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Motivation - I
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Phys. Rev. Lett. 119 (2017) 4, 042001

• Why we do spectroscopy?

• Missing particles in hadron multiplets;
• Ground 𝑄𝑄𝑞, 𝑄𝑄𝑄 states
• Excited 𝑄𝑞𝑞 states

• Complex inner structure of excited states;
• Molecular? Pentaquark? (hidden 𝑞ത𝑞?)
• Radially mode? Orbital mode?

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.119.042001
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Motivation - II
• What can we do?

• Searching for new decays.

• Expanding known decays.

• Mass, width (lifetime);

• Production;

• Branching ratio;

• Quantum numbers (𝐼𝐺𝐽𝑃𝐶).
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[LHCb collaboration, P. Koppenburg, List of hadrons observed at the LHC,

LHCb-FIGURE-2021-001, 2021, and 2023 updates]

https://cds.cern.ch/record/2749030
https://www.nikhef.nl/~pkoppenb/particles.html
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LHCb experiment - I
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• LHCb designed for study charmed and beauty hadron.
• Excellent vertex, tracking and PID performance. 

𝜎IP = 20 μm
𝜎𝜏 = 45 fs

𝜎𝑝/𝑝 ~ 0.5% − 1.0%

𝜎𝐸/𝐸 =
10%

𝐸
± 1%

𝜖 𝐾 → 𝐾 ~95%
Mis-ID 𝜖 𝜋 → 𝐾 ~5%

Int.J.Mod.Phys.A 30 (2015) 07, 1530022
JINST 3 (2008) S08005

https://www.worldscientific.com/doi/abs/10.1142/S0217751X15300227
https://iopscience.iop.org/article/10.1088/1748-0221/3/08/S08005/meta
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LHCb experiment - II
• LHCb collected the largest samples of reconstructed heavy hadrons 

during LHC Run 1 and Run 2.

5[LHCb collaboration, P. Koppenburg, List of hadrons observed at the LHC, LHCb-FIGURE-2021-001, 2021, and 2023 updates]

https://cds.cern.ch/record/2749030
https://www.nikhef.nl/~pkoppenb/particles.html
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Excited 𝛺𝑐
0 states - I

• Starting of the story…

• In 2017, LHCb observed five new excited 𝛺𝑐
0 in 𝑚(𝛯𝑐

+𝐾−).

• Four of them confirmed by Belle.
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PHYS. REV. LETT. 118 (2017) 182001

2017 LHCb result
PHYS. REV. D 97 (2018) 5, 051102

2018 Belle result

https://doi.org/10.1103/PhysRevLett.118.182001
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.97.051102
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Excited 𝛺𝑐
0 states - II

• In 2021, LHCb observed four of them from 𝛺𝑏
− → 𝛺𝑐

∗∗ 0
𝜋−.

• Spin test done, but no solid conclusion.
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PHYS. REV. D 104 (2021) 9, 9.

Stat. Sys.

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.L091102
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New excited 𝛺𝑐
0 states - I

• New states observed: 𝜴𝒄 𝟑𝟏𝟖𝟓
𝟎 and 𝜴𝒄 𝟑𝟑𝟐𝟕

𝟎

• All previous states confirmed, and masses and widths measured with the highest precision.

• Detailed study of the threshold enhancement.

• Detailed study of the 𝜴𝒄 𝟑𝟏𝟖𝟓
𝟎 with alternative model.
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as systematics

ARXIV: 2302.04733.

https://arxiv.org/abs/2302.04733
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ARXIV: 2302.04733.

𝜴𝒄 𝟑𝟏𝟏𝟗
𝟎

New excited 𝛺𝑐
0 states - II

• Three 𝑚(𝛯𝑐
+𝐾−) studies from LHCb…

• And one 𝑚(𝛯𝑐
+𝐾−) study from Belle…

• What happens on 𝜴𝒄 𝟑𝟏𝟏𝟗
𝟎?

• What exactly happens on threshold?
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PHYS. REV. D 97 (2018) 5, 051102

𝜴𝒄 𝟑𝟏𝟏𝟗
𝟎

PHYS. REV. LETT. 118 (2017) 182001

𝜴𝒄 𝟑𝟏𝟏𝟗
𝟎

PHYS. REV. D 104 (2021) 9, 9.

𝜴𝒄 𝟑𝟏𝟏𝟗
𝟎

https://arxiv.org/abs/2302.04733
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.97.051102
https://doi.org/10.1103/PhysRevLett.118.182001
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.L091102
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New excited 𝛺𝑐
0 states - III
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ARXIV: 2302.04733.

𝜩−𝑫+𝜩𝟎𝑫𝟎

𝜩−𝑫∗+𝜩𝟎𝑫∗𝟎𝜩𝒄
′+𝑲−

3.2

3.3

𝜴𝒄 𝟑𝟏𝟖𝟓
𝟎.

𝜴𝒄 𝟑𝟑𝟐𝟕
𝟎.

?

[PDG18]

I.

II.

III.

I.

II.

https://arxiv.org/abs/2302.04733
https://pdg.lbl.gov/2021/reviews/contents_sports.html
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𝐾−

Excited 𝛯𝑐
0 states - I

• Three excited 𝛯𝑐
0 were observed in prompt 𝑚(𝛬𝑐

+𝐾−).

• Using LHCb 2016-2018 data, at 13 TeV and 5.4 fb−1.
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PHYS. REV. LETT. 124 (2020) 222001

Stat. Sys. input

𝛬𝑐
+

https://doi.org/10.1103/PhysRevLett.124.222001
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Excited 𝛯𝑐
0 states - II

• 𝐵− → 𝛬𝑐
+𝛬𝑐

−𝐾− decay is studied.
• Confirmed 𝛯𝑐 2923

0 and 𝛯𝑐 2939
0, consistent with prompt result.

• Evidence of 𝜩𝒄 𝟐𝟖𝟖𝟎
𝟎 → 𝜦𝒄

+𝑲− observed (𝟑. 𝟖 𝝈).
• No structure on 𝑚(𝛬𝑐

+𝛬𝑐
−) and 𝑚(𝛬𝑐

−𝐾−)
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ARXIV: 2211.00812

𝓑(𝑩− → 𝜦𝒄
+𝜦𝒄

−𝑲−)

𝓑(𝑩− → 𝑫+𝑫−𝑲−)
= 𝟐. 𝟑𝟔 ± 𝟎. 𝟏𝟏 ± 𝟎. 𝟐𝟐 ± 𝟎. 𝟐𝟓

https://arxiv.org/abs/2211.00812
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Excited 𝛯𝑏
− states

• 𝛯𝑏 6100 − observed by CMS in 𝑚(𝛯𝑏
−𝜋+𝜋−)

• Two channels used to reconstruct 𝛯𝑏
−
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PHYS. REV. LETT. 126, 252003

𝒎 𝜩𝒃 𝟔𝟏𝟎𝟎 − = 𝟔𝟏𝟎𝟎 ± 𝟎. 𝟐 𝐬𝐭𝐚𝐭. ± 𝟎. 𝟏 𝐬𝐲𝐬𝐭 ± 𝟎. 𝟔 𝜩𝒃
− 𝐌𝐞𝐕

𝚪 𝜩𝒃 𝟔𝟏𝟎𝟎 − < 𝟏. 𝟗 𝐌𝐞𝐕, 𝐂. 𝐋. 𝟗𝟓%

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.126.252003
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New excited 𝛯𝑏
0 states

• Observation of two new excited 𝜩𝒃
𝟎 baryons: 𝜩𝒃 𝟔𝟎𝟖𝟕 𝟎, 𝜩𝒃 𝟔𝟎𝟗𝟓 𝟎.

• One state is confirmed: 𝜩𝒃 𝟔𝟏𝟎𝟎 −.

• First observation of 𝛯𝑏
0 → 𝛯𝑐

+𝜋𝜋𝜋

• Best measurement on known 𝛯𝑏
′− and 𝛯𝑏

∗− states.
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LHCB-PAPER-2023-008 (IN PREPARATION)

Preliminary Preliminary Preliminary

𝜩𝒃 𝟔𝟎𝟖𝟕 𝟎 𝜩𝒃 𝟔𝟎𝟗𝟓 𝟎𝜩𝒃 𝟔𝟏𝟎𝟎 −
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𝛯𝑐𝑐
++ → 𝛯𝑐

′+𝜋+

• 𝛯𝑐𝑐
++ → 𝛯𝑐

′+𝜋+ observed with LHCb run-2 data.

• 𝛯𝑐𝑐
++ → 𝛯𝑐

′+𝜋+ is reconstructed partially.
ℬ(𝛯𝑐𝑐

++ → 𝛯𝑐
′+𝜋+)

ℬ(𝛯𝑐𝑐
++ → 𝛯𝑐

+𝜋+)
= 1.41 ± 0.17 ± 0.10
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JHEP 05 (2022) 038

https://link.springer.com/article/10.1007/JHEP05(2022)038
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𝛯𝑏𝑐
+ → 𝐽/𝜓 𝛯𝑐

+

• First search for 𝛯𝑏𝑐
+ → 𝐽/𝜓 𝛯𝑐

+, with 9 fb−1.

• Two peaking structures seen
• Mass: 6571 MeV. Local (global) significance: 4.3(2.8) 𝜎
• Mass: 6694 MeV. Local (global) significance: 4.1(2.4) 𝜎
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ARXIV:2204.09541

https://arxiv.org/abs/2204.09541
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𝛯𝑏𝑐
+ → 𝐽/𝜓 𝛯𝑐

+
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ARXIV:2204.09541

ℛ =
𝜎 𝛯𝑏𝑐

+ × ℬ 𝛯𝑏𝑐
+ → 𝐽/𝜓 𝛯𝑐

+ × ℬ 𝛯𝑐
+ → 𝑝𝐾−𝜋+

𝜎 𝐵𝑐
+ × ℬ 𝐵𝑐

+ → 𝐽/𝜓 𝐷𝑠
+ × ℬ 𝐷𝑠

+ → 𝐾+𝐾−𝜋+

https://arxiv.org/abs/2204.09541
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Summary

• Heavy baryons
• Observation of excited 𝛯𝑐

0 baryons
• Observation of excited 𝛯𝑏

− baryons
• Observation of excited 𝜴𝒄

𝟎 baryons (recent)

• Observation of excited 𝜩𝒃
𝟎 baryons (recent)

• Double Heavy baryons

• Measurement of 
ℬ(𝛯𝑐𝑐

++→𝛯𝑐
′+𝜋+)

ℬ(𝛯𝑐𝑐
++→𝛯𝑐

+𝜋+)

• First search for 𝛯𝑏𝑐
+ → 𝐽/𝜓 𝛯𝑐

+
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Future 

➢Higher luminosity

➢Better detector

➢Improved techniques

➢……

➢More particles…

➢More decays…

➢Higher precision…

➢Fulfill hadron picture

Where we are



Thanks！
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