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Conventional hadrons

◉ Conventional hadrons: color-singlet

❒ Meson: ത𝑞𝑞

❒ Baryon: 𝑞𝑞𝑞

CONVENTIONAL

EXOTIC

Properties

❍ New state
❍ New decay
❍ Mass & Width (lifetime)
❍ Production
❍ Branching ratio 
❍ Quantum numbers
❍ ……

◉ ℒ𝑄𝐶𝐷 is in principle expected to fully describe the spectrum 

and properties of hadrons

◉ Experimental measurements in hadron spectroscopy

❒ Extend the knowledge of QCD

❒ Provide crucial inputs to reduce the uncertainties in theory

❒ Help to understand the ways in which QCD forms bound 

states and about their internal structure

[PDG Appendix]

https://pdg.lbl.gov/2021/reviews/rpp2021-rev-qcd.pdf
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◉ The world’s largest samples of reconstructed conventional heavy flavour hadrons are collected with LHCb

during LHC RunI and RunII

◉ So far 75 hadrons have been discovered at the LHC, of which 67 by LHCb

◉ The list is still growing… 

Conventional Hadron Spectroscopy at LHCb

The conventional spectroscopy still 

major player

[https://www.nikhef.nl/~pkoppenb/hadrons//Masses.pdf]

https://www.nikhef.nl/~pkoppenb/hadrons/Masses.pdf
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◉ This talk will focus on the selected topics of conventional hadron spectroscopy, includes:

❒ Recent observations of new hadron

❒ Recent measurements of hadron property

Conventional Hadron Spectroscopy at LHCb

[https://www.nikhef.nl/~pkoppenb/hadrons//Masses_conventional_hadrons.pdf]

❍ Observation of  𝛺𝑐 3185 0 and 𝛺𝑐 3327 0

❍ Observation of  𝛯𝑏 6100 − , 𝛯𝑏 6087 0 and 𝛯𝑏 6095 0

❍ Study of hidden beauty spectroscopy

❍ Determination of the spin-parities of  𝛯𝑐 3055 + 0

[Phys. Rev. Lett. 118, 182001]

[Phys. Rev. Lett. 131 (2023) 171901]

[arXiv:2408.05134]

[arXiv:2409.05440]

https://www.nikhef.nl/~pkoppenb/hadrons/Masses_conventional_hadrons.pdf
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.118.182001
https://doi.org/10.1103/PhysRevLett.131.171901
https://arxiv.org/abs/2408.05134
https://arxiv.org/abs/2409.05440
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The LHCb detector

◉ A general purpose detector covering the forward region: 2 < 𝜂 < 5

◉ Unprecedented 𝑏 and 𝑐 samples delivered by the LHC → designed for heavy flavor physics

◉ Perfect conditions for both precision measurements & observations of new states

◉ Successful operation in RunI and RunII with various collision systems (pp, p-Pb, Pb-Pb)

[JINST 3 (2008) S08005]

[IJMPA 30 (2015) 1530022]

https://iopscience.iop.org/article/10.1088/1748-0221/3/08/S08005/meta
https://www.worldscientific.com/doi/abs/10.1142/S0217751X15300227
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◉ Excellent tracking → mass and lifetime resolutions

◉ Particle identification → important when dealing with charged hadrons in the final states

◉ Trigger system → give excellent efficiency

Ingredients for good spectroscopy measurement

The LHCb detector

[JINST 3 (2008) S08005]

[IJMPA 30 (2015) 1530022]

https://iopscience.iop.org/article/10.1088/1748-0221/3/08/S08005/meta
https://www.worldscientific.com/doi/abs/10.1142/S0217751X15300227
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Observation of new 𝛀𝐜
𝟎 states in 𝚵𝒄

+𝑲− spectrum

◉ Study status in 2017: 

❒ Ω𝑐
0 → Ξ𝑐

+𝐾−, Ξ𝑐
+ → 𝑝𝐾−𝜋+

❒ The LHCb studied Ξ𝑐
+𝐾− spectrum up to 3450 MeV using RunI data

❒ There are 5 new states observed: Ω𝑐 3000 0, Ω𝑐 3050 0, Ω𝑐 3066 0, Ω𝑐 3090 0, Ω𝑐 3119 0

❒ There are 1 hint on another broad structure around 3200 and 3300 MeV

[Phys. Rev. Lett. 118, 182001]

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.118.182001
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Observation of new 𝛀𝐜
𝟎 states in 𝚵𝒄

+𝑲− spectrum

◉ Newly added 2016-2018 data

◉ Dedicated selection and BDT training per sample

◉ In total 7 states are reported, including 2 broad new states Ω𝑐 3185 0 and Ω𝑐 3327 0

[Phys. Rev. Lett. 131, 131902]

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.131902
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Observation of new baryons in 𝚵𝒃
−(𝟎)

𝝅−𝝅+ spectrum
◉ In 2021, the CMS collaboration has reported the observation of the new Ξ𝑏 6100 − state

❒ Ξ𝑏 6100 − → Ξ𝑏
−𝜋+𝜋−

❒ Using the final states containing  𝐽/𝜓 → Di-muon trigger

❒ limited statistics

[Phys. Rev. Lett. 126, 252003]

Good example of complementarity :)

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.126.252003
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Observation of new baryons in 𝚵𝒃
−(𝟎)

𝝅−𝝅+ spectrum

Neutral final states

Charged final states

⇒ Up to 9 tracks in the final states

Intermediate resonance

[Phys. Rev. Lett. 131 (2023) 171901]◉ The Ξ𝑏 baryons form an isospin doublet (𝑏𝑠𝑢, 𝑏𝑠𝑑)

◉ First investigation in LHCb using Ξ𝑏
−𝜋−𝜋+ and Ξ𝑏

0𝜋−𝜋+ final states

❒ Different decay modes were used to look for single or three pions

❒ Most abundant b-baryon

❒ Hadronic final states with topological trigger  → Higher yields, S/B

https://doi.org/10.1103/PhysRevLett.131.171901
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Observation of new baryons in 𝚵𝒃
−(𝟎)

𝝅−𝝅+ spectrum

◉ The Q value(mass differences) is fitted to cancel out the resolution effect

◉ The intermediate resonances presented nicely

◉ Combine the intermediate state with the second opposite-charged pion

[Phys. Rev. Lett. 131 (2023) 171901]

https://doi.org/10.1103/PhysRevLett.131.171901
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Observation of new baryons in 𝚵𝒃
−(𝟎)

𝝅−𝝅+ spectrum

◉ The Ξ𝑏 6100 − is confirmed by LHCb with significance > 12 𝜎

❒ The decay mainly through Ξ𝑏
∗0𝜋− state

◉ First observation of Ξ𝑏 6087 0 and Ξ𝑏 6095 0

❒ Significance > 10 𝜎 (7 𝜎 )

❒ Main decay processes: Ξ𝑏
′−𝜋+ and Ξ𝑏

∗−𝜋+

◉ The best measurement on the known Ξ𝑏
′− and Ξ𝑏

∗− states

◉ First observation of Ξ𝑏
0 → Ξ𝑐

+𝜋−𝜋+𝜋− (New decay)

[Phys. Rev. Lett. 131 (2023) 171901]

Confirmation

Observation

Improvement

https://doi.org/10.1103/PhysRevLett.131.171901


◉ Υ states

❒ Masses measured in 1990s (CESR, DORIS, VEPP) , relied on photon energy of Υ(2S) and Υ(3S)

→ standing tensions between CESR and DORIS on Υ(1S) mass

❒ Shamov et al resolved by reanalysing the data with interference and radiative corrections considered correctly

❒ Quoted error in PDG 2024 for Υ(1S) decreased: 0.26 MeV → 0.1 MeV 

❒ DORIS data is removed for Υ 2S , error increased: 0.31 MeV → 0.5 MeV 

◉ 𝜒𝑏 states

❒ Mass knowledge largely comes from study of photon energy in feed-down from Υ decays

❒ Measurement of mass splitting are dominated by BarBar experiment
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Study of hidden beauty spectroscopy

[Phys. Lett. B839 (2023), 137766]

[arXiv:2408.05134]

https://doi.org/10.1016/j.physletb.2023.137766
https://arxiv.org/abs/2408.05134


◉ Measurement of the mass and mass splittings using

❒ Di-muon mode: Υ → 𝜇−𝜇+

❒ Di-pion mode: Υ 2S → Υ 1S 𝜋−𝜋+, Υ(3S) → Υ(2S)𝜋−𝜋+
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Study of hidden beauty spectroscopy

Agree with PDG. Most precise result for Υ 2S Similar precision to BaBar, 2 − 4 𝜎 tension

[arXiv:2408.05134]

https://arxiv.org/abs/2408.05134


◉ First observation of muonic Dalitz decay 𝜒𝑏 → Υ 1𝑆 𝜇−𝜇+

❒ Measured masses agree with PDG
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Study of hidden beauty spectroscopy

World best value

Not so precise yet but competitive
statistics limited

[arXiv:2408.05134]

https://arxiv.org/abs/2408.05134


Babar Belle

◉ Ξ𝑐 3055 +(0) observed for the first time by Babar(Belle)

◉ Excitation modes of  Ξ𝑐 3055 +(0) extensively studied

◉ Many proposed interpretations, including  𝐽𝑃 =
1
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⇒ determination of  𝑱𝑷 is an important information for charm baryon spectroscopy
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◉ Strategy

❒ In 𝛯𝑏
0(−)

→ 𝛯𝑐
∗∗+(0)

𝜋− decay, where 𝛯𝑐
∗∗+(0)

→ 𝐷+(0)𝛬0

❒ The Λ0 can be both Long-Long and Down-Down tracks 

[arXiv:2409.05440]

Determination of the spin-parity of  𝚵𝐜 𝟑𝟎𝟓𝟓
+(𝟎)

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.77.012002
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.89.052003
https://arxiv.org/abs/2409.05440


◉ Amplitude analysis

❒ Helicity formalism

❒ Free parameters: mass, width, helicity couplings
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Determination of the spin-parity of  𝚵𝐜 𝟑𝟎𝟓𝟓
+(𝟎)

◉ Best fit corresponds to 𝑱𝑷 =
𝟑

𝟐

+

[arXiv:2409.05440]

https://arxiv.org/abs/2409.05440


◉ Amplitude analysis

❒ Helicity formalism

❒ Free parameters: mass, width, helicity couplings
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◉ Best fit corresponds to 𝑱𝑷 =
𝟑

𝟐

+

◉ With rejection significance of other hypotheses 𝒏𝝈 > 𝟔. 𝟓 𝝈

[arXiv:2409.05440]

Determination of the spin-parity of  𝚵𝐜 𝟑𝟎𝟓𝟓
+(𝟎)

https://arxiv.org/abs/2409.05440


◉ Amplitude analysis

❒ Helicity formalism

❒ Free parameters: mass, width, helicity couplings
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◉ Best fit corresponds to 𝑱𝑷 =
𝟑

𝟐

+

◉ With rejection significance of other hypotheses 𝒏𝝈 > 𝟔. 𝟓 𝝈

◉ Measured the up-down asymmetries 𝜶 of  Ξ𝑏
0(−)

→ Ξ𝑐 3055 +(0)𝜋− decays

❒ Consistent with a complete parity violation

❒ First measurement for the transition of the Ξ𝑏 to Ξ𝑐 baryon with a pseudoscalar meson

◉ Measured the relative branching fraction 𝐵Ξ𝑐 3080 +/𝐵Ξ𝑐 3055 +

[arXiv:2409.05440]

Determination of the spin-parity of  𝚵𝐜 𝟑𝟎𝟓𝟓
+(𝟎)

https://arxiv.org/abs/2409.05440
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◉ Recent interesting results presented in this talk

✓ Observation of  Ξb 6100 −, Ξb 6087 0 and Ξb 6095 0

✓ Observation of  Ωc 3185
0 and Ωc 3327

0

✓ New decay modes:  𝜒𝑏 → Υ 1𝑆 𝜇−𝜇+, Ξ𝑏
0 → Ξ𝑐

+𝜋−𝜋+𝜋−

✓ Mass measurement: 𝛶, 𝜒𝑏
✓ Spin-parity determination: Ξc 3055

+, Ξc 3055
0

◉ In RunIII, the LHCb experiment will keep making important contributions to heavy hadron spectroscopy with

❒ Higher luminosity

❒ Upgraded detector

❒ Improved techniques

❒ …

Summary and prospect

Just one more conventional hadron away 

from completing the spectroscopy puzzle ……

Thanks a lot for your attention!

Today’s discovery, tomorrow’s 

precision tool to test QCD! 
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◉ Selected topics

Backup
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LHCb dataset

◉ RunI: 3 fb−1 𝑝𝑝 collision @ 7,8 TeV

◉ RunII: 6 fb−1 𝑝𝑝 collision @ 13 TeV

https://lbgroups.cern.ch/online/OperationsPlots/index.htm

https://lbgroups.cern.ch/online/OperationsPlots/index.htm
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Helicity amplitude

◉ Helicity couplings in the 𝛯𝑏 → 𝛯𝑐𝜋, 𝛯𝑐
∗∗ → 𝐷𝛬, 𝛬 → 𝑝𝜋 decay chain
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Theoretical interpretations of  𝚵𝑐 𝟑𝟎𝟓𝟓

◉ Summarized in Rept.Prog.Phys. 80 (2017) no.7, 076201 

References Theoretical model 𝑱𝑷 of 𝚵𝒄(𝟑𝟎𝟓𝟓)

Eur. Phys. J. A 37 (2008) 217–225 Faddeev method 5/2+ (1D)

Phys. Rev. D 78 (2008) 056005 Regge phenomenology 5/2+ (1D)

Phys. Rev. D 84 (2011) 014025 QCD-motivated relativistic quark model 3/2+ (1D)

Phys. Rev. D 86 (2012) 034024 Chiral quark model 3/2+ (1D)

Eur. Phys. J. A 82 (2015) 51 Relativistic flux tube model 3/2+ (1D)

Phys. Rev. D 94 (2016) 114016 QCD sum rules within HQET 3/2+ (1D)

Phys. Rev. D 96 (2017) 114003 3P0 model 1/2+(ത3𝐹),  3/2
+(6𝐹) (2S)

Eur. Phys. J. C 79 (2019)167 Hadron molecular state 1/2−, 3/2− (molecular)
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