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Introduction
ØQCD dilemma: understanding the non-

perturbative property of QCD at low-
energy scale

ØHadron spectroscopy: a main tool to 
probe QCD at low-energy regime
üheavy quarks bring advances both 

experimentally and theoretically

αs"

αs"      αs"

confinement 

asymptotic 
freedom 

conventional hadrons

exotic hadrons

[Rev. Mod. Phys. 90, 15003 (2018)]
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The LHCb detector
ØLHCb is a single-arm forward region spectrometer covering 2 < 𝜂 < 5, 

dedicated to heavy flavor physics at the Large Hadron Collider

[JINST 3 (2008) S08005]

Vertex Locator: high precision; 
capable of separating 𝑏/𝑐 
hadron production and decay 
vertices

RICHs: efficient identification 
of pions, kaons and protons

Muon system (M1-M5): 
efficient muon 
identification and trigger

𝜎!",$/&~10 µm, 𝜎!",'~60 µm

𝜀 𝐾 → 𝐾 ~95%
@ misID rate 𝜋 → 𝐾 ~5% 𝜀 𝜇 → 𝜇 ~97%

@ misID rate 𝜋 → 𝜇 ~1 − 3%

2.4%	4𝜋 angle 
⇒ 25%	𝑏,𝑏 

2011-18 edition 

http://iopscience.iop.org/article/10.1088/1748-0221/3/08/S08005/meta
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Hadrons observed at LHCb

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

https://www.nikhef.nl/~pkoppenb/particles.html
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Map of heavy exotics

𝑐 ̅𝑐

𝑞
$𝑞

𝑠
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𝑞
𝑞
𝑞

𝑞
𝑞
𝑠

𝝌𝒄𝟏 𝟑𝟖𝟕𝟐 , 𝒀 𝟒𝟐𝟑𝟎 ,	
𝒁𝒄 𝟒𝟒𝟑𝟎 #…

𝒁𝒄𝒔 𝟒𝟎𝟎𝟎 #,	
𝒁𝒄𝒔 𝟑𝟗𝟖𝟓 #

𝑷𝒄 𝟒𝟑𝟏𝟐 #, 𝑷𝒄 𝟒𝟒𝟒𝟎 #,
	𝑷𝒄 𝟒𝟒𝟓𝟕 #

𝑷𝝍𝒔 𝟒𝟑𝟑𝟖 𝟎

𝑏
$𝑏 𝑞
$𝑞

𝑐
̅𝑐
𝑐
̅𝑐

𝑐
𝑐
$𝑞

$𝑞

𝑐 $𝑞
$𝑞
𝑠

𝑐 $𝑞
𝑞
𝑠̅

𝒁𝒃 𝟏𝟎𝟔𝟏𝟎 ,
𝒁𝒃 𝟏𝟎𝟔𝟓𝟎 …

𝑿 𝟔𝟗𝟎𝟎 ,	
𝑿(𝟔𝟓𝟓𝟐)

then all others

𝑻𝒄𝒄#  

𝑻𝒄(𝒔𝟎𝒂 𝟐𝟗𝟎𝟎 𝟎/##

𝑻𝒄𝒔𝟎(𝟐𝟗𝟎𝟎) 𝑫𝒔𝟎∗ 𝟐𝟑𝟏𝟕 #
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Selected new measurements

Ø Study of radiative decays of 𝜒!"(3872)     [arXiv: 2406.17006]

Ø 𝛯#$ baryon lifetime measurement    [arXiv: 2406.12111]

Ø Amplitude analysis of 𝐵% → 𝐷∗$𝐷'%𝜋%    [arXiv: 2405.00098]

Ø Amplitude analysis of 𝐵% → 𝐷∗±𝐷∓𝐾%    [arXiv: 2404.19510]

Ø Observation of Λ#* → 𝐷%𝐷$Λ    [arXiv: 2403.03586]

Ø Observation of Λ#* → Σ!
∗ %%𝐷 ∗ $𝐾$    [arXiv: 2404.19510]

Ø Modification of 𝜒!"(3872) production in 𝑝Pb collisions    [PRL 132 (2024) 242301]

Ø First measurement of 𝐽/𝜓𝜙 production in 𝑝𝑝 collisions with no additional activity    
[LHCb-PAPER-2023-043] in preparation

Ø Search for prompt production of pentaquarks in open charm final states    
[arXiv: 2404.07131]

Ø …

𝐵 → 𝐷*𝐷ℎ

*Doubly heavy hadron covered by Prof. Jibo He yesterday 
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Radiative decays of 𝜒!"(3872)
ØNature of 𝜒!"(3872) still under debate, while study of radiative decays provides 

a way to probe it
ØOnly evidence of 𝜒!" 3872 → 𝜓 2𝑆 𝛾 was seen experimentally before

[arXiv: 2406.17006]

≳ 𝟏

≪ 𝟏

mixed

Babar 2008

Belle 2011

LHCb 2014

BESIII 2020

𝐵 decay
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Radiative decays of 𝜒!"(3872) (cont.)
ØUpdate at LHCb using 𝐵% → 𝜒!" 3872 𝐾% decay with 9	fb$"	Run1+Run2 data 

𝜒!" 3872 → 𝜓 2𝑆 𝛾

Run1: 𝑁 = 40 ± 8; 5.3𝜎

Run2: 𝑁 = 63 ± 10; 6.7𝜎

LHCb meets theory workshop

[arXiv: 2406.17006]

https://indico.cern.ch/event/1423946/
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𝛯#$ baryon lifetime
Ø𝑏-hadron lifetime measurements provide a direct quantitative test of Heavy 

Quark Expansion (HQE) higher-order corrections

Ø𝛯#$ baryon lifetime measured with 5.5	fb$" LHCb data at 𝑠 = 13	TeV, using 
𝛯#$ → 𝛯!*(→ 𝑝𝐾$𝐾$𝜋%)𝜋% wrt Λ#* → Λ!% → 𝑝𝐾$𝜋% 𝜋%

[arXiv: 2406.12111]

𝝉 ⁄𝜩𝒃$ 𝝉 𝚲𝒃𝟎
experimental 1.089 ± 0.028

𝜹~𝟐. 𝟓%
theoretical1.078 ± 0.021

𝜹~𝟏. 𝟗%
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𝑵 = 𝟖𝟑𝟎𝟑 ± 𝟏𝟎𝟕 𝑵 = (𝟗𝟐𝟖. 𝟒 ± 𝟏. 𝟐)×𝟏𝟎𝟑
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𝛯#$ baryon lifetime (cont.) [arXiv: 2406.12111]

𝝉 ⁄𝜩𝒃$ 𝝉 𝚲𝒃𝟎
experimental 1.078 ± 0.014

𝜹~𝟏. 𝟑%
theoretical1.078 ± 0.021

𝜹~𝟏. 𝟗%
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üNice agreement with HQE prediction (additional 𝑠 → 𝑢8𝑢𝑑 transition would reduce the 
prediction by ~1%)
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𝐵 → 𝐷,𝐷ℎ studies

𝐵%, 𝐵*, 𝐵'*
Λ#* …

𝐷 ∗ %, 𝐷 ∗ *, 𝐷'%, Λ!%…

𝐷 ∗ $, W𝐷 ∗ *, 𝐷'$, WΛ!$…

𝐾 ∗ %, 𝐾 ∗ *, 𝜋%, 𝜙, Λ…

ØRich opportunities for heavy spectroscopy study
ücharmonium(-like) states in 𝐷(∗)W𝐷(∗), Λ!%W𝐷(∗), Λ!%WΛ!$…
üexcited 𝑫%, 𝑫𝟎, 𝑫𝒔%, 𝚲𝒄% states from 𝐷(∗)ℎ, Λ!%ℎ…
üexotic states from 𝐷(∗)ℎ, Λ!%ℎ…

ØUseful for studies of semileptonic decays for search of New Physics
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𝐵 → 𝐷,𝐷ℎ studies at LHCb

𝐵% → 𝐷%𝐷$𝐾% 
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ØResonant structures observed in the 𝐷<𝐾= and 𝐷=𝐷<	systems from 
an amplitude analysis of the 𝐵= → 𝐷=𝐷<𝐾= decay

𝑇!& in 𝐵% → 𝐷%𝐷$𝐾% [PRL 125 (2020) 242001]
[PR D102 (2020) 112003] 
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ØFirst discovery of open-charm tetraquarks with four different flavors [𝑐𝑠,𝑢𝑑̅]!

15 15.5 16
]4c/2) [GeV−D+D(2m

0
5

10
15
20
25
30
35
40
45

)4 c/2
C

an
di

da
te

s /
 (0

.0
37

 G
eV

LHCb

(a)
− D+ D→(3770) ψ
− D+ D→(3930) 

c0
χ

− D+ D→(3930) 
c2

χ
− D+ D→(4040) ψ
− D+ D→(4160) ψ
− D+ D→(4415) ψ
+K− D→(2900) 0X
+K− D→(2900) 1X

Nonresonant

𝑇 ̅01̅2
∗ 2870 2

𝑇 ̅01̅3
∗ 2900 2



/352024/7/2 Liupan An 14

𝐵 → 𝐷,𝐷ℎ studies at LHCb

𝐵: → 𝐷:𝐷;𝐾: 
𝑇!"#/% 2900 , 𝜒!#(3930)

𝐵% → 𝐷$𝐷&%𝜋% 𝐵' → ,𝐷'𝐷&%𝜋$ &
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Study of 𝐵' → #𝐷'𝐷&%𝜋$ and 𝐵% → 𝐷$𝐷&%𝜋% 

üFaint horizontal band at 𝑀M 𝐷N=𝜋 ≈ 8.5	GeVM indicating 𝑇O ̅N candidates

⇒ Joint amplitude analysis where amplitudes of the two decays are related 
through isospin symmetry 
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ØFull 9	fb<Q	Run1+Run2 LHCb data 
⇒ 4420	𝐵R → 7𝐷R𝐷N=𝜋< candidates with signal purity of 90.7%
     3940	𝐵= → 𝐷<𝐷N=𝜋= candidates with signal purity of 95.2%

[PRL 131 (2023) 041902]
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ØFit with two 𝐷N=𝜋 states sharing resonance parameters

2024/7/2 Liupan An 16

Observation of 𝑇! ̅&'
) 2900 '/%%

Ø𝑇O ̅NR
S 2900 R → 𝐷N=𝜋<	&	𝑇O ̅NR

S 2900 == → 𝐷N=𝜋= significance > 9𝜎
üA second 1$	𝐷'%𝜋 state yields significance of only 1.3𝜎
üAdditional 𝐷𝜋, 𝐷'%𝜋, 𝐷𝐷'% resonances disfavored

Ø 𝐽T = 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

ØFlavor partner of 𝑇ONR(2900)? Multiplets to be revealed in the future. 

[PRL 131 (2023) 041902]
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𝐵 → 𝐷,𝐷ℎ studies at LHCb

𝐵: → 𝐷:𝐷;𝐾: 
𝑇!"#/% 2900 , 𝜒!*(3930)

𝐵: → 𝐷;𝐷F:𝜋: 
𝑇! ̅"#
, 2900 --

𝐵% → 𝐷&%𝐷&$𝐾% 

𝐵G → )𝐷G𝐷F:𝜋; 
𝑇! ̅"#
, 2900 #

&
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𝑋(3960) in 𝐵% → 𝐷&%𝐷&$𝐾% 
ØNew exotic 𝑋 states needed to describe data

ü0%%: 𝑋 3960 14.3𝜎 , 𝑋* 4140 	(3.9𝜎), Non-resonant

ü1$$: 𝜓 4260 , 𝜓(4660)

Ø𝑿(𝟑𝟗𝟔𝟎): threshold enhancement

ü𝐽12 = 0%%	preferred over 1$$	and 2%% by 9.3𝜎 and 12.3𝜎

Ø𝑿𝟎(𝟒𝟏𝟒𝟎): dip at ~4.14	GeV via interference 

ü 𝐽12 = 0%%	preferred over 1$$	and 2%% by 3.5𝜎 and 4.2𝜎 

üthe dip can also be described by 𝐽/𝜓𝜙 → 𝐷'%𝐷'$ scattering	

[PRL 131 (2023) 071901]
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𝑋(3960) and 𝜒!'(3930)

𝑀	[MeV] Γ	[MeV] 𝐽TU

𝑋(3960) 3955 ± 6 ± 12 48 ± 17 ± 10
0==

𝜒OR(3930) 3924 ± 2 17 ± 5

ØSame particle?

üCreation of 𝑠𝑠̅ from vacuum is suppressed wrt 𝑢N𝑢 or 𝑑𝑑̅
ü𝑋 → 𝐷N=𝐷N< has smaller phase-space factor than 𝑋 → 𝐷=𝐷<
⇒ 𝑋 has an exotic nature! Candidate for 𝑐 ̅𝑐𝑠𝑠̅

Γ 𝑋 → 𝐷%𝐷$

Γ(𝑋 → 𝐷'%𝐷'$)
=
ℬ 𝐵% → 𝐷%𝐷$𝐾% ×ℱℱ34→545564

7

ℬ 𝐵% → 𝐷'%𝐷'$𝐾% ×ℱℱ34→56456564
7 = 0.29 ± 0.09 ± 0.10 ± 0.08

ℱℱ: Fit fraction

ØDifferent particles?
üNo obvious candidate within conventional charmonium multiplets 

for them; likely to be exotic

[PRL 131 (2023) 071901]
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𝐵 → 𝐷,𝐷ℎ studies at LHCb

𝐵: → 𝐷:𝐷;𝐾: 
𝑇!"#/% 2900 , 𝜒!*(3930)

𝐵: → 𝐷;𝐷F:𝜋: 
𝑇! ̅"#
, 2900 --

𝐵% → 𝐷∗$𝐷&%𝜋%

𝐵: → 𝐷F:𝐷F;𝐾: 
𝑋 3960

𝐵G → )𝐷G𝐷F:𝜋; 
𝑇! ̅"#
, 2900 #

&
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𝐵% → 𝐷∗$𝐷&
(∗)%𝜋%: branching fractions

ØMeasurement performed using the full LHCb dataset of 9	fb$"
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[arXiv: 2405.00098]
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𝐵% → 𝐷∗$𝐷&%𝜋%: amplitude analysis
ØBaseline fit with 𝐷∗∗* → 𝐷∗$𝜋% contributions

ØAlternative parametrisations do not give
significant improvement
üQuasi-model-independent description of 
1% S-wave amplitude

üset mass and width of 𝐷"(2430) free
üinclusion of additional broad nonresonant

contributions 

[arXiv: 2405.00098]
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𝐵% → 𝐷∗$𝐷&%𝜋%: amplitude analysis
ØFits incorporating 𝐷'%𝜋% amplitudes

üAdding 𝑇!'̅*9 2900 %% with mass and width fixed: fit fraction ~0.1%, negligible
üAll combinations of scalar/vector/tensor & resonant/nonresonant amplitudes
⇒best fit: 𝑻𝒄:𝒔𝟎𝒂 𝟐𝟗𝟎𝟎 %% + nonresonant vector

ØFits incorporating 𝐷∗$𝐷'% amplitudes: none provides a physical description

[arXiv: 2405.00098]
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• consistent with 𝟐. 𝟐𝟓 ± 𝟎. 𝟔𝟕 ± 𝟎. 𝟕𝟕 % in 𝐵- → 𝐷(𝐷"-𝜋- 
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𝐵 → 𝐷,𝐷ℎ studies at LHCb

𝐵: → 𝐷:𝐷;𝐾: 
𝑇!"#/% 2900 , 𝜒!*(3930)

𝐵: → 𝐷;𝐷F:𝜋: 
𝑇! ̅"#
, 2900 --

𝐵: → 𝐷F:𝐷F;𝐾: 
𝑋 3960

𝐵G → )𝐷G𝐷F:𝜋; 
𝑇! ̅"#
, 2900 #

𝐵% → 𝐷∗±𝐷∓𝐾% 

&

𝐵: → 𝐷∗;𝐷F:𝜋:
𝑇! ̅"#
, 2900 --?
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𝐵% → 𝐷∗±𝐷∓𝐾%: signal yields
ØUsing the full LHCb dataset of 9	fb$": 𝐷∗$ → W𝐷* → 𝑲%𝝅$&𝑲%𝝅$𝝅$𝝅% 𝜋$

[arXiv: 2406.03156]

ü 𝐵% → 𝐷∗%𝐷$𝐾%: 𝟏𝟔𝟑𝟔 ± 𝟒𝟑
ü 𝐵% → 𝐷∗$𝐷%𝐾%: 𝟏𝟕𝟕𝟐 ± 𝟒𝟒

both with bkg fraction ~5% 
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𝐵% → 𝐷∗±𝐷∓𝐾%: amplitude analysis
ØAmplitudes of 𝐵% → 𝑅 𝐷∗%𝐷$ 𝐾% and 𝐵% → 𝑅 𝐷∗$𝐷% 𝐾% linked by 𝑪-parity
⇒ allowing determination of C-parities of 𝑅 resonances 

[arXiv: 2406.03156]

ü 𝑑 = 1 for 𝐵% → 𝐷∗$𝐷%𝐾%; 𝑑 = −1 for 𝐵% → 𝐷∗%𝐷$𝐾%

p𝑅 resonances with 𝐽1 = 1%: 𝑆-wave & 𝐷-wave

pOther resonances: Breit-Wigner
pNonresonant contributions to 𝐷∗±𝐷∓	: 
𝑓< 𝑚 = 𝑒(=%>?)(@7$@8

7) for 𝑁𝑅*54; otherwise 𝑓< 𝑚 = 1
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𝐵% → 𝐷∗±𝐷∓𝐾%: fit results [arXiv: 2406.03156]

Ø All components in baseline fit have significance > 5𝜎

*Fit fractions in paper

üclear different interference behaviours
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𝐵% → 𝐷∗±𝐷∓𝐾%: 𝑇 ̅" ̅#
∗  states [arXiv: 2406.03156]

Ø 𝐵% → 𝐷∗%𝐷$𝐾% Ø 𝐵% → 𝐷∗$𝐷%𝐾%

𝟏𝟏𝝈
𝑿𝟎(𝟐𝟗𝟎𝟎)
𝟗. 𝟐𝝈
𝑿𝟏(𝟐𝟗𝟎𝟎)

𝟐𝝈

ü𝑇 ̅!'̅*
∗ 2870 * → 𝐷∗$𝐾% forbidden

üℬ 𝑇 ̅!'̅"
∗ 2900 * → 𝐷∗$𝐾% /ℬ 𝑇 ̅!'̅"

∗ 2900 * → 𝐷$𝐾% < 0.21	@	95%	𝐶𝐿
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𝐵% → 𝐷∗±𝐷∓𝐾%: 𝐷∗±𝐷∓ system

üReference fit without ℎ! 4000 , 𝜒!% 4010 , ℎ!(4300): 
necessary to describe discrepancy between 𝑀(𝐷∗(𝐷-) and 𝑀(𝐷∗-𝐷() 

[arXiv: 2406.03156]

[arXiv: 2406.08313]
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𝐵 → 𝐷,𝐷ℎ studies at LHCb

𝐵: → 𝐷:𝐷;𝐾: 
𝑇!"#/% 2900 , 𝜒!*(3930)

𝐵: → 𝐷;𝐷F:𝜋: 
𝑇! ̅"#
, 2900 --

𝐵: → 𝐷F:𝐷F;𝐾: 
𝑋 3960

𝐵G → )𝐷G𝐷F:𝜋; 
𝑇! ̅"#
, 2900 #

𝐵: → 𝐷∗±𝐷∓𝐾: 
𝑇 ̅! ̅"
∗ , ℎ! 4000/4300 , 𝜒!%(4010)

&

𝐵: → 𝐷∗;𝐷F:𝜋:
𝑇! ̅"#
, 2900 --?
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Observation of Λ#' → 𝐷%𝐷$Λ 
ØFirst observation of ΛZR → 𝐷=𝐷<Λ with significance of 16	𝜎

[arXiv: 2403.03586]
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Λ#' → Σ!
∗ %%𝐷 ∗ $𝐾$: motivation

ØA step towards pentaquark search in 𝛴!
(∗)W𝐷 system

Øℬ Λ#* → Σ!
∗ %%𝐷 ∗ $𝐾$  measured relative to ℬ Λ#* → Λ!%W𝐷*𝐾$
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[PRL 122 (2019) 222001]

ü Proximity of 𝛴!-\𝐷# and 𝛴!-\𝐷∗# thresholds to 
the peaks suggests they play an important 
role in the dynamics

*Fit fraction of 𝑃0# in Λ92 → Λ0#𝐷̀ ∗ 2𝐾-

future study measured
theoretically interesting

[EPJC 84 (2024) 575]
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Λ#' → Σ!
∗ %%𝐷 ∗ $𝐾$: observation

ØFour Λ#* → Σ!
∗ %%𝐷 ∗ $𝐾$ modes observed with overwhelming significance 
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[arXiv: 2404.19510]
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Λ#' → Σ!
∗ %%𝐷 ∗ $𝐾$: intermediate states

ØLarger dataset needed to draw a definitive conclusion 

𝑷𝒄% 𝜩𝒄%

[arXiv: 2404.19510]



/352024/7/2 Liupan An 35

Summary and prospects
ØLHCb keeps making important contributions to spectroscopy study

ü𝐵 → 𝐷W𝐷ℎ: exotic candidates emerging from amplitude analysis;
new decay modes with potential of exotic discovery being observed, 
e.g. Λ#* → Σ!

∗ %%𝐷 ∗ $𝐾$, Λ#* → 𝐷%𝐷$Λ 
üLooking further into 𝜒!"(3872)
ü𝛯#$ baryon lifetime measurement

ØIn Run 3, upgraded sub-detectors & software-only trigger system
ütrigger efficiency for fully hadronic modes largely improved

More data, more chances!
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Back up


