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Introduction
n Hadron spectroscopy provides opportunities to 

study QCD in non-perturbative region
q Extensive and precise spectroscopy combined with 

a thorough theoretical analysis add substantially
to our knowledge of QCD 

n Exotic hadrons provide unique probe to QCD 
q Predicted in quark model
q Strong experimental evidence in last years

Mesonic 
molecule ? Pentaquark ?Tetraquark ? Hybrid ?

…
Meson

Baryon

CONVENTIONALEXOTIC

Hardon size
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The LHCb as a Beauty and Charm factory
Proton-Proton Collisions at 𝑠 = 13 TeV
~ 20 000 𝑏&𝑏 pairs per second, x 20 of 𝑐 ̅𝑐 pairs 

High B-baryon production fraction

𝑩! 	 ∶ 	 𝑩𝟎 	 ∶ 	𝑩𝒔𝟎 	 ∶ 	 𝜦𝒃𝟎

𝒖.𝒃 	 𝒅.𝒃 	 𝒔.𝒃 	 (𝒖𝒅𝒃)
          𝟒	 ∶ 	 𝟒	 ∶ 	 𝟏	 ∶ 	 𝟐

Unique dataset
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The LHCb Experiment
n LHCb is a dedicated flavor physics experiment at the LHC

q >104 × larger 𝑏 production rate than the B factories @ U(4S)
q Access to all c-hadrons: 𝐷!, 𝐷%, 𝐷&!, c-baryons

n Ideal also to study hadron spectroscopy including exotics
n Acceptance optimized for forward 𝑄 "𝑄 production

Ø All results in this talk based on full or 
part of run-1/2 datasets

p p

JINST 3 (2008) S08005
IJMPA 30 (2015) 1530022
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New particles in a glance
69 new hadrons discovered by LHCb!

https://www.nikhef.nl/~pkoppenb/particles.html

Exotic hadron naming convention:  PDG2024
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Charmonium(-like)

Open heavy flavor

https://www.nikhef.nl/~pkoppenb/particles.html
https://pdg.lbl.gov/2024/web/viewer.html?file=../reviews/rpp2024-rev-naming-scheme-hadrons.pdf


Charm spectroscopy with 
𝑩 → 𝑫$𝑫𝒉 decays



Why 𝑩 → 𝑫$𝑫𝒉 decays
n Rich opportunities for spectroscopy

q Excited 𝑫8, 𝑫𝟎, 𝑫𝒔8, 𝜦𝒄8 states from 𝑫(∗)𝒉,𝜦𝒄8𝒉…
q Charmonium(-like) states in 𝑫(∗)(𝑫(∗), 𝜦𝒄8(𝑫(∗), 𝜦𝒄8(𝜦𝒄<…
q Open-heavy-flavor exotic states from (𝑫(∗)𝒉, (𝜦𝒄<𝒉…

n Improve previous studies by B-factories with higher signal and lower background

𝐵!, 𝐵", 𝐵#"
Λ$" …

𝐷 ∗ !, 𝐷 ∗ ", 𝐷#!, Λ&!…

𝐷 ∗ ', &𝐷 ∗ ", 𝐷#', &Λ&'…

𝐾 ∗ !, 𝐾 ∗ ", 𝜋!, 𝜙, Λ…
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𝐵! → 𝐷!𝐷"𝐾! 

𝑻𝒄𝒔𝟎,𝟏∗ in 𝑩' → 𝑫'𝑫(𝑲' decays

𝜒!",$(3930)
𝜓(3770)

A new resonance?

𝑻𝒄𝒔𝟏∗ (𝟐𝟗𝟎𝟎)

𝑻𝒄𝒔𝟏∗ (𝟐𝟖𝟕𝟎)

[PRL 125 (2020) 242001]
[PRD 102 (2020) 112003] 
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First discovery of open-charm tetraquarks 
with four different flavors [𝒄𝒔.𝒖.𝒅]!

𝑇&#",)∗ 2900 " → 𝐷!𝐾'
𝜒&",*(3930) → 𝐷!𝐷'



𝐵< → 𝐷<𝐷8𝐾<
𝑇'&%,)∗ 2900 , 𝜒'%,+(3930)

𝐵" → 𝐷!𝐷#"𝜋" 𝐵$ → $𝐷$𝐷#"𝜋! &

𝑻𝒄)𝒔𝟎∗ in 𝑩 → $𝑫𝑫𝒔(𝝅± decays [PRL 131 (2023) 041902]

𝑇&#̅"∗ 2900 !! → 𝐷#!𝜋!
𝑇&#̅"∗ 2900 " → 𝐷#!𝜋' 
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Puzzle for 𝑻𝒄)𝒔𝟎∗ 𝟐𝟗𝟎𝟎
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[PRL 131 (2023) 041902] [PRD 102 (2020) 112003] 
𝐵8 → 𝐷<𝑻𝒄&𝒔𝟎∗ 𝟐𝟗𝟎𝟎 88

u
c
d
s
_
_𝐵8 → 𝐷< 𝑫𝒔8𝝅8 𝐵8 → 𝐷< 𝑫8𝑲8

Observed Not obvious

𝐵3 → #𝐷3𝑻𝒄5𝒔𝟎∗ 𝟐𝟗𝟎𝟎 𝟎 → #𝐷3𝑫𝒔9𝝅: and #𝐷3𝑫𝟎𝑲𝟎 ?

d
c
u
s
_
_



𝑿𝟎 𝟑𝟗𝟔𝟎 in 𝑩 → 𝑫𝒔(𝑫𝒔'𝑲( decays

𝐵< → 𝐷<𝐷8𝐾<
𝑇'&%,)∗ 2900 , 𝜒'%,+(3930)

𝐵8 → 𝐷<𝐷E8𝜋8 
𝑇' ̅&%
∗ 2900 !!

𝐵" → 𝐷#"𝐷#!𝐾" 

𝐵F → (𝐷F𝐷E8𝜋< 
𝑇' ̅&%
∗ 2900 %

&

[PRL 131 (2023) 071901]
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𝑋" 3960 → 𝐷#!𝐷#'



𝐵< → 𝐷<𝐷8𝐾<
𝑇'&%,)∗ 2900 , 𝜒'+(3930)

𝐵8 → 𝐷<𝐷E8𝜋8 
𝑇' ̅&%
∗ 2900 !!

𝐵8 → 𝐷E8𝐷E<𝐾8 
𝑋 3960

𝐵F → (𝐷F𝐷E8𝜋< 
𝑇' ̅&%
∗ 2900 %

𝐵" → 𝐷∗±𝐷∓𝐾" 

&

New states in 𝑩( → 𝑫∗±𝑫∓𝑲( decays
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𝑩" → 𝑫∗±𝑫∓𝑲": signal yields

n Full LHCb Run1&2 dataset of 9	fb<I: 𝐷∗8 → 𝐷F → 𝑲<𝝅8&𝑲<𝝅8𝝅8𝝅< 𝜋8

ü 𝐵! → 𝐷∗!𝐷'𝐾!: ∼ 𝟏𝟔𝟑𝟔
ü 𝐵! → 𝐷!𝐷∗'𝐾!: ∼ 𝟏𝟕𝟕𝟐

[PRL 133 (2024) 131902]
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Signal yields:



𝑩( → 𝑫∗±𝑫∓𝑲(: amplitude analysis
n Amplitudes of 𝑹 → 𝑫∗8𝑫<and 𝑹 → 𝑫∗<𝑫8 decays linked by 𝑪-parity
⇒ allowing determination of C-parities of 𝑅 resonances 
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§ New charmonium(-like) 
states decaying to 𝐷∗&𝐷 
observed (> 6.1𝜎)

§ JPC determined (> 5.7𝜎)
§ Exotics or charmonium? 

Isospin could shed light

[PRL 133 (2024) 131902]

𝑪-even: 𝒜, 𝐷∗!𝐷' = +𝒜, 𝐷∗'𝐷!

𝑪-odd: 𝒜, 𝐷∗!𝐷' = −𝒜, 𝐷∗'𝐷!

𝒜, 𝐷∗!𝐷'
= 𝑒-./𝒜, 𝐷∗'𝐷!



Open charm tetraquarks
n 𝑇JEF,I∗  states, observed in 𝐵< → 𝐷<𝑫8𝑲<, confirmed in 𝐵< → 𝐷∗<𝑫8𝑲< decays

n No obvious structure in 𝐷∗±𝐾< and 𝐷<𝐾< spectra

16

11𝜎
9.2𝜎

[PRL 133 (2024) 131902]

𝐷'𝐾'

𝐷∗!𝐾' 𝐷∗'𝐾'

𝐷!𝐾'

𝐵) → 𝐷∗)𝑫+𝑲) 𝐵) → 𝐷)𝑫+𝑲)



𝑻𝒄𝒔∗ in 𝑩$ → 𝑫$𝑫𝟎%𝑲𝟎 decays

𝐵< → 𝐷<𝐷8𝐾<
𝑇'&%,)∗ 2900 , 𝜒'%,+(3930)

𝐵8 → 𝐷<𝐷E8𝜋8 
𝑇' ̅&%
∗ 2900 !!

𝐵8 → 𝐷E8𝐷E<𝐾8 
𝑋 3960

𝐵F → (𝐷F𝐷E8𝜋< 
𝑇' ̅&%
∗ 2900 %

𝐵8 → 𝐷∗±𝐷∓𝐾8 
𝑇 ̅' ̅&
∗ , ℎ' 4000/4300 , 𝜒')(4010)

&

𝐵" → 𝐷"$𝐷$𝐾$

17

𝐵! → 𝐷!𝐷$ $𝐾$



𝑻𝒄𝒔𝟎∗ 𝟐𝟖𝟕𝟎 𝟎 new decay mode

n Amplitude analysis of 𝐵< → 𝐷<𝐷F𝐾PF

Significant 𝑇JEF∗ 2870 F → 𝐷F𝐾PF(5.3𝜎)
No obvious 𝑇JEI∗ 2900 F → 𝐷F𝐾PF

    𝑇JEF∗ 2870 F:
    𝑚 = 2883 ± 11 ± 6 MeV
        Γ = 87'01!** ± 6 MeV

n Isospin tests:

 
𝑻𝒄𝒔𝟎∗ 𝟐𝟖𝟕𝟎 𝟎 → 𝑫𝟎.𝑲𝟎

𝑻𝒄𝒔𝟎∗ 𝟐𝟖𝟕𝟎 𝟎 → 𝑫!𝑲. = 𝟑. 𝟑 ± 𝟏. 𝟗

𝑻𝒄𝒔𝟏∗ 𝟐𝟗𝟎𝟎 𝟎 → 𝑫𝟎.𝑲𝟎

𝑻𝒄𝒔𝟏∗ 𝟐𝟗𝟎𝟎 𝟎 → 𝑫!𝑲. = 𝟎. 𝟏𝟓 ± 𝟎. 𝟏𝟕

Isospin symmetry: ratio close 1
18

[PRL 134 (2025) 101901]

𝑻𝒄𝒔𝟎∗ 𝟐𝟖𝟕𝟎 𝟎

𝑇&#∗ 𝑐𝑠5𝑢𝑑̅ → 𝐷!𝐾', 𝐷"&𝐾"

Consistent with 𝐵' → 𝐷'𝐷!𝐾' 



Excited 𝑫𝒔& state in 𝑩 → %𝑫𝑫𝒔&𝝅&𝝅$ decays

𝐵< → 𝐷<𝐷8𝐾<
𝑇'&%,)∗ 2900 , 𝜒'%,+(3930)

𝐵8 → 𝐷<𝐷E8𝜋8 
𝑇' ̅&%
∗ 2900 !!

𝐵 → $𝐷(∗)𝑫𝒔"𝝅"𝝅!

𝐵8 → 𝐷E8𝐷E<𝐾8 
𝑋 3960

𝐵F → (𝐷F𝐷E8𝜋< 
𝑇' ̅&%
∗ 2900 %

𝐵8 → 𝐷∗±𝐷∓𝐾8 
𝑇 ̅' ̅&
∗ , ℎ' 4000/4300 , 𝜒')(4010)

&

𝐵< → 𝐷<𝐷F(𝐾F
𝑇'&%∗ 2870
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Study of 𝑫𝒔𝟏 𝟐𝟒𝟔𝟎 ( → 𝑫𝒔(𝝅(𝝅' decay
n Unexpected properties for 𝐷EF∗ 2317 8 and 𝐷EI 2460 8

q Masses ~100 MeV below prediction

q Isospin-violating decay 𝐷#
∗ !𝜋" dominate

n Propose to study of 𝐷EI 2460 8 → 𝐷E8𝜋8𝜋<
q Double-bump lineshape in 𝑚 𝜋𝜋  if 
𝐷#) 2460 ! is a 𝐷∗𝐾 hadronic molecule

n 𝐷EF∗ 2317 8 as tetraquark: isospin partners proposed 
inspired by observation 𝑇JE̅ 2900 88/F → 𝐷E8𝜋8/F [PRD 110, 034014]

[Commun. Theor. Phys. 
75 055203]

20

[PRD 93, 034035]



Study of 𝑫𝒔𝟏 𝟐𝟒𝟔𝟎 ( → 𝑫𝒔(𝝅(𝝅' decay
n ~800 𝐷EI 2460 8 → 𝐷E8𝜋8𝜋< decays  from three 𝐵 → 𝐷EI 2460 8(𝐷 ∗  decays

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

q 𝑓" 500 + 𝑓" 980 , or 𝜋𝜋 K-matrix
cannot describe data well

q Model directly from theory cannot
describe data well either

[arXiv:2411.03399]

21[Commun. Theor. Phys. 75 055203]

https://iopscience.iop.org/article/10.1088/1572-9494/accc1f


Two models can fit the data well
n 𝑓F 500 + 𝑓F 980 + 𝑓] 1270

q Large contribution from 𝑓" 980  and 
𝑓* 1270  despite beyond phase space limit

q Can’t be rejected, but implausible

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

𝑓1 500 376 ± 9 ± 16 175 ± 23 ± 16 197 ± 35 ± 23

𝑓1 980 945.5 167 187 ± 38 ± 43

𝑓2 1270 1275.4 186.6 29 ± 2 ± 1

n 𝑓F 500 + 𝑇JE̅99 + 𝑇JE̅F  (new exotics)

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

𝑓% 500 472 ± 32 ± 19 226 ± 24 ± 18 237!"#$%& ± 42

𝑇' ̅& 2328 ± 12 ± 12 96 ± 16!'#$&() 151!##$#& ± 25

[arXiv:2411.03399]

22

𝐷#!𝜋! 𝐷#!𝜋'

Consistent with isospin symmetry

𝑇&#̅ masses ∼ 𝐷#"∗ 2317 !, but different widths 



Excited 𝑫𝒔( in 𝑩𝟎 → 𝑫'𝑫(𝑲(𝝅' decays

𝐵< → 𝐷<𝐷8𝐾<
𝑇'&%,)∗ 2900 , 𝜒'%,+(3930)

𝐵8 → 𝐷<𝐷E8𝜋8 
𝑇' ̅&%
∗ 2900 !!

𝐵 → (𝐷(∗)	𝐷E8𝜋8𝜋<

𝐵8 → 𝐷E8𝐷E<𝐾8 
𝑋 3960

𝐵F → (𝐷F𝐷E8𝜋< 
𝑇' ̅&%
∗ 2900 %

𝐵8 → 𝐷∗±𝐷∓𝐾8 
𝑇 ̅' ̅&
∗ , ℎ' 4000/4300 , 𝜒')(4010)

&

𝐵< → 𝐷<𝐷F(𝐾F
𝑇'&%∗ 2870

𝑇'&%∗ 2328 ? 23

𝐵F → 𝐷<𝐷8𝐾8𝜋<

𝐷&% 2590 !



𝑫𝒔𝟎 𝟐𝟓𝟗𝟎 ( in 𝑩𝟎 → 𝑫'𝑫(𝑲(𝝅'	decay

24

n Enhancement around 2.6 GeV in 𝐷8𝐾8𝜋< mass spectrum
n Amplitude fit for low 𝑚 𝐾8𝜋<  mass region

       𝐾8𝜋<	dominated by 𝐾F∗ 700 F S-wave

n Observation of 𝑫𝒔 𝟐𝟓𝟗𝟎 8

n Consistent with the 𝐷E 2I𝑆F 8 state, but mass 80 MeV
lower than prediction, but width is compatible

n Amplitude fit in full phase space ongoing

𝐽2 = 0' preferred, 1!, 2' rejected by >15𝜎
𝑚 = 2591 ± 6 ± 7 MeV

Γ = 89 ± 16 ± 12 MeV

[PRD 93, 034035]

[PRL 126, 122002]



States in 𝑩' → 𝜦𝒄($𝜦𝒄'𝑲' decay

𝐵< → 𝐷<𝐷8𝐾<
𝑇'&%,)∗ 2900 , 𝜒'%,+(3930)

𝐵8 → 𝐷<𝐷E8𝜋8 
𝑇' ̅&%
∗ 2900 !!

𝐵 → (𝐷(∗)	𝐷E8𝜋8𝜋<

𝐵8 → 𝐷E8𝐷E<𝐾8 
𝑋 3960

𝐵F → (𝐷F𝐷E8𝜋< 
𝑇' ̅&%
∗ 2900 %

𝐵8 → 𝐷∗±𝐷∓𝐾8 
𝑇 ̅' ̅&
∗ , ℎ' 4000/4300 , 𝜒')(4010)

&

𝐵< → 𝐷<𝐷F(𝐾F
𝑇'&%∗ 2870

𝑇'&%∗ 2328 ?

𝐵8 → 𝛬J8𝛬̅J<𝐾8 
𝛯' 2923 %, 𝛯' 2939 %

25

𝐵F → 𝐷<𝐷8𝐾8𝜋<

𝐷&% 2590 !



Observing 𝜩𝒄 state in 𝑩$ → 𝜦𝒄&%𝜦𝒄$𝑲$ decay
n Interesting for conventional & exotic studies

q 𝜩𝒄𝟎∗∗ → 𝜦𝒄1𝑲2; exotics in 𝜦𝒄1%𝜦𝒄2 and %𝜦𝒄2𝑲2?
n High-purity sample, with 𝑁bcd = 1365 ± 42
n 𝜩𝒄 𝟐𝟗𝟐𝟑 𝟎 and 𝜩𝒄 𝟐𝟗𝟑𝟗 𝟎 baryons confirmed 
n Evidence of a new 𝜩𝒄 𝟐𝟖𝟖𝟎 𝟎

n No significant hint for exotic hadrons in
𝜦𝒄8(𝜦𝒄< or (𝜦𝒄<𝑲< mass spectra

n (In)consistency with prompt production
q Missing states, different relative yields

[PRD 108 (2023) 012020]

𝛯! 2923 "

> 10𝜎 

𝛯! 2939 "

> 10𝜎 

𝛯! 2880 "

3.8𝜎	

sc
d

26

[PRL 124 (2020) 222001]

𝛯! 2923 "

𝛯! 2939 "

𝛯! 2965 "

Prompt

𝑀 𝛬'!𝐾.



Beauty baryon decays

𝐵< → 𝐷<𝐷8𝐾<
𝑇'&%,)∗ 2900 , 𝜒'%,+(3930)

𝐵8 → 𝐷<𝐷E8𝜋8 
𝑇' ̅&%
∗ 2900 !!

𝐵 → (𝐷(∗)	𝐷E8𝜋8𝜋<

𝐵8 → 𝐷E8𝐷E<𝐾8 
𝑋 3960

𝐵F → (𝐷F𝐷E8𝜋< 
𝑇' ̅&%
∗ 2900 %

𝐵8 → 𝐷∗±𝐷∓𝐾8 
𝑇 ̅' ̅&
∗ , ℎ' 4000/4300 , 𝜒')(4010)

&

𝐵< → 𝐷<𝐷F(𝐾F
𝑇'&%∗ 2870

𝑇'&%∗ 2328 ?

𝐵8 → 𝛬J8𝛬̅J<𝐾8 
𝛯' 2923 %, 𝛯' 2939 %

27

𝐵F → 𝐷<𝐷8𝐾8𝜋<

𝛬\3 → 𝛬]9#𝐷 ∗ 3𝐾: 

𝛬\3 → 𝛴]
(∗)#𝐷 ∗ 3𝐾 

𝛬\3 → 𝐷#𝐷Λ 

𝐷&% 2590 !



Observation of 𝜦𝒃𝟎 → 𝒄4𝒄𝒔 decays

28
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[EPJC 84 (2024) 575] [PRD 110 (2024) L031104] [JHEP 07 (2024) 140]

n Pave way for hidden- or open-charm pentaquarks

ΛhF → ΛJ8(𝐷(∗)F𝐾< ΛhF → 𝛴J
∗ 88𝐷 ∗ <𝐾< ΛhF → 𝐷8𝐷<Λ



Quarkonium(-like) states



Radiative decays of 𝝌𝒄𝟏(𝟑𝟖𝟕𝟐)
n Nature of 𝜒JI(3872) still under debate, radiative decays sensitive to structure
n Only evidence of 𝜒JI 3872 → 𝜓 2𝑆 𝛾 was seen experimentally

≳ 𝟏

≪ 𝟏

mixed

Babar 2008

Belle 2011

LHCb 2014

BESIII 2020

[JHEP 11 (2024) 121]
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Observation of 𝝌𝒄𝟏 𝟑𝟖𝟕𝟐 → 𝝍 𝟐𝑺 𝜸
n Update by LHCb using 𝐵8 → 𝜒JI 3872 𝐾8 decay with 9	fb<I	Run1+Run2 data 
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Run1: 𝑁 = 40 ± 8; 𝟓. 𝟑𝝈

Run2: 𝑁 = 63 ± 10; 𝟔. 𝟕𝝈

(15%)

LHCb average

[JHEP 11 (2024) 121]
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Central exclusive production (CEP)

Gluon rich

ü Experimentally clean even @LHC
ü Spin-parity option narrowed down
✘  Much smaller rate

n Study J/ψϕ resonances in CEP
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𝑿 → 𝑱/𝝍𝝓 in central exclusive production

§ First observation of exotics in CEP events
§ Mass and width measurements

§ Cross-section measurements

𝐵! → 𝐽/𝜓𝜙𝐾!

[PRL 127 (2021) 082001]
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𝟐. 𝟒𝝈
𝟒. 𝟑𝝈
𝟓. 𝟓𝝈
𝟏. 𝟔𝝈

[PRL 134 (2025) 031902]



Charm baryon spectroscopy

More details in talk by Guanyue WAN (Thursday afternoon)



Singly heavy baryons
n 𝑄𝑞𝑞	baryons well described by heavy-quark light-diquark 𝑄 𝑞𝑞  model 
ü 𝜆-mode can cope with almost all observed states
ü 𝜌-mode: no firm assignment yet

[PRD 92 (2015) 114029] 𝑳

Chinese Phys. C 47 (2023) 073105
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n Spin-parity of most states not measured,
limiting proper assignment in spectroscopy

𝑳



Determination of 𝑱𝑷 for 𝜩𝒄 𝟑𝟎𝟓𝟓 (,𝟎

n First observation 𝛯h
F(<) → 𝛯J 3055 8,F → 𝐷𝛬 𝜋< decays, also evidence for 𝛯J(3080)

n Used to study of the properties of 𝛯J 3055 8,F baryons
n Amplitude analysis performed to four observables (𝑚mn, 𝜃o3 , 𝛽n, 𝜃n)

𝚵𝒃𝟎 → 𝚵𝒄∗∗'𝝅(

𝚵𝒄'(𝟑𝟎𝟓𝟓)

𝚵𝒄'(𝟑𝟎𝟖𝟎)

[PRL 134 (2025) 081901]

sc
d

36



1st determination of 𝑱𝑷 for 𝜩𝒄 𝟑𝟎𝟓𝟓 (,𝟎

n 𝐽p = 3/28 determined for 𝛯J 3055 8,F 
with significances of more than 6.5σ (3.5σ)

n Mass, width, decay parameter and relative 
rate between 𝛯J 3080 and 𝛯J(3055)

𝐽2 and narrow width favor Ξ&(3055) as
as a 1D 𝜆-mode excitation of flavor antitriplet

37

[PRL 134 (2025) 081901]

[CPC 47 (2023) 073105]



Hadronic two-body decays of 𝜴𝒄𝟎 baryon
n First observation of Cabibbo-suppressed decays ΩJF → Ω<𝐾8 and ΩJF → Ξ<𝜋8

n Precision measurement of ΩqF mass using ΩJF → Ω<𝜋8

38

[PRL 132 (2024) 081802]

World average improved by ×4
Ω&" → Ω'𝐾! Ω&" → Ξ'𝜋! Ω&" → Ω'𝜋!



𝜦𝒃𝟎, 𝜦𝒄(, 𝜦	decay parameters
n ℬ → ℬ𝑃 decay parameters: first proposed by Lee and Yang to search for parity 

violation, defined by S- and P-wave amplitudes

n 𝜦𝒃𝟎 → 𝜦𝒄8𝒉< ℎ = 𝜋,𝐾 	decays,
	with		𝜦𝒄8 → 𝜦𝒉8, 𝜦𝒄8 → 𝒑𝑲𝑺𝟎

n Decay parameters encoded in anglular distributions
q 𝛬$"  measured to be unpolarized by previoius study

[PRL 133 (204) 261804]
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𝜦 → 𝒑𝝅<



𝜦𝒃𝟎, 𝜦𝒄(, 𝜦	decay parameters
n 𝛼 parameters for  𝛬hF, 𝛬J8 and Λ decays

40

[PRL 133 (204) 261804]

n 𝛼(𝛬hF) compatible with most calculations,
𝛼(𝛬J8)	constrains models

n 𝛽, 𝛾 and phase Δ for  𝛬J8 → Λ𝜋8 decays

PRD111 (2025) 034011

n Inputs for global fit



Summary
n New important contributions to heavy hadron spectroscopy with run1 and run2 data

q New charm states with 𝐵 → 𝐷𝐷ℎ decays
q Charmonium like states
q New charm baryons and measurements

n Run 3 collection ongoing, much more data foreseen
n Stay tuned for more exciting results

41

LHCB-TDR-026



Enjoy the landscapes of exotic states

42

[arXiv:2410.06923]



BACKUP
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𝑩" → 𝑫∗±𝑫∓𝑲": amplitude analysis

n Amplitudes of 𝐵! → 𝑅 𝐷∗!𝐷' 𝐾! and 𝐵! → 𝑅 𝐷!𝐷∗' 𝐾! linked by 𝑪-parity
⇒ allowing determination of C-parities of 𝑅 resonances 

ü 𝑑 = 1 for 𝐵! → 𝐷!𝐷∗'𝐾!; 𝑑 = −1 for 𝐵! → 𝐷∗!𝐷'𝐾!

p𝑅 resonances with 𝐽2 = 1!: 𝑆-wave & 𝐷-wave

pOther resonances: Breit-Wigner
pNonresonant contributions to 𝐷∗±𝐷∓	: 
𝑓, 𝑚 = 𝑒(7!8-)(:=':>

=) for 𝑁𝑅"?@ ; otherwise 𝑓, 𝑚 = 1

𝐵! → 𝐷!𝐷∗.𝐾!

𝐵! → 𝐷∗!𝐷.𝐾!
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𝑩' → 𝑫'𝑫(𝑲' structures

45



𝑩& → 𝑫∗±𝑫∓𝑲&: 𝑫∗±𝑫∓ system

§ Significances for those charmonium(-like) states >6.1s
§ JPC for each state is determined to be >5.7s better than other hypotheses

§ States can fit into Charmonia, and mass 
more consistent with the prediction with 
unquenched quark model [arXiv: 
2312.10296]

§ 𝜒')(4010) could be the partner of 
𝜒')(3872), predicted both in the 
unquenched model and Lattice 
[arXiv:2402.14541]GI model 

hep-ph/0505002

[PRL 133 (2024) 131902]
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𝑩" → 𝑫∗±𝑫∓𝑲": 𝑻)𝒄)𝒔∗  states

Ø 𝐵! → 𝐷∗!𝐷'𝐾! Ø 𝐵! → 𝐷∗'𝐷!𝐾!

𝟏𝟏𝝈

𝟗. 𝟐𝝈
𝟐𝝈

ü𝑇 ̅&#̅"
∗ 2870 " → 𝐷∗'𝐾! forbidden

üℬ 𝑇 ̅&#̅)
∗ 2900 " → 𝐷∗'𝐾! /ℬ 𝑇 ̅&#̅)

∗ 2900 " → 𝐷'𝐾! < 0.21	@	95%	𝐶𝐿

[PRL 133 (2024) 131902]
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Observations of 𝜦𝒃𝟎 → 𝜦𝒄($𝑫 ∗ 𝟎𝑲' decays
n Pave the way for future Pq8 search in 
𝛬J8(𝐷 ∗ F systems 
q Open-charm equivalent of 𝐽/𝜓𝑝 decay
q .𝐷∗% is partially reconstructed with missing 𝜋%/𝛾

n Branching fractions

n Relative to 𝛬hF → 𝐽/𝜓𝑝𝐾<

ℬ(𝛬0% → 𝐽/𝜓𝑝𝐾.)	
ℬ(𝛬0% → 𝛬'!.𝐷%𝐾.)

= 15.2.+.2!3.+ %

ℬ(𝛬0% → 𝛬'!.𝐷%𝐾.)
ℬ(𝛬0% → 𝛬'!𝐷&.)

= 19.08.%.34.%.)2!%.35!%.)5 ± 0.38 %

ℬ(𝛬0% → 𝛬'!.𝐷∗%𝐾.)
ℬ(𝛬0% → 𝛬'!𝐷&.)

= 58.9.).6.).2!).2!).6 ± 1.2 %

ℬ(𝛬0% → 𝐽/𝜓𝑝𝐾.)	
ℬ(𝛬0% → 𝛬'!.𝐷∗%𝐾.)

= 4.9.%.7!).) %

[EPJC 84 (2024) 575]
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𝜦𝒃𝟎 → 𝜮𝒄
∗ &&𝑫 ∗ $𝑲$: observation

n Four 𝛬hF → 𝛴J
∗ 88𝐷 ∗ <𝐾< modes observed with overwhelming significance 
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𝜦𝒃𝟎 → 𝜮𝒄
∗ &&𝑫 ∗ $𝑲$: intermediate states

n Larger dataset needed to draw a definitive conclusion 
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Observation of 𝜦𝒃𝟎 → 𝑫&𝑫$𝜦 
n First observation of 𝛬;< → 𝐷1𝐷2𝛬 with significance of 16	𝜎

[JHEP 07 (2024) 140]
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inside VELO
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𝑿 states in 𝑩( → 𝑱/𝝍𝝓𝑲( decays [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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Prospects [arXiv:1808.08865]

23	fb-1+6	fb-13	fb-1 50	fb-1 300	fb-1 n LHCb is now boosting the 
data to a new level
q Expect to 3x data (5x hadronic 

events) by 2026
q Opportunity for decays with 

hadronic final state, such as 
𝚲𝒃
𝟎 → 𝚲𝒄+B𝑫 ∗ 𝟎𝑲!

2022-2026 2030-2033 2036-2041  

680k          1.4M            8M[*]

𝝌𝒄𝟏 𝟑𝟖𝟕𝟐  lineshape from multi-channels

𝒁𝒄(4430)
Doubly-charmed tetraquark 𝓣𝒄𝒄D𝒔+ → 𝑫𝒔+𝑫𝟎

More information for pentaquarks

Λ$" → Λ&!&𝐷"𝐾!                                     23k          58k           390k

[*] updated according to the latest result
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𝑫𝒔 𝟐𝟒𝟔𝟎 ( → 𝑫𝑺(𝝅(𝝅' fit
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Search for pentaquarks via open charm
n Inclusive search performed using 5.7	fb<I data from 2016-2018

n Reconstruction: ΛJ8, 𝐷<, 𝐷F, 𝛴J
88(F), 𝐷∗<

*10 modes too statistically limited to set upper limits

ühidden-charm pentaquarks üdoubly-charmed pentaquarks & excited 𝛯''

[PRD 110 (2024) 032001]
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Results
n No significant signals are found

n Upper limits set on 𝑅 = z<3
z=3>

×
{=3>

{<3
	→

| p3 ×ℬ p3→n3>m ~ ×ℬ m

|(n3>)

[PRD 110 (2024) 032001]
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n Largest significant modes:
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𝑩" → 𝑫∗!𝑫𝒔
(∗)"𝝅": branching fractions

n Measurement performed using the full LHCb dataset of 9	fb')
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[arXiv: 2405.00098]
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𝑩" → 𝑫∗!𝑫𝒔"𝝅": amplitude analysis

n Baseline fit with (𝐷∗∗F → 𝐷∗<𝜋8 contributions

[arXiv: 2405.00098]

𝟔. 𝟓𝝈
𝟔. 𝟖𝝈
𝟒. 𝟔𝝈
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𝑩" → 𝑫∗!𝑫𝒔"𝝅": amplitude analysis

n Fits incorporating 𝐷E8𝜋8 amplitudes
q best fit: 𝑻𝒄@𝒔𝟎𝒂 𝟐𝟗𝟎𝟎 !! + nonresonant vector

n Fits incorporating 𝐷∗<𝐷E8 amplitudes: none provides a physical description

[arXiv: 2405.00098]
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𝟐. 𝟔	𝝈, fit fraction = 𝟏. 𝟐 ± 𝟎. 𝟖%, upper limit 2.3 2.7 % at 90 95 % CL
• consistent with 𝟐. 𝟐𝟓 ± 𝟎. 𝟔𝟕 ± 𝟎. 𝟕𝟕 % in 𝐵! → 𝐷.𝐷&!𝜋! 
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Study of 𝑩𝟎 → $𝑫𝟎𝑫𝒔(𝝅' and 𝑩( → 𝑫'𝑫𝒔(𝝅( 
n Full 9	fb2N	Run1+Run2 LHCb data 
⇒ 4420	𝐵< → .𝐷<𝐷O1𝜋2 and 
3940	𝐵1 → 𝐷2𝐷O1𝜋1 candidates

⇒ Joint amplitude analysis where amplitudes of the two decays are related through isospin symmetry 
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Observation of 𝑻𝒄)𝒔𝟎𝒂 𝟐𝟗𝟎𝟎 𝟎/((

n Fit with two 𝐷O1𝜋 states sharing resonance parameters

Ø𝑇P ̅O<
R 2900 < → 𝐷O1𝜋2	&	𝑇P ̅O<

R 2900 11 → 𝐷O1𝜋1 significance > 9𝜎
üA second 1'	𝐷#!𝜋 state yields significance of only 1.3𝜎
üAdditional 𝐷𝜋,𝐷#!𝜋, 𝐷𝐷#! resonances disfavored

Ø 𝐽S = 01 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]

Fit	fraction = 2.45 ± 0.65 ± 0.84 %
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𝑿(𝟑𝟗𝟔𝟎) in 𝑩! → 𝑫𝒔!𝑫𝒔#𝑲! decays
n Strong threshold enhancement found in 𝐷E8𝐷E< system

n Amplitude analysis is performed
n 𝑿(𝟑𝟗𝟔𝟎): threshold enhancement

q 𝐽2D = 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&"(3930)	within 3s
n More data need to study the lineshape for 𝑋(3960)

[PRL 131 (2023) 071901]

0

1

2

3

4

5

6

7

16 18 20 22
]2 [GeV2)−sD+

sD(m

6

7

8

9

10

11

]2
 [G

eV
2 )+

K− s
D(

m

LHCb
-19 fb

[JHEP 06 (2021) 035]

~360 signals
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𝑩" → 𝑫∗!𝑫𝒔
(∗)"𝝅": branching fractions

n Measurement performed using the full LHCb dataset of 9	fb')
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𝑩" → 𝑫∗!𝑫𝒔"𝝅": amplitude analysis

n Baseline fit with (𝐷∗∗F → 𝐷∗<𝜋8 contributions

[arXiv: 2405.00098]
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𝑩" → 𝑫∗!𝑫𝒔"𝝅": amplitude analysis

n Fits incorporating 𝐷E8𝜋8 amplitudes
q best fit: 𝑻𝒄@𝒔𝟎𝒂 𝟐𝟗𝟎𝟎 !! + nonresonant vector

n Fits incorporating 𝐷∗<𝐷E8 amplitudes: none provides a physical description

[arXiv: 2405.00098]
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𝟐. 𝟔	𝝈, fit fraction = 𝟏. 𝟐 ± 𝟎. 𝟖%, upper limit 2.3 2.7 % at 90 95 % CL
• consistent with 𝟐. 𝟐𝟓 ± 𝟎. 𝟔𝟕 ± 𝟎. 𝟕𝟕 % in 𝐵! → 𝐷.𝐷&!𝜋! 
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