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Conventional and exotic hadrons
n In 1964, Gell-Mann and G. Zweig proposed the 

quark model, which revolutionized our understanding 
of the structure of matter 

n The quark model predicted the existence of exotic 
hadrons
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Status and challenges in hadron spectroscopy

Exotic Hadronic States Theoretical Challenges Broad Implications

As the least-understood sector 
of SM, it impacts BSM 
searches, neutron star 
modeling, and understanding 
strongly coupled theories.

𝒎 𝑱/𝝍𝝅!𝝅" −𝒎(𝑱/𝝍) GeV

𝑿(𝟑𝟖𝟕𝟐)
PRL 91 (2003) 262001

n Key References
q Seminal works include Guo et al. (2025), Hüsken et al. (2024), Chen (2022), Lebed (2022), Bicudo (2022)

and Dong et al. (2021)
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Wishes from experimentalists

1. 系统且精确地测量奇特强子的共振参数，以支持新型强子态的分类并完善强子谱；

2. 确定奇特强子的自旋和宇称量子数，这对揭示其内在结构与性质至关重要；

3. 探索奇特强子的产生与衰变机制，以加深对其内部夸克排列和动力学的理解；

4. 利用更多实验手段研究奇特强子态。
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The LHC as a Beauty and Charm factory

The LHC is one of the most important facilities 
for hadron spectroscopy, thanks to its high 
collision energy, large strong-production cross 
sections, and high luminosity.
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https://www.nikhef.nl/~pkoppenb/particles.html

(21 from LHCb, 3 from CMS)

Exotic hadrons @ LHC
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Two methods for spectroscopy
Direct production in 𝑝𝑝 collisions
n Could generate all possible states, no 

mass limitations but large background
n Great potential to explore

q 𝑇!!"

q 𝑇! ̅!! ̅!

Production by a B or D decays
n Clean environment, suitable for JP

determination, precise measurement
n But limited by mass of B or D 

q 𝜒!" 3872 , 𝜒!"(4140)….
q 𝑇!#, 𝑇!#̅
q 𝑃! ̅!, 𝑃! ̅!#

Λ!"

𝐾#

𝑃$ ̅$
&

Primary vertex Primary vertex

𝑻𝒄"𝒄𝒄"𝒄# 𝑱/𝝍

𝑱/𝝍
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Open flavour tetraquarks



Why 𝑩 → 𝑫$𝑫𝒉(𝒉!) decays
n Rich opportunities for spectroscopy studies

q Charmonium(-like) states in 𝑫(∗).𝑫(∗), 𝜦𝒄,.𝑫(∗), 𝜦𝒄,.𝜦𝒄-…
q Excited charm states from 𝑫(∗)𝒉, 𝜦𝒄,𝒉…
q Open-flavour exotic states from .𝑫(∗)𝒉, .𝜦𝒄-𝒉…

n Summary of results

Quark Content Candidates Modes

𝑸 𝒄𝒒'𝒒'𝒒

𝑇$'"∗ 2870 ", 𝑇$')∗ 2900 " 𝐵& → 𝐷&𝐷#𝐾&

𝑇$ ̅'"
∗ 2900 ", 𝑇$ ̅'"

∗ 2900 && 𝐵" → '𝐷"𝐷'&𝜋#
𝐵& → 𝐷#𝐷'&𝜋&

𝑇$ ̅'"
∗ 2300 "/&&? 𝐵 → '𝐷 ∗ 𝐷'&𝜋&𝜋#

𝑸'𝑸 𝒄5𝒄𝒒'𝒒
𝑋 3960 𝐵& → 𝐷'&𝐷'#𝐾&

𝜒$) 4010 𝐵& → 𝐷∗±𝐷∓𝐾&
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Observation of 𝑻𝒄𝒔 → 𝑫$𝑲%

n Amplitude analysis of 𝐵; → 𝐷;𝐷<𝐾; decays

q ~1300 signals with purity 99.5% 

n Enhancement in 𝑚= 𝐷<𝐾; ~8.5GeV<=

n Described by 𝑇>?@∗ (2900) and 𝑇>?B∗ (2870)

n First discovery of open-charm tetraquarks 
with four different flavors [𝒄𝒔=𝒖=𝒅]!

𝜒!"(3930)
𝜓(3770)

A new resonance?

(9fb-1)

𝑻𝒄𝒔𝟏∗ (𝟐𝟗𝟎𝟎)

𝑻𝒄𝒔𝟎∗ (𝟐𝟖𝟕𝟎)

d
c
_

u
s
_

[PRL 125 (2020) 242001]
[PRD 102 (2020) 112003] 

𝑇$'"∗ 2870
𝑇$')∗ (2900)
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𝑩! → 𝑫!𝑫𝟎$𝑲𝟎: 𝑻𝒄𝒔𝟎∗ 𝟐𝟖𝟕𝟎 𝟎 new decay mode

n Amplitude analysis of 𝑩- → 𝑫-𝑫𝟎𝑲𝑺𝟎 finding 
𝑻𝒄𝒔𝟎∗ 𝟐𝟖𝟕𝟎 𝟎, but not 𝑻𝒄𝒔𝟏∗ 𝟐𝟗𝟎𝟎 𝟎 to 𝑫𝟎𝑲𝑺𝟎

n 𝑻𝒄𝒔𝟎∗ 𝟐𝟖𝟕𝟎 𝟎

q Significance of 5.3 𝝈
q 𝒎 = 𝟐𝟖𝟖𝟑 ± 𝟏𝟏 ± 𝟖 MeV
q 𝚪 = 𝟖𝟕#𝟒𝟕&𝟐𝟐 ± 𝟏𝟕 MeV

n Branching fraction ratio

[PRL 134 (2025) 101901]

𝑻!#𝟎∗ 𝟐𝟖𝟕𝟎 𝟎

𝑻𝒄𝒔𝟎
∗ 𝟐𝟖𝟕𝟎 𝟎→𝑫𝟎8𝑲𝟎

𝑻𝒄𝒔𝟎
∗ 𝟐𝟖𝟕𝟎 𝟎→𝑫3𝑲4

= 𝟑. 𝟑 ± 𝟏. 𝟏 ± 𝟏. 𝟏 ±𝟏. 𝟏

𝑻𝒄𝒔𝟏
∗ 𝟐𝟗𝟎𝟎 𝟎→𝑫𝟎8𝑲𝟎

𝑻𝒄𝒔𝟏
∗ 𝟐𝟗𝟎𝟎 𝟎→𝑫3𝑲4

= 𝟎. 𝟏𝟓 ± 𝟎. 𝟏𝟓 ± 𝟎. 𝟎𝟓 ±𝟎. 𝟎𝟓

Isospin symmetry: two ratio should be 1

d
c_
u
s_
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Observation of 𝑻𝒄&𝒔𝟎∗ 𝟐𝟗𝟎𝟎 𝟎/%% → 𝑫𝒔%𝝅∓
n Decays from from 𝐵B → =𝐷B𝐷?;𝜋< and 𝐵; → 𝐷<𝐷?;𝜋;

Ø𝑇! ̅%&
∗ 2900 & → 𝐷%"𝜋( & 𝑇! ̅%&

∗ 2900 "" → 𝐷%"𝜋" significance > 9𝜎
üA second 1- 𝐷#,𝜋 state yields significance of only 1.3𝜎
üAdditional 𝐷𝜋, 𝐷#,𝜋, 𝐷𝐷#, resonances disfavored

Ø 𝐽) = 0" favored over other spin-parity by more than 7.5𝜎
𝑀 = 2.908 ± 0.011 ± 0.020 GeV
Γ = 0.136 ± 0.023 ± 0.011 GeV

[PRL 131 (2023) 041902]

d
c
u
s
_
_
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𝑫𝒔𝟏 𝟐𝟒𝟔𝟎 % → 𝑫𝒔%𝝅%𝝅$ decays
n 𝑫𝒔𝟎∗ (𝟐𝟑𝟏𝟕) and 𝑫𝒔𝟏(𝟐𝟒𝟔𝟎) are very special 

q Masses ~100 MeV below expectation
q Isospin-violating decay 𝑫𝒔

∗ &𝝅𝟎 dominate

n Propose to study of 𝑫𝒔𝟏 𝟐𝟒𝟔𝟎 , → 𝑫𝒔,𝝅,𝝅-

q Double-bump lineshape in 𝒎 𝝅𝝅 if 
𝑫𝒔𝟏 𝟐𝟒𝟔𝟎 & is a 𝑫∗𝑲 hadronic molecule

n I=1 partners of 𝑫𝒔𝟎∗ (𝟐𝟑𝟏𝟕) are proposed
q Inspired by observation of I=1 tetraquark

𝑻𝒄"𝒔 𝟐𝟗𝟎𝟎 ##/𝟎 → 𝑫𝒔#𝝅±
[L. Maiani et. al. 
Phys. Rev. D 110, 034014]

[Tang et. al. 
Commun. Theor. Phys. 75 055203]

[PRL 131 (2023) 041902]

14

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.110.034014
https://iopscience.iop.org/article/10.1088/1572-9494/accc1f


𝑫𝒔𝟏 𝟐𝟒𝟔𝟎 % → 𝑫𝒔%𝝅%𝝅$ decays
n ~800 𝐷%0 2460 " → 𝐷%"𝜋"𝜋( from three 𝐵 → 𝐷%0 2460 "<𝐷 ∗ decays

n Double-bump structure in 𝑚 𝜋𝜋
n Amplitude analysis performed

q 𝑓" 500 + 𝑓" 980 and 𝜋𝜋 K-matrix 
cannot describe the data well

q The model in paper also cannot 
describe the data well

[Sci. Bull. 70 (2025) 1432–1444]

[Tang et. al. 
Commun. Theor. Phys. 75 055203]
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Two resonance models can fit the data well
n 𝑓& 500 + 𝑓& 980 + 𝑓1 1270

q Large contribution from 𝑓" 980 and 
𝑓3 1270 above PHSP of 𝑚 𝜋𝜋

q This model cannot rejected, but implausible

Resonance Mass (MeV) Width (MeV) FF (%)

𝑓" 500 376 ± 9 ± 16 175 ± 23 ± 16 197 ± 35 ± 23

𝑓" 980 945.5 167 187 ± 38 ± 43

𝑓3 1270 1275.4 186.6 29 ± 2 ± 1

n 𝑓& 500 + 𝑇! ̅%
"" + 𝑇! ̅%

& (new exotics)

Resonance Mass (MeV) Width (MeV) FF (%)

𝑓" 500 474 ± 30 ± 18 224 ± 23 ± 16 24889:#:; ± 39

𝑇$ ̅' 2327 ± 13 ± 13 96 ± 16 ± 23 1568<=#>? ± 25

[Sci. Bull. 70 (2025) 1432–1444]

d
c
u
s
_
_
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Hidden(doubly)-charm tetraquarks



Exotic states in 𝑩% → 𝑱/𝝍𝝓𝑲% decays
n 𝐵; → 𝐽/𝜓𝜙𝐾; decays initially used for study of 𝐽/𝜓𝜙 structures 

q 𝑋 4140 first observed by CDF and confirmed by CMS 

q With run-1 data, LHCb observed 𝑋 4140 , 𝑋(4274), 𝑋(4500) and 𝑋(4700)
n With run-1 and 2 data, 6 x signal decays obtained

q Clearly visible: 4 structures in 𝐽/𝜓𝜙 mass and an obvious 𝐽/𝜓𝐾, band

[PLB 734 (2014) 261][arXiv:1101.6058]

24k signal
Purity 96% 𝒁𝒄𝒔 state?

[PRL 118 (2017) 022003]

[PRL 127 (2021) 082001]
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Observation of new resonances →𝑱/𝝍𝑲Oand 𝑱/𝝍𝝓

n Run-1 fit model doesn’t work well
n Fit needs more states, in which 

4 new exotic-like states are observed
𝒁𝒄𝒔(𝟒𝟎𝟎𝟎)

𝒁𝒄𝒔(𝟒𝟐𝟐𝟎)

K*

n New states: 
𝑍!% 4000 " 𝐽) = 1"
𝑍!% 4220 ", 𝐽) = 1"/(
𝑋 4685 , 𝑋(4630)

n Confirmed previous observed states:
𝑋(4140), 𝑋(4274), 
𝑋(4500), 𝑋(4700) 

[PRL 127 (2021) 082001]

𝑿(𝟒𝟏𝟒𝟎)
𝑿(𝟒𝟐𝟕𝟒)

𝑿(𝟒𝟓𝟎𝟎)

𝑿(𝟒𝟔𝟖𝟓)
𝑿(𝟒𝟕𝟎𝟎)

𝑿(𝟒𝟔𝟑𝟎)
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Comparison with BESIII
n BESIII observed a narrow 𝑍>? 3985 ; with different final states 𝐷?;=𝐷∗ + =𝐷𝐷?∗;

n Two states have similar masses, but different widths
n No evidence 𝑍>? 4000 ; is the same as 𝑍>? 3985 ; seen by BESIII

q Fix 𝑍!# 4000 , to BESIII’s result; 2ln𝐿 is worse by 160
q Adding on top of the default model almost doesn’t improve the fit likelihood

𝑚 𝑍$' 4000 & = 4003 ± 6#)5& 5 MeV
Γ 𝑍$' 4000 & = (131 ± 15 ± 26) MeV

[PRL 126 (2021) 102001][PRL 127 (2021) 082001]

c
c
_

u
s
_
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Evidence of 𝑻𝒄"𝒄𝒔𝟏 𝟒𝟎𝟎𝟎 𝟎 in 𝑩𝟎 → 𝑱/𝝍𝝓𝑲𝑺
𝟎

n 𝐵; → 𝐽/𝜓𝜙𝐾<; and 𝐵, → 𝐽/𝜓𝜙𝐾, are related by isospin symmetry
n Joint amplitude fit assumes isospin symmetry except for 𝑇= ̅!#" 4000 ;

n Its significance is 4𝜎 (5.4𝜎 under isospin assumption) 
n 𝑇! ̅!#" 4000 ; and 𝑇! ̅!#" 4000 , ≡ 𝑍!# 4000 , are likely to be isospin partners

[PRL 131 (2023) 131901]
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𝑩% → 𝑫∗±𝑫∓𝑲%: amplitude analysis
n Amplitudes of 𝑅 → 𝐷∗,𝐷-and 𝑅 → 𝐷∗-𝐷, linked by 𝑪-parity

⇒ allowing determination of C-parities of 𝑅 resonances § Four charmonium(-like) 
states are observed 
decaying to 𝐷∗.𝐷 for 
>6.1s

§ At least the three of 
them are new

§ JPC for each state is 
determined for >5.7s

§ 𝑇 ̅!#̅
∗ states, seen in 
𝐵, → 𝐷,𝐷-𝐾,, are 
confirmed in 𝐵, →
𝐷∗,𝐷-𝐾, decays

[PRL 133 (2024) 131902]
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𝑿(𝟑𝟗𝟔𝟎) in 𝑩+ → 𝑫𝒔+𝑫𝒔-𝑲+ decays
n Strong threshold enhancement found in 𝐷?;𝐷?< system
n Amplitude analysis is performed

n 𝑿(𝟑𝟗𝟔𝟎): threshold enhancement
q 𝐽>? = 0,, preferred over 1-- and 2,, by 9.3𝜎 and 12.3𝜎
q Could be a 𝑐 ̅𝑐𝑠𝑠̅ tetraquark predicted by Lattice QCD

q Resonance parameters are consistent with 𝜒!;(3915)within 3s
q If 𝑋 3960 = 𝜒!;(3915), 

[PRL 131 (2023) 071901]
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[JHEP 06 (2021) 035]

~360 signals

ℬ(𝑋 → 𝐷&𝐷#)
ℬ(𝑋 → 𝐷'&𝐷'#)

= 0.29 ± 0.09 ± 0.10 ± 0.08
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𝑻𝒄&𝒄𝟏 𝟒𝟒𝟑𝟎 % in 𝑩% → 𝝍 𝟐𝑺 𝑲𝑺
𝟎𝝅%

n First four-dimensional amplitude analysis of 𝐵" → 𝜓 2𝑆 𝐾?&𝜋" is performed using 5.4 fb(0 Run2 data
q related via isospin symmetry to J𝐵& → 𝜓 2𝑆 𝐾(𝜋" where the first charged charmonium-like state 
𝑇! ̅!0 4430 "(𝑍! 4430 ", 𝐽) = 1") was seen [PRL 100 (2008) 142001] [PRL 112 (2014) 222002]

Model independent

ü discrepancy resolved by adding 𝜓 2𝑆 𝜋" component 
showing resonant behavior

𝑁 = 9600 ± 100

[arXiv: 2511.20428]
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𝑻𝒄&𝒄𝟏 𝟒𝟒𝟑𝟎 % in 𝑩% → 𝝍 𝟐𝑺 𝑲𝑺
𝟎𝝅%

Model dependent
ü Breit Wigner:
𝑀 = 4.452 ± 0.016;.;AA,;.;BB GeV
Γ = 0.174 ± 0.019-;.;C;,;.;DA GeV

𝑓 = 3.7 ± 0.6-;.E,F.; %
𝐽> = 1,

consistent with 𝑇! ̅!" 4430 ,

u Molecular scenario 
Flatté model to take into account opening of .𝐷"∗ 2600 ;𝐷, decay

𝑔": coupling to 𝜓 2𝑆 𝜋,
𝑔C: coupling to .𝐷"∗ 2600 ;𝐷,

𝑔3 = 0.00 ± 1.78 ± 2.81 GeV/𝑐3,
𝑔3
𝑔)

< 6.8 @ 95% CL

u Triangle singularity mechanism
ü Amplitude obtained through 

integration over the triangle 
diagram, leaving no free 
parameter other than an 
overall complex coupling

ü A reasonable description is 
achieved 

[arXiv: 2511.20428]
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Doubly charmed tetraquark
n A narrow resonance 𝑇hhO (𝑐𝑐(𝑢𝑑̅) discovered in prompt 𝐷i𝐷i𝜋O

spectrum, just below the 𝐷∗O𝐷i mass

[Nature Physics 18 (2022) 751]
[Nature Comm. 13 (2022) 3351]
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Hidden-charm pentaquarks



Pentaquark study
n Pentaquark candidates are first observed 

in 2015, a refined result is presented
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[PRL 122 (2019) 222001]

Proximity of 𝛴!,.𝐷; and 𝛴!,.𝐷∗; thresholds to the peaks 
suggests they play an important role in the dynamics

Compact multiquark oMass proximity to 
threshold accidental

oNo (strong) hierarchy 
of couplings

Hadron molecule 
oMass proximity to 

threshold natural
oFall-apart decay 

dominant

𝜦𝒃𝟎 → ⁄𝑱 𝝍𝒑 𝑲#

Three narrow structures observed in 𝑚(𝐽/𝜓𝑝)
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800 𝐵?B → 𝐽/𝜓𝑝𝑝̅ decays

Can’t distinguish 𝐽u due to limited sample size

Other contributions are tested, no evidence is seen:
• 𝑃$(4312)& seen in 𝛬!" → J/ψ𝑝𝐾#[PRL 122 (2019) 222001]

• Predicted glueball state 𝑓=(2220)(→ 𝑝𝑝)[EPJC 75, 101 (2015)]

Evidence of a 𝑱/𝝍𝒑 structure [PRL 128 (2022) 062001]
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𝛯&'𝐷(
threshold

𝑷𝒄&𝒄𝒔 → 𝑱/𝝍𝜦
State 𝑴𝟎 [MeV] 𝚪 [MeV] Significance Threshold Ref.

𝑷𝒄>𝒄𝒔 𝟒𝟒𝟓𝟗 𝟎 𝟒𝟒𝟓𝟖. 𝟖 ± 𝟐. 𝟗#𝟏.𝟏&𝟒.𝟕 𝟏𝟕. 𝟑 ± 𝟔. 𝟓#𝟓.𝟕&𝟖.𝟎 𝟑. 𝟏𝝈 𝜩𝒄'𝑫∗
Science Bulletin 
66 (2021) 1278

𝑷𝒄>𝒄𝒔 𝟒𝟑𝟑𝟖 𝟎 𝟒𝟑𝟑𝟖. 𝟐 ± 𝟎. 𝟕 ± 𝟎. 𝟒 𝟕. 𝟎 ± 𝟏. 𝟐 ± 𝟏. 𝟑 𝟏𝟓𝝈 𝜩𝒄'𝑫
PRL 131 (2023) 

031901

𝛯!# → 𝐽/𝜓𝛬𝐾#

𝜩𝒄𝟎,𝑫∗𝟎 threshold

𝐵# → 𝐽/𝜓𝛬𝑝̅

𝜩𝒄'𝑫(
threshold

dc
s u

c
_
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Pentaquark studies via open charm modes

ØNo significant signals
ØLargest deviation from bkg. shown in 
Λ$&𝜋&𝐷#(𝑐 ̅𝑐𝑢𝑢𝑑) @ 𝑀~4520.69 MeV

prompt production
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[PR D110 (2024) 032001]
𝜦𝒃𝟎 → 𝜮𝒄

∗ ,,𝑫 ∗ -𝑲-𝜦𝒃𝟎 → 𝜦𝒄,.𝑫 ∗ 𝟎𝑲-

ØEssential input for extraction of 
ℬ(𝑃$& → Λ$& 7𝐷 ∗ ")/ℬ(𝑃$& → 𝐽/𝜓𝑝)
in the future

[EPJC 84 (2024) 575]
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ØStudy of resonant structures calls 
for larger dataset

[PR D110 (2024) L031104]
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Observation of 𝜦𝒃𝟎 → 𝜦𝒄%𝑫𝒔$𝑲%𝑲$ decays
n Can 𝑃h ̅ho decay into 𝛬hO𝐷op

n Cut & MVA based selection
q 61 ± 8 𝛬�B decays
q Dominated by 𝜙 → 𝐾;𝐾<

[PRD112 (2025) 052013]
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n 𝑃> ̅>? contributions (fit fractions) derived from fit to background-subtracted data

n Widths and masses are Gaussian constrained to their known values

n Upper limits on 90% (95%) CLs:
ℛu898: ���� ; < 0.10 (0.12) and  ℛu898: ���� ; < 0.17 (0.20)

Search for pentaquarks in 𝜦𝒄%𝑫𝒔$ mass
[PRD112 (2025) 052013]
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All-charm tetraquarks



LHCb

• All exp observe X(6900) 

• CMS first observed X(6600) & evidence of X(7100)
• All exp use interference, but in different ways

• All exp see a threshold excess, NOT explained! Classified as background 
• Many open questions

ATLAS

Sci. Bull., 65(23):1983, 2020 Phys. Rev. Lett., 131(15):151902, 2023

CMS
Phys. Rev. Lett., 132(11):111901, 2024

Status of of all-charm tetraquark before 2025
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Idealized models of potential all-charm structures

• Models of potential quark configurations for J/yJ/y mesons
Meson-meson “molecule” (𝑐 ̅𝑐- 𝑐 ̅𝑐) 
Pair of diquarks (𝑐𝑐- ̅𝑐 ̅𝑐) 
Hybrid with a valence gluon
Peaks as artifact of di-charmonia production thresholds

Properties such as JPC, cross section, new decay channels if resonance?

o Found repulsive between two 
charmoniums in Lattice QCD:
2411.11533 [hep-lat]

What is their nature?
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CMS Run 2+3

Ø Run 2+3 luminosity is 2.3X of Run 2

• Luminosity
Run 2: 135 fb-1

Run 3: 180 fb-1

• 𝐉/𝛙𝐉/𝛙 yield
Run 2 ~12622± 165

Run 3 ~31802± 476

Ø Run 2+3 𝐉/𝛙𝐉/𝛙 yield is 3.6X of Run 2

• 𝐉/𝛙𝐉/𝛙 yield per unit luminosity

Run 2 ~93 events / fb-1

Run 3 ~177 events / fb-1

• Data samples [315 fb-1] 
Run II: 135 fb-1 data taken in 2016, 2017 and 2018.

Run III: 180 fb-1 data taken in 2022, 2023 and 2024.

New triggers in parked data

http://cds.cern.ch/record/2929472

𝑱/𝝍𝑱/𝝍 updated result
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CMS Run 2+3

17σ

8σ

15σ

Dip1: 10σ
Dip2: 7σ

Ø All states and dips well above 5σ !

Ø Quantum interference among structures strengthen!

Ø With improved precision, large mass splittings persist 

VS. Run II result:

ü Statistical uncertainty reduced by a factor of 3
ü Systematic uncertainty reduced by about a factor of 2

ü Statistics & model improvement

No 
interference

Run 2+3 interference fit result
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ATLAS only claim X(6900) 4.7σ in 𝐽/𝜓𝜓(𝟐𝐒) channel 

Params 𝐽/𝜓𝜓(2S) [MeV] 𝐽/𝜓𝐽/𝜓 [MeV]

M(BW2) 𝟔𝟖𝟕𝟔"𝟐𝟗"𝟏𝟏𝟎!𝟒𝟔!𝟏𝟏𝟎 𝟔𝟖𝟒𝟕 ± 𝟏𝟎 ± 𝟏𝟓

Γ(BW2) 𝟐𝟓𝟑"𝟏𝟎𝟎"𝟏𝟐𝟎!𝟐𝟗𝟎!𝟏𝟐𝟎 𝟏𝟑𝟓"𝟏𝟒!𝟏𝟔 ± 𝟏𝟒

M(BW3) 𝟕𝟏𝟔𝟗"𝟓𝟐"𝟕𝟎
!𝟐𝟔!𝟕𝟒 𝟕𝟏𝟕𝟑"𝟏𝟎!𝟗 ± 𝟏𝟑

Γ(BW3) 𝟏𝟓𝟒"𝟖𝟐"𝟏𝟔𝟎!𝟏𝟏𝟎!𝟏𝟒𝟎 𝟕𝟑"𝟏𝟓
!𝟏𝟖 ± 𝟏𝟎Ø Significance of X(6900) = 7.9σ

Ø Significance of X(7100) = 4.0σ

CMS Run 2+3

http://cds.cern.ch/record/2929529

𝑱/𝝍𝝍(𝟐𝑺) Run II & III interference fit result
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§ Simultaneous fit of 3 channels:
J/yJ/y, J/yy(2S) [4𝜇], J/yy(2S) [4𝜇+2𝜋]

arXiv:2509.13101

Model C: Simultaneous fit for J/yy(2S) [4𝜇 and 4𝜇+2𝜋]

• X(6900) 8.9𝜎 from model C

• Set a upper limit of 0.41 @95%CL for X(7200)

ATLAS 2023 paper

Phys. Rev. Lett., 131(15):151902, 2023

• In ATLAS 2023 paper, X(7200) 3σ in J/yy(2S) [4𝜇]

Update of 𝑱/𝝍𝝍(𝟐𝑺) from ATLAS

40

https://arxiv.org/abs/2509.13101


4c States Spin Parity
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CMS Angular Analysis
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Nature volume 648, pages58–63 (2025)Decay Angles

43

https://www.nature.com/


CMS Statistical Analysis of JPC Nature volume 648, pages58–63 (2025)

44

https://www.nature.com/


Correlation function



Two-body femtoscopy

(pp, pPb)
(PbPb)

ψ(k⃗ * ,r *⃗)
two-particle wave function

r * p⃗1

p⃗2

core
Ann. Rev. Nucl. Part. Sci. 71 (2021) 377

arXiv: 2506.23476

46

𝑆(𝑟∗) the source emitting particles

contains the interaction part 

𝑘∗ = p3∗ − p)∗ /2

https://arxiv.org/abs/2506.23476


Proton-hyperon interactions
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Δ resonance in π+d

约90%的（反）氘核是通过短寿命共振态
（如Δ(1232)）衰变后的核反应产生的 48



LHCb Run3 performance
n Reaching Run 2 performance 

in mass resolution

LHCB-FIGURE-2024-025

LHCB-FIGURE-2024-021

𝟗 𝐟𝐛(𝟏 @ Run 1-2 →> 𝟑𝟎 𝐟𝐛(𝟏 by Run 3
49

https://cds.cern.ch/record/2909712
http://cds.cern.ch/record/2909650


Summary

n Major Discoveries
q Tetraquarks: confirmed open-flavor states (e.g., 𝑇!#;∗ 2870 ;), full-charm structures 
𝑋(6600,6900,7100), and the doubly-charmed 𝑇!!,

q Pentaquarks: Narrow 𝑃! states (4312, 4440, 4457) and 𝑃!# 4338

q Quantum numbers: Spin-parity of 𝑋(6600,6900,7100) determined as 𝐽>? = 2,,

n Advanced Techniques
q Precision studies rely on amplitude analysis of B hadron decays and direct pp production.

q Femtoscopy (correlation functions) probes strong interactions between hadrons.

n Future Outlook
q LHCb Run 3 data enable more discoveries and precise measurements

n More observables?
q production CPV and asymmetry decay parameters (𝛼, 𝛽, 𝛾)
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BACKUP
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Exotic production topology from B decays
n Exotics generated from 𝑏 → 𝑐 ̅𝑐𝑠 transition

'𝒃
𝒒

5𝒄

𝒒B

𝒄

5𝒔

𝒒

'𝒒B

𝑻𝒄>𝒄

𝐵
5𝒄

𝒒B

𝒄

5𝒔

𝒒

'𝒒B

𝑻>𝒄>𝒔

5𝒄

𝒒B

𝒄

5𝒔

𝒒

'𝒒B

𝑻𝒄>𝒔
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Spin-parity measurement

§ Production angles [for data test]
• 𝜗∗ : angle between beam line and 𝐽/𝜓 momentum in X rest frame
• Φ": azimuthal angle between production plane and decay plane in X rest frame

§ Decay angles [for data analysis]
• Φ : azimuthal angle between two 𝑙,𝑙- decay planes defined in X rest frame
• 𝜗" : helicity angle between opposite of 𝐽/𝜓C momentum and 𝑙 momentum defined in 𝐽/𝜓" rest frame
• 𝜗C : helicity angle between opposite of 𝐽/𝜓" momentum and 𝑙 momentum defined in 𝐽/𝜓C rest frame

q Framework
§ 𝑚�� spectrum 𝑋 → 4𝜇 — identical to Phys. Rev. Lett. 132 (2024) 111901

§ 𝑝� and 𝑝� of 𝑋 → 4𝜇 — match MC to data
§ Polarization of 𝑋 — assume unpolarized

Nature volume 648, pages58–63 (2025)

Concept of Analysis: All Input

53

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.132.111901
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Study of 𝑩𝟎 → $𝑫𝟎𝑫𝒔%𝝅$ and 𝑩% → 𝑫$𝑫𝒔%𝝅%

n Full 9 fb(0 Run1+Run2 LHCb data 
⇒ 4420 𝐵& → <𝐷&𝐷%"𝜋( and 
3940 𝐵" → 𝐷(𝐷%"𝜋" candidates

⇒ Joint amplitude analysis where amplitudes of the two decays are related through isospin symmetry 
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𝚲𝒃𝟎 → 𝚺𝒄
∗ ))𝑫 ∗ *𝑲*: intermediate states

n Larger dataset needed to draw a definitive conclusion 
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𝑷𝒄, 𝜩𝒄,

[PRD 110 (2024) L031104]
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https://link.aps.org/doi/10.1103/PhysRevD.110.L031104


Central exclusive production (CEP)

*glueball

ü Experimentally clean even @LHC
ü Spin-parity option narrowed down
✘ Much smaller rate
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𝑿 in 𝑩% → 𝑱/𝝍𝝓𝑲%
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[PRL 127 (2021) 082001]

Contribution Significance [⇥�] M0 [MeV] �0 [MeV] FF [%]

All K(1+) 25± 4+ 6
� 15

21P1 K(1+) 4.5 (4.5) 1861± 10+16
� 46 149± 41+231

� 23

23P1 K 0(1+) 4.5 (4.5) 1911± 37+124
� 48 276± 50+319

� 159

13P1 K1(1400) 9.2 (11) 1403 174 15± 3+ 3
� 11

All K(2�) 2.1± 0.4+2.0
� 1.1

11D2 K2(1770) 7.9 (8.0) 1773 186
13D2 K2(1820) 5.8 (5.8) 1816 276

All K(1�) 50± 4+10
� 19

13D1 K⇤(1680) 4.7 (13) 1717 322 14± 2+35
� 8

23S1 K⇤(1410) 7.7 (15) 1414 232 38± 5+11
� 17

K(2+)
23P2 K⇤

2 (1980) 1.6 (7.4) 1988± 22+194
� 31 318± 82+481

� 101 2.3± 0.5± 0.7
K(0�)

21S0 K(1460) 12 (13) 1483 336 10.2± 1.2+1.0
� 3.8

X(2�)
X(4150) 4.8 (8.7) 4146± 18± 33 135± 28+59

� 30 2.0± 0.5+0.8
� 1.0

X(1�)
X(4630) 5.5 (5.7) 4626± 16+ 18

� 110 174± 27+134
� 73 2.6± 0.5+2.9

� 1.5

All X(0+) 20± 5+14
� 7

X(4500) 20 (20) 4474± 3± 3 77± 6+10
� 8 5.6± 0.7+2.4

� 0.6

X(4700) 17 (18) 4694± 4+16
� 3 87± 8+16

� 6 8.9± 1.2+4.9
� 1.4

NRJ/ � 4.8 (5.7) 28± 8+19
� 11

All X(1+) 26± 3+ 8
� 10

X(4140) 13 (16) 4118± 11+19
� 36 162± 21+24

� 49 17± 3+19
� 6

X(4274) 18 (18) 4294± 4+3
� 6 53± 5± 5 2.8± 0.5+0.8

� 0.4

X(4685) 15 (15) 4684± 7+13
� 16 126± 15+37

� 41 7.2± 1.0+4.0
� 2.0

All Zcs(1+) 25± 5+11
� 12

Zcs(4000) 15 (16) 4003± 6+ 4
� 14 131± 15± 26 9.4± 2.1± 3.4

Zcs(4220) 5.9 (8.4) 4216± 24+43
� 30 233± 52+97

� 73 10± 4+10
� 7
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𝑿 → 𝑱/𝝍𝝓 in CEP [LHCb-PAPER-2023-043]
in preparation

4 tracks

𝑁 = 989
purity = 93.0 ± 0.5 %

preliminary

preliminary

𝟐. 𝟒𝝈

𝟒. 𝟑𝝈

𝟓. 𝟓𝝈

𝟏. 𝟔𝝈 (joint)

preliminary
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First exotic hadron measurement in CEP!

preliminary
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[LHCb-PAPER-2023-043] in preparation [PRL 127 (2021) 082001]

𝐵& → 𝐽/𝜓𝜙𝐾&

§ Mass & width measurements: slightly higher 
mass of 𝑋(4500)

§ Cross-section measurements:
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Study of 𝝌𝒄𝟏(𝟑𝟖𝟕𝟐)/𝑿(𝟑𝟖𝟕𝟐)
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[PRL 126 (2021) 092001]
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𝐾∗only fit

Amplitude analysis of 𝑩𝟎 → 𝜼𝒄𝑲%𝝅$

n An evidence of 𝑇> ̅> 4100 < → 𝜂>𝜋< was reported 
by LHCb with 4.7 fb<@ data (3.4s)

n Update with full 9 fb<@ data
n 5000 signal yields ( ~2.5 of previous publication)
n Amplitude results:

n 𝑻𝒄5𝒄 𝟒𝟏𝟎𝟎 < is not confirmed

[Eur. Phys. J. C78 (2018) 1019]

4.7 fb#)

• 3.6σ (2.5σ) significance without (with)
systematic uncertainties

• J P= 0+ disfavoured by 3.2σ compared
to 1− (stat. only)

• m(𝑇! ̅!) = 4106 ± 23 MeV
• Γ(𝑇! ̅!) = 514 ± 166 MeV

[arXiv:2509.03133]

𝐾∗ + 𝑇$ ̅$ fit
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Study of 𝑩𝟎 → $𝑫𝟎𝑫𝒔%𝝅$ and 𝑩% → 𝑫$𝑫𝒔%𝝅%

n Full 9 fb(0 Run1+Run2 LHCb data 
⇒ 4420 𝐵& → <𝐷&𝐷%"𝜋( and 
3940 𝐵" → 𝐷(𝐷%"𝜋" candidates

⇒ Joint amplitude analysis where amplitudes of the two decays are related through isospin symmetry 
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[PRL 131 (2023) 041902]
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Summary and prospects
n LHCb keeps making important contributions to heavy hadron 

spectroscopy, both for conventional or exotic hadrons
n In Run 3, the upgraded LHCb detector and an improved software-

only trigger system will be implemented

More exciting results are to come!
More data, more chances & challenges! 63



Radiative decays of 𝜒/0(3872)
p Nature of 𝜒!"(3872) still under debate, while study of radiative decays provides a way to probe it
n 𝜒!" 3872 → 𝜓 2𝑆 𝛾 observed for the first time using 𝐵, → 𝜒!" 3872 𝐾, decay with 9 fb-" data
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+• Data
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Total

Run1: 𝑁 = 40 ± 8; 5.3𝜎

Run2: 𝑁 = 63 ± 10; 6.7𝜎

[JHEP 11 (2024) 121]

üPossible explanation: 
different contributions 
from 𝑊!", isovector
partner of 𝜒!"(3872), 
in 𝐵, decays and 𝑒,𝑒-
annihilations?
→ pp collisions?

[arXiv: 2502.04458]
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𝑻𝒄𝒄% (𝒄𝒄$𝒖$𝒅)
q Consist with 𝑱𝑷 = 𝟏; isoscalar

q Contribute to 𝐷;𝐷; and
𝐷;𝐷, (𝜋/𝛾 is missing)

q No peaks in 𝐷,𝐷;𝜋, and 𝐷,𝐷,
=> 𝑇!!,, not found
=> Support that 𝑻𝒄𝒄, is an isoscalar

Nature Comm. 13 (2022) 3351

? ?

Answer: To find the predicted deep-bounded 𝒃𝒃'𝒖'𝒅 ?

Nature Physics 18 (2022) 751
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Simplification in Angular Analysis
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𝑱/𝝍 polarizations
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