multiple spin-parity permutations, but

measured masses and widths are similar.
▶ Preferred JP is 3/2+, 1/2−, 3/2− for Group A.
▶ Preferred JP is 1/2−, 1/2+, 3/2− for Group B.

R is fit fraction relative to B− → Σc(2455)p̄.
Table 1: Masses, widths and relative fit fractions of B→→ ω↑↑0

c p ,ω↑↑0
c → ε+

c ϑ
→ relative to

B→→ ωc(2455)0p ,ω↑↑0
c → ε+

c ϑ
→ (R(ω↑↑0

c )) for two groups of solutions, the first uncertainties
are statistical and the second uncertainties are systematic.

Parameter Group A Group B

mωc(2800)0 [GeV/c2] 2.8192± 0.0060± 0.0020 2.8483± 0.0037± 0.0055

!ωc(2800)0 [GeV] 0.0326± 0.0068± 0.0080 0.0990± 0.0072± 0.0209

mωc(2900)0 [GeV/c2] 2.9077± 0.0048± 0.0087 2.9143± 0.0032± 0.0081

!ωc(2900)0 [GeV] 0.1754± 0.0082± 0.0225 0.0921± 0.0061± 0.0234

mωc(3200)0 [GeV/c2] 3.1859± 0.0059± 0.0144 3.1898± 0.0054± 0.0107

!ωc(3200)0 [GeV] 0.1331± 0.0176± 0.0267 0.1001± 0.0154± 0.0323

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

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

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

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

R((ε+
c ϑ

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

mass-fit parametrization. The fit is also repeated using data samples selected with182

di”erent BDT requirements, leading to varying signal and background yields. E#ciency183

uncertainties across the Dalitz plot arise from several sources: the binning scheme of the184

e#ciency map, assessed using alternative binning schemes; limited simulation statistics,185

estimated by resampling of the e#ciency map; and imperfections in track-e#ciency and186

modeling of the hardware-level trigger responses, which are corrected for with data-driven187

methods. All contributions are summed in quadrature to obtain the total e#ciency188

uncertainty. The uncertainty associated with the simulation sample accounts for both the189

limited size of the simulated sample and the discrepancy between the data and simulation190

samples on variables used in the BDT training. The impact of ε+
c decay is accounted191

for by reweighting simulation samples to match data. Since the reweighting depends192

on the chosen phase space, di”erent phase-space regions are used to assess this e”ect,193

and the resulting di”erences in are taken as a systematic uncertainty. The influence of194

ε+
c polarization is also considered by comparing data and simulation for distributions195

related to the ε+
c polarization and found to be negligible. Uncertainties arising from196

fixed parameters are also taken into account, including the resonance radii entering the197

Blatt–Weisskopf factors and the ϖ resonance lineshape parameters. The uncertainty198

from the resonance radii entering the Blatt–Weisskopf factors are studied by varying the199

baseline values of 4 (GeV/c)→1 to 3 or 5 (GeV/c)→1. The uncertainties associated with200

fixing the ϖ masses and widths are evaluated by allowing these parameters to float in the201

amplitude fit, with Gaussian constraints centered on their known values. For uncertainties202

associated with alternative models, instead of a coherent sum of Breit–Wigner amplitudes,203

K-matrix models [42] are used to describe the JP = 3/2→ ϖ resonances and JP = 1/2→204

ε+
c ϑ

→ contributions, respectively. Di”erent nonresonant models, such as second order205

polynomial functions, are tested. Since the JP quantum numbers of the three ω↑↑0
c states206

cannot be determined unambiguously, the spread among solutions within each group is207

treated as a source of systematic uncertainty, labeled as the JP configurations. The total208

6
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Λb → Λ+
c D−

s K+K− PRD 112 (2025) 5, 052013

Search for Pcc̄s near ΞcD(∗)
s thresholds in Λ+

c D−
s system.

▶ B− → J/ψΛp̄: Pcc̄s(4338), > 15σ, PRL 131, 031901 (2023).
▶ Ξ−

b → J/ψΛK−: Pcc̄s(4459), 3.1σ, Sci.Bull. 66 (2021) 1278-1287.
Measured relative branching fraction:

B(Λb → Λ+
c D−

s K+K−)

B(Λb → Λ+
c D−

s )
= 0.0141± 0.0019± 0.0012

No sensitivity to Pcc̄s in m(Λ+
c D−

s ). Potential improvement in
Run 3 with software triggers.
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χc1(3872) → J/ψµ+µ− LHCb-PAPER-2025-043

Probe internal structure of χc1(3872).
▶ Photon pole dominates at low mµµ.
▶ ρ and ω contributes at high mµµ.

Study secondary vertex χc1(3872) (from b decays).
Measure branching fraction relative to χc1(3872) → J/ψπ+π−:

R =
B(χc1(3872) → J/ψµ+µ−)

B(χc1(3872) → J/ψπ+π−)
= (1.64± 0.32± 0.05)× 10−3.
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B+ → ψ(2S)K0
sπ

+ Amplitude Analysis arXiv:2511.20428

Isospin partner of B0 → ψ(2S)K+π−, Tcc̄(4430)
− seen by Belle

(PRL 100 (2008) 142001) and LHCb (PRL 112 (2014) 22, 222002).
Fitting B+ → ψ(2S)K0

sπ
+ with only K∗+ resonances cannot

describe the data in m(J/ψπ+) well.
A model independent cubic spline with L = 0 shows a circular
loop, supporting the existence of a resonance.
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B+ → ψ(2S)K0
sπ

+ Amplitude Analysis arXiv:2511.20428

Breit-Wigner Tcc̄(4430)
+ consistent with previous LHCb results:

▶ M = 4.452± 0.016+0.055
−0.033 GeV, Γ = 0.174± 0.019+0.083

−0.020 GeV.
▶ JP = 1+ is favored by 6σ over 0−, 1−, 2−, 2+.

Molecular hypothesis modelled with Flatté parameterization:

F =
1

m2
f − m2 − i(ρ1g2

1 + ρ2g2
2)

▶ With channel 1 = ψ(2S)π+ and channel 2 = D̄∗
1(2600)

0D+:

g1 = 1.58± 0.17+0.05
−0.82 GeV, g2 = 0.00± 1.78± 2.81 GeV.

▶ |g1/g2| < 6.8 at 95% confidence level, constraining
D̄∗
1(2600)

0D+ coupling to Tcc̄1(4430)+.
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B+ → ψ(2S)K0
sπ

+ Amplitude Analysis arXiv:2511.20428

Triangle singularity model of PRD 100 (2019) 5, 051502 can
describe the data as well as Breit-Wigner.
▶ Arise from rescattering of ψ(4230)π+ → ψ(2S)π+ in

B+ → ψ(4230)K∗(892)+.
▶ However, this implies a large B+ → ψ(4230)K∗(892)+

branching fraction, which can be seen in other decay modes.
Current dataset is statistically insensitive to distinguish between
triangle singularity and Breit-Wigner models.
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B0 → ηcK+π− Amplitude Analysis arXiv:2509.03133

Previous analysis with LHCb Run 1 + 2016 data (4.7 fb−1)
found an evidence for Tcc̄(4100)

−: EPJC 78 (2018) 12, 1019

M = 4096± 20+18
−22 MeV, Γ = 152± 58+60

−35 MeV.
This update uses the entire LHCb Run 1 + 2 dataset (9 fb−1).
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B0 → ηcK+π− Amplitude Analysis arXiv:2509.03133

Tcc̄(4100)
− component with JP = 1− has 3.6σ significance.

Background parametrization systematic reduces this to 2.5σ.
▶ Supersedes previous results: no evidence of exotic candidates in

B0 → ηcK+π− decays with Run 1 + 2 LHCb dataset.
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Figure 4: Mass distribution of the selected ω+
cc candidates in data, with fit results shown.

mass, M(ω+
cc), and the mass di!erence between the ω+

cc and ω++
cc baryons,185

”M → M(ω+
cc)↑M(ω++

cc ), include the e!ects of the momentum-scale calibration, the186

energy loss [100], the selection, the invariant-mass fit model, the uncertainty on the187

ε+
c mass, and the unknown ω+

cc lifetime. They are summarized in Table 1. After the188

momentum-scale calibration, an uncertainty of ±0.02% is assigned, which is estimated by189

using samples of ϑ and ϖ(2S) decays. The energy loss is evaluated following Ref. [100] by190

studying the fitted mass of ϖ(2S)↓ J/ϖϱ+ϱ→ decays as a function of the momentum of191

the pair of pions to determine the bias. The bias on the ω+
cc mass due to the selection is192

estimated using simulation, and has a uncertainty due to the limited size of simulation193

sample. Such bias depends on the unknown ω+
cc lifetime, which introduces a further source194

of uncertainty on the correction. This uncertainty is estimated by repeating the analysis195

for other ω+
cc lifetime hypotheses between 15 and 160 fs (adding approximately 20 fs on196

both sides of the predicted range 36–138 fs). The bias is estimated to be +3.3±0.2MeV/c2197

for 15 fs and +0.1± 0.1MeV/c2 for 160 fs, respectively. These correspond to an additional198

correction of ↑1.3MeV/c2 for 15 fs and +1.9MeV/c2 for 160 fs, and are listed separately.199

The dependence of the measurement on the mass fit model is estimated by varying the200

shape parameters that are fixed according to simulation, by using alternative signal and201

background models (a double Crystal Ball function as signal or an exponential function as202

background), and by repeating the fits in di!erent mass ranges. The largest deviation in203

the results is assigned as a systematic uncertainty. Finally, since the ω+
cc mass is measured204

relative to the ε+
c mass, the uncertainty of 0.14MeV/c2 on the world-average value [96]205

of the latter is included. The total systematic uncertainty is obtained as the sum in206

quadrature of these uncertainties.207

In summary, a significant structure that is consistent with the ω+
cc baryon is observed208

in the final state ε+
c K

→ϱ+ in a pp data sample collected with the LHCb Run 3 detector209

during 2024 at a center-of-mass energy of 13.6TeV, with a signal yield of 915± 120. The210

mass of the structure is measured to be211

M(ω+
cc) = 3619.97± 0.83± 0.26 +1.90

→1.30MeV/c2,

where the first uncertainty is statistical, the second is systematic, and the third is due to212

the unknown ω+
cc lifetime, which is assumed to lie in the range 15–160 fs with a baseline213

6

LHCb-PAPER-2026-009 in preparation

LHCb has a rich physics program of hadron spectroscopy:
▶ Studies of conventional hadrons from b decays (excited Sigmac,

Ds, Ξc) or radiative transitions of excited b decays (excited Bc).
▶ Studies of exotic χc1(3872), Tcc̄, Pcc̄s from b decays.

Expect more to come with Upgraded Run 3 detector!
▶ Software triggers 2− 3× more efficient on hadronic b decays.
▶ Ξ+

cc discovery with 4× more efficient triggers in Run 3.
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