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Exotic hadrons
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▪ Hadrons

PentaquarkTetraquark Hybrid

Exotic hadrons

𝑞

ത𝑞

𝑞

𝑞
𝑞

Conventional
meson

Conventional 
baryon

Conventional hadrons

Glueball 

…

More complex inner structure
Less studied

▪ Since discovery of 𝜒𝑐1(3872) aka 𝑋(3872) in 2003, dozens of more exotic 
candidate observed

▪ Theoretic explanations

▪ Exotic hadrons studies help to further understand non-perturbative 
QCD at low energies

…
Phys. Rev. Lett. 91 (2003) 262001

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.91.262001


The LHCb detector
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▪ A single-arm forward spectrometer covering 2<𝜂<5

▪ Designed for heavy flavour physics

Vertex Locator

𝜎IP~20 μm 
𝜎𝜏~45 fs 

RICHs

𝜖 𝐾 → 𝐾  ~ 95% 
mis-ID 𝜖 𝜋 → 𝐾  ~ 5%

Tracking system
𝜖tracking~96% 

𝜎𝑝/𝑝~0.5% − 1% (5 − 200 GeV) 

Muon system

𝜖 𝜇 → 𝜇  ~ 97% 
mis-ID 𝜖 𝜋 → 𝜇  ~1 − 3%

LHC: heavy hadron states factory

LHCb:

Competitive in heavy hadron 

spectroscopy studies

JINST 3 (2008) S08005

IJMPA 30 (2015) 1530022

• precise vertex resolution

• good momentum resolution

• powerful particle identification

https://iopscience.iop.org/article/10.1088/1748-0221/3/08/S08005/meta
https://arxiv.org/abs/1412.6352


New hadrons at LHCb

4 https://www.nikhef.nl/~pkoppenb/hadrons//Masses_LHCb.pdf

Dozens of new hadrons observed 
since last FB conference 

https://www.nikhef.nl/~pkoppenb/hadrons/Masses_LHCb.pdf


Results not detailed in this talk
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… but important

▪ 𝑋(3960) in 𝐵+ → 𝐷𝑠
+𝐷𝑠

−𝐾+

Phys. Rev. Lett. 131, (2023) 071901 Science Bulletin 65 (2020) 1983

▪ 𝑇𝑐 ҧ𝑐𝑐 ҧ𝑐(6900) in 𝐽/𝜓 pair  
mass spectrum

Fully-charmed tetraquark Candidate for [𝒄ത𝒄𝒔ത𝒔]

…

Phys. Rev. D 131 (2023) L011103

𝝌𝒄𝟏(𝟑𝟖𝟕𝟐) properties

▪ 𝜔 contribution in 
𝜒𝑐1 3872 → 𝜋+𝜋−𝐽/𝜓

https://doi.org/10.1103/PhysRevLett.131.071901
https://doi.org/10.1016/j.scib.2020.08.032%20Focus%20to%20learn%20more


Results shown in this talk
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Dozens of new hadrons observed 
since last conference 

• Radiative decay of 𝜒𝑐1(3872) 

Minimal quark content “mimics” regular hadronic structure 

▪ Hidden exotics: 

▪ Manifestly exotics

• Hidden-charm tetraquarks with strangeness

o Charged: 𝑇𝑐 ҧ𝑐𝑠1 4000 + and 𝑇𝑐 ҧ𝑐𝑠1 4220 +

o Neutral: 𝑇𝑐 ҧ𝑐𝑠1 4000 0 

• Doubly-charmed tetraquarks

o 𝑇𝑐𝑐 3875 +

• Open-charmed tetraquarks

o 𝑇𝑐𝑠0 2900 0 and 𝑇𝑐𝑠1 2900 0

o 𝑇𝑐 ҧ𝑠0 2900 ++ and 𝑇𝑐 ҧ𝑠0 2900 0

Minimal quark content shows up as explicitly exotic 



PART 01

Hidden exotics
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Radiative decays of 𝝌𝒄𝟏(𝟑𝟖𝟕𝟐) 
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▪ First observation of 𝜒𝑐1 3872 → 𝜓 2𝑆 𝛾, 6𝜎

𝐵+ → 𝜒𝑐1 3872 𝐾+, 𝜒𝑐1 3872 → 𝜓 2𝑆 𝛾 

𝐵+ → 𝜒𝑐1 3872 𝐾+, 𝜒𝑐1 3872 → 𝐽/𝜓𝛾 𝓡𝝍𝜸 =
𝓑(𝑩+ → 𝝌𝒄𝟏 𝟑𝟖𝟕𝟐 → 𝝍 𝟐𝑺 𝜸 𝑲+)

𝓑(𝑩+ → 𝝌𝒄𝟏 𝟑𝟖𝟕𝟐 → 𝑱/𝝍 𝑲+)

LHCb average

arXiv:2406.17006, submitted to JHEP

ℛ𝜓𝛾

https://arxiv.org/abs/2103.01803


Radiative decays of 𝝌𝒄𝟏(𝟑𝟖𝟕𝟐) 
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𝐵+ → 𝜒𝑐1 3872 𝐾+, 𝜒𝑐1 3872 → 𝜓 2𝑆 𝛾 

𝐵+ → 𝜒𝑐1 3872 𝐾+, 𝜒𝑐1 3872 → 𝐽/𝜓𝛾 𝓡𝝍𝜸 =
𝓑(𝑩+ → 𝝌𝒄𝟏 𝟑𝟖𝟕𝟐 → 𝝍 𝟐𝑺 𝜸 𝑲+)

𝓑(𝑩+ → 𝝌𝒄𝟏 𝟑𝟖𝟕𝟐 → 𝑱/𝝍 𝑲+)

LHCb average

arXiv:2406.17006, submitted to JHEP

ℛ𝜓𝛾

𝓡𝝍𝜸 = 𝟏. 𝟔𝟕 ± 𝟎. 𝟐𝟏 ± 𝟎. 𝟏𝟐 ± 𝟎. 𝟎𝟒
Stat. Sys. Uncertainty from 

charmonium to di-lepton

• Pure molecule model questionable
• Strong indication of a sizeable 

compact component

▪ First observation of 𝜒𝑐1 3872 → 𝜓 2𝑆 𝛾, 6𝜎

https://arxiv.org/abs/2406.17006


PART 02

Manifestly exotics
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Hidden-charm tetraquarks with strangeness
𝑞

ҧ𝑐𝑐

ҧ𝑠



Observation of 𝑻𝒄ത𝒄𝒔𝟏 𝟒𝟎𝟎𝟎 + and 𝑻𝒄ത𝒄𝒔𝟏 𝟒𝟐𝟐𝟎 +

11 

▪ Amplitude analysis on 𝐵+ → 𝐽/𝜓𝐾+𝜙 decays

𝑻𝒄ത𝒄𝒔𝟏 𝟒𝟐𝟐𝟎 +𝑻𝒄ത𝒄𝒔𝟏 𝟒𝟎𝟎𝟎 +

𝑻𝒄ത𝒄𝒔𝟏

𝑻𝒄ത𝒄𝒔𝟏

Obvious 𝑇𝑐 ҧ𝑐𝑠1
+  contributions 

Phys. Rev. Lett. 126 (2021)102001

Phys. Rev. Lett. 127 (2021) 082001

Two hidden-charm tetraquark with strangeness

Similar results
by BESIII

？

𝑻𝒄ത𝒄𝒔𝟏

𝑻𝒄ത𝒄𝒔𝟏

𝑋

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.126.102001
https://arxiv.org/abs/2103.01803


Isospin partner of 𝑻𝒄ത𝒄𝒔𝟏 𝟒𝟎𝟎𝟎 +: 𝑻𝒄ത𝒄𝒔𝟏 𝟒𝟎𝟎𝟎 𝟎

12 

▪ Search for 𝑇𝑐 ҧ𝑐𝑠1 4000 0 in 𝐵0 → 𝐽/𝜓𝐾𝑆
0𝜙

▪ Simultaneous amplitude analysis of 𝐵+ → 𝐽/𝜓𝐾+𝜙 and  𝐵0 → 𝐽/𝜓𝐾𝑆
0𝜙

𝑻𝒄ത𝒄𝒔

𝑻𝒄ത𝒄𝒔

[𝑐 ҧ𝑐𝑑 ҧ𝑠]

[𝑐 ҧ𝑐𝑢 ҧ𝑠]

𝑻𝒄ത𝒄𝒔𝟏 𝟒𝟎𝟎𝟎 +

𝑻𝒄ത𝒄𝒔1 𝟒𝟎𝟎𝟎 𝟎
Consistent with 𝑇𝑐 ҧ𝑐𝑠1 4000 0 and 
𝑇𝑐 ҧ𝑐𝑠1 4000 + being isospin partners 

▪ Evidence for 𝑇𝑐 ҧ𝑐𝑠1 4000 0 
with a significance of 4.0 𝜎  

▪ Mass, width of 𝑇𝑐 ҧ𝑐𝑠1
+,0    

Phys. Rev. Lett. 131 (2023) 131901

Δ𝑀 ≡ 𝑀𝑇𝑐ത𝑐𝑠1 4000 0 − 𝑀𝑇𝑐ത𝑐𝑠1 4000 + = −12−10
+11 −4

+6 MeV

https://arxiv.org/abs/2301.04899


Isospin partner of 𝑻𝒄ത𝒄𝒔𝟏 𝟒𝟎𝟎𝟎 +: 𝑻𝒄ത𝒄𝒔𝟏 𝟒𝟎𝟎𝟎 𝟎
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▪ Search for 𝑇𝑐 ҧ𝑐𝑠1 4000 0 in 𝐵0 → 𝐽/𝜓𝐾𝑆
0𝜙

▪ Simultaneous amplitude analysis of 𝐵+ → 𝐽/𝜓𝐾+𝜙 and  𝐵0 → 𝐽/𝜓𝐾𝑆
0𝜙

𝑻𝒄ത𝒄𝒔

𝑻𝒄ത𝒄𝒔

[𝑐 ҧ𝑐𝑑 ҧ𝑠]

[𝑐 ҧ𝑐𝑢 ҧ𝑠]

𝑻𝒄ത𝒄𝒔𝟏 𝟒𝟎𝟎𝟎 +

𝑻𝒄ത𝒄𝒔1 𝟒𝟎𝟎𝟎 𝟎
Consistent with 𝑇𝑐 ҧ𝑐𝑠1 4000 0 and 
𝑇𝑐 ҧ𝑐𝑠1 4000 + being isospin partners 

▪ Evidence for 𝑇𝑐 ҧ𝑐𝑠1 4000 0 
with a significance of 4.0 𝜎  

▪ Mass, width of 𝑇𝑐 ҧ𝑐𝑠1
+,0    

Phys. Rev. Lett. 131 (2023) 131901

Δ𝑀 ≡ 𝑀𝑇𝑐ത𝑐𝑠1 4000 0 − 𝑀𝑇𝑐ത𝑐𝑠1 4000 + = −12−10
+11 −4

+6 MeV

Similar results by BESIII

Phys. Rev. Lett. 129, (2022) 112003

https://arxiv.org/abs/2301.04899
https://arxiv.org/abs/2204.13703


PART 03

Manifestly exotics
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Doubly-charmed tetraquarks
𝑐

ത𝑞

ത𝑞

𝑐



Doubly-charmed tetraquarks: 𝑻𝒄𝒄 𝟑𝟖𝟕𝟓 +

15 

▪ Frist observation of 𝑇𝑐𝑐 3875 + → 𝐷0𝐷0𝜋+

• Exotic quark content [𝑐𝑐 ത𝑢 ҧ𝑑]

Nature Physics 18 (2022) 751–754

▪ Close to 𝐷∗+𝐷0 mass threshold, narrow

𝛿𝑚BW ≡ 𝑚BW − (𝑚𝐷∗+ + 𝑚𝐷0) 

           = −273 ± 61 stat ± 5 syst −14
+11(model) KeV

Γ = 410 ± 65 stat ± 43 syst −38
+18 model  KeV

▪ Consistent with isoscalar, 𝐽𝑃 = 1+

▪ First representative of 𝑄𝑄′ ത𝑞 ത𝑞′
• Almost stable against 

strong interaction 𝜏~10−20 s 

• Support existence of 𝑇𝑏𝑏
−  [𝑏𝑏 ത𝑢 ҧ𝑑] and 𝑇𝑏𝑐

0  [𝑏𝑐 ത𝑢 ҧ𝑑]
might be found in the future Nature Communicatitions, 13 (2022) 3351

https://doi.org/10.1038/s41567-022-01614-y
https://arxiv.org/abs/2109.01056


PART 04

Manifestly exotics
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Open-charmed tetraquarks

𝑞
ҧ𝑠

ҧ𝑐
𝑞



Open-charm tetraquarks: 𝑻𝒄𝒔𝟎
∗ 𝟐𝟖𝟕𝟎 𝟎 and 𝑻𝒄𝒔𝟏

∗ 𝟐𝟗𝟎𝟎 𝟎 

17 

▪ Amplitude analysis on 𝐵+ → 𝐷+𝐷−𝐾+ decay

Without 𝑇𝑐𝑠0
∗ 2870 0 and 𝑇𝑐𝑠1 2900 0 𝑇𝑐𝑠0

∗ 2870 0

𝑇𝑐𝑠1
∗ 2900 0

▪ Model with only charmonia cannot describe data well

▪ Two new states needed to describe data 

𝑇𝑐𝑠0
∗ 2870 0 

𝑇𝑐𝑠1
∗ 2900 0

stat syst

Phys. Rev. D 102, 112003 (2020)

Strong candidate for tetraquark 

states with quark content ത𝒄ത𝒔𝒅𝒖

https://arxiv.org/abs/2009.00026


Amplitude analysis of 𝑩+ → 𝑫∗±𝑫∓𝑲+

18 

𝑇𝑐𝑠0
∗ 2870 0

𝑇𝑐𝑠1
∗ 2900 0

arXiv:2406.03156, submitted to PRL 

▪ Confirmation of  𝑇𝑐𝑠0
∗ 2870 0 and 

𝑇𝑐𝑠1
∗ 2900 0 in 𝐵+ → 𝐷+𝐷−𝐾+

▪ Three new states in 𝑫∗±𝑫∓ 
spectrum observed  

Unit: MeV

▪ No structure found in 𝐷∗− 𝐾+ 
spectrum 

？

？

？

𝑩+ → 𝑫∗−𝑫+𝑲+ 𝑩+ → 𝑫∗+𝑫−𝑲+

https://arxiv.org/abs/2406.03156


Amplitude analysis of 𝑩 → 𝑫𝑫𝒔𝝅

19 
Phys. Rev. Lett. 131 (2023) 041902

Phys. Rev. D 108 (2023) 012017

𝐵0 → ഥ𝐷0𝐷𝑠
+𝜋− 𝐵+ → 𝐷−𝐷𝑠

+𝜋+

Without 𝑇𝑐 ҧ𝑠 Without 𝑇𝑐 ҧ𝑠

𝑇𝑐 ҧ𝑠0
∗ 2900 0 𝑇𝑐 ҧ𝑠0

∗ 2900 ++

▪ Joint amplitude analysis linked 
through isospin symmetry  
• 𝐵0 → ഥ𝐷0𝐷𝑠

+𝜋−

• 𝐵+ → 𝐷−𝐷𝑠
+𝜋+

▪ Two exotic states observed 

[𝑐 ҧ𝑠𝑑 ത𝑢] [𝑐 ҧ𝑠𝑢 ҧ𝑑]

Not the same as 𝑇𝑐𝑠0
∗ 2870 0 [ ҧ𝑐 ҧ𝑠𝑑𝑢] 

observed in 𝐵+ → 𝐷+𝐷−𝐾+

𝐽𝑃 = 0+

𝐽𝑃 = 0+

▪ Isospin triplet?
𝑇𝑐 ҧ𝑠0

∗ 2900 0 → 𝐷𝑠
+𝜋−

𝑇𝑐 ҧ𝑠0
∗ 2900 + → 𝐷𝑠

+𝜋0

𝑇𝑐 ҧ𝑠0
∗ 2900 ++ → 𝐷𝑠

+𝜋+

? to be searched

https://arxiv.org/abs/2212.02716
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.012017


Summary and outlook

20 

Thanks for your attention!

▪ LHCb upgrade
• Larger data sample will help tetraquark 

studies

o Properties of observed tetraquarks

o Likely to observe more tetraquarks

o  …

▪ Some recent results on tetraquark states presented
• Hidden exotics: radiative decay of 𝜒𝑐1(3872)

• Manifestly exotics:  
o [𝑐 ҧ𝑐𝑞 ҧ𝑠]: 𝑇𝑐 ҧ𝑐𝑠1 4000 +, 𝑇𝑐 ҧ𝑐𝑠1 4220 +, 𝑇𝑐 ҧ𝑐𝑠1 4000 0 

o [𝑐𝑐 ത𝑞 ത𝑞]: 𝑇𝑐𝑐 3875 +

o [𝑐 ҧ𝑠𝑞𝑞]: 𝑇𝑐𝑠0 2900 0, 𝑇𝑐𝑠1 2900 0, 𝑇𝑐 ҧ𝑠0 2900 ++, 𝑇𝑐 ҧ𝑠0 2900 0
This year



Back up

21 



LHCb dataset
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Run 1 Run 2 Run 3

▪ Run 1: 

3 fb−1 𝑝𝑝 collision @ 7, 8 TeV

▪ Run 2: 
6 fb−1 𝑝𝑝 collision @ 13 TeV



Details of 𝑩𝟎 → 𝑱/𝝍𝑲𝑺
𝟎𝝓

23 

▪ Parameters configuration

• Isospin symmetry for all resonances 
except for 𝑇𝜓𝑠1

 𝜃 4000  in 𝐵+ and 𝐵0 decay 

• Not assuming isospin symmetry for 
𝑇𝜓𝑠1

 𝜃 4000  0 and 𝑇𝜓𝑠1
 𝜃 4000 +

o Corresponding parameters shared

o Corresponding parameters vary independently

▪ Relativistic Breit-Wigner to 
describe lineshape

▪ Floating parameters

• Mass, width, helicity couplings



Details of 𝑻𝒄𝒄 𝟑𝟖𝟕𝟐 +

24 

Nature Communicatitions, 13, 3351 (2022)

https://arxiv.org/abs/2109.01056


Amplitude analysis of 𝑩+ → 𝑫∗−𝑫𝒔
+𝝅+

25 

▪ 𝑇𝑐 ҧ𝑠0
∗ 2900 ++ has been searched 

in 𝐷𝑠
+𝜋+ spectrum 

JHEP 08 (2024) 165

▪ No strong evidence of tetraquarks 
contributing to the total decay 
amplitude

▪ Fit fraction of 𝑇𝑐 ҧ𝑠0
∗ 2900 ++ → 𝐷𝑠

+𝜋+ 
is found to be less than 2.3% at 
90% CL

https://link.springer.com/article/10.1007/JHEP08(2024)165
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