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Introduction

Zehua XU

Ø QCD describing strong interaction between quarks and 
gluons is not well understood due to its non-
perturbative nature at low energy scale 

Ø Hadron spectroscopy allow to test the knowledge of
QCD and it effective models
• e.g. lattice QCD, diquark model, potential model ...

Ø Exotic states provide unique probe for QCD

[PRL 91 (2003) 262001] [PRL 115 (2015) 072001] [PRL 117 (2017) 112001]
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Hadrons observed at LHCb

Zehua XU

Ø 62 new hadrons observed at LHCb, 20+ are exotics

https://www.nikhef.nl/~pkoppenb/particles.html
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The LHCb detector

Zehua.XU

Ø LHCb is a dedicated heavy flavor physics experiment at LHC
• ~20,000/s 𝑏(𝑏 generated at LHCb point in Run2
• A single-arm forward region spectrometer covering 2 < 𝜂 < 5

JINST 3 (2008) S08005 

https://iopscience.iop.org/article/10.1088/1748-0221/3/08/S08005/meta
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Incomplete list of recent results

Zehua XU

Ø Conventional
• Charmonia decaying to 𝐾!𝐾𝜋
• New excited 𝛺"# states

• New excited 𝛯$# states

• Amplitude analysis of 𝐷 !
% → 𝜋𝜋𝜋

Ø Exotic (hadrons beyond 𝒒"𝒒 and 𝒒𝒒𝒒)
• Evidence of 𝑇&'() (4000)

[arXiv:2304.14891]

[LHCB-PAPER-2023-008 in preparation]

[arXiv:2302.04733]

[arXiv:2209.09840, arXiv:2208.03300]

[arXiv: 2301.04899]

q Cover just a small set of very recent results since last year   LHCb Talk in 
IWHHS2022

https://indico.cern.ch/event/1121975/contributions/5003405/


Ø Obvious peaks of 𝜂! , 𝐽/𝜓, 𝜒!", 𝜂!(2𝑆)

Ø High-statistic signals with 𝐵# → 𝐾$%𝐾#𝐾&𝜋# and 𝐵# → 𝐾$%𝐾#𝐾#𝜋&
• Two 𝐾$% reconstruction methods (LL, DD) 
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Charmonia decaying to 𝑲𝒔𝑲𝝅

Zehua XU

[arXiv:2304.14891]



Ø Dalitz analyses of 𝜂", 𝜂"(2𝑆) decays provide information on kaon spectroscopy

Ø New precision 
measurement of 𝜂", 
𝜂"(2𝑆)
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Charmonia decaying to 𝑲𝒔𝑲𝝅

Zehua XU

[arXiv:2304.14891]

𝜂! 2𝑆 → 𝐾"#𝐾𝜋

𝜂! → 𝐾"#𝐾𝜋



Ø New states: 𝛺! 3185 % and 𝛺! 3327 %

Ø All previous states confirmed

Ø 𝛯!#𝐾&in 2017, five excited 𝛺!% observed;  updated with Run1+2 dataset   
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New excited 𝜴𝒄𝟎 states

Zehua XU

[PHYS. REV. LETT. 118(2017) 182001]

[arXiv:2302.04733]



Ø 𝛺! 3185 % and 𝛺! 3327 % near 𝛯%𝐷∗% and 𝛯!#𝐾& thresholds
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New excited 𝜴𝒄𝟎 states

Zehua XU

[arXiv:2302.04733]



Ø Charged and neutral 𝛯( states reconstructed
Ø 𝛯(%∗, 𝛯(&) and 𝛯(&∗ reconstructed from 𝛯(&𝜋# or 𝛯(%𝜋&

Ø First investigation in LHCb of the final states 𝛯(&𝜋#𝜋& and 𝛯(%𝜋#𝜋&
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New baryons in 𝛯:;𝜋<𝜋; and 𝛯:=𝜋<𝜋;

Zehua XU

[LHCb-PAPER-2023-008]

𝛯$% 𝛯$# 𝛯$#∗, 𝛯$%' and 𝛯$%∗ 



Ø Observation of two new excited baryons: 𝛯( 6087 %, 𝛯( 6095 %

Ø 𝛯( 6100 & is confirmed
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[LHCb-PAPER-2023-008]New baryons in 𝛯:;𝜋<𝜋; and 𝛯:=𝜋<𝜋;



Ø 2012 𝑝𝑝 dataset used; promptly produced 𝐷 mesons
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Amplitude analysis of 𝑫 𝒔
< → 𝝅𝝅𝝅

Zehua XU

[arXiv:2209.09840, arXiv:2208.03300]

Ø Methodology for amplitude construction:
• S-wave: Quasi-Model Independent approach (QMIPWA) 

• Isobar model for spin-1, spin-2 components 



Ø 𝐷# → 𝜋𝜋𝜋

6/28/23 13

Amplitude analysis of 𝑫 𝒔
< → 𝝅𝝅𝝅

Zehua XU

[arXiv:2209.09840, arXiv:2208.03300]

Ø 𝐷$# → 𝜋𝜋𝜋



Ø 𝑇*+", #
observed at BESIII and LHCb
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Evidence of 𝑇𝝍𝑺𝟏A 4000 𝟎

Zehua XU

Ø Search for 𝑇*+", in 𝐵% → 𝐽/𝜓𝜙𝐾%

[arXiv: 2301.04899]



Ø Joint fit with 𝐵# and 𝐵% channels
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Evidence of 𝑇𝝍𝑺𝟏A (4000)

Zehua XU

[arXiv: 2301.04899]

Ø Joint Evidence for new tetraquark state with 4𝜎
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Summary and Prospects

Zehua XU

Ø Some recent interesting results presented:
• Charmonia decaying to 𝐾!𝐾𝜋
• New excited 𝛺"#, 𝛯$# states
• Amplitude analysis of 𝐷 !

% → 𝜋𝜋𝜋
• Evidence of 𝑇&'() 4000 #

Ø Larger statistics in Run 3 boosts hadron spectroscopy studies:
• Search for more conventional excited states
• The evidence of hadrons to be confirmed
• To confirm the observed multiquark states in other channel, e.g.: 𝑃"% in 

Λ$# → 𝐽/𝜓𝑝𝜋
• Study 𝐽* and other properties of multiquark states
• ……



Backup
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Ø First observation of same-sign doubly
charmed tetraquark 𝑇!!#

Ø Very narrow state in 𝐷%𝐷%𝜋# mass
spectrum

Ø Manifestly exotic with quark content
𝑐𝑐?𝑢�̅�

Ø Mass ~ 3875 MeV, very close to the
𝐷∗#𝐷% threshold

Ø Consistent with isoscalar 𝐽- = 1#
Ø No hint of possible 𝑇% , 𝑇## isospin

partners
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𝑻𝒄𝒄< observation in 𝑫𝟎𝑫𝟎𝝅<

Zehua XU

[arXiv: 2019. 01038] 
[arXiv: 2019. 01056]

https://arxiv.org/abs/2109.01038
https://arxiv.org/abs/2110.04497
https://arxiv.org/abs/2109.01056


Ø The fit greatly improved; 
Ø Significance of 𝑇! ̅$%

/ 2900 %/## >9𝜎
Ø Strong preference for 𝐽- as 0# (>7𝜎) 
Ø Mass and width are measured
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Dalitz fit with 𝑻𝒄(𝒔𝟎𝒂 𝟐𝟗𝟎𝟎 𝟎/<<

Zehua XU

[LHCb-PAPER-2022-026]

𝐵( → 𝐷%𝐷"(𝜋(𝐵# → *𝐷#𝐷"(𝜋%

PreliminaryPreliminary

Preliminary



Ø The fit using seven spline points to describe 𝑇! ̅$%
/ 2900 %/## lineshape;

Ø Consistent with Breit-Wigner lineshape, further supports the resonant 
character 
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Argand diagram of 𝑻𝒄(𝒔𝟎𝒂 𝟐𝟗𝟎𝟎 𝟎/<<

Zehua XU

[LHCb-PAPER-2022-026]

Preliminary
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𝑩< → 𝑫𝒔
<𝑫𝒔

;𝑲< at LHCb

Zehua XU

Ø Motivation:
• 𝐵# → 𝐷$#𝐷$&𝐾# has not been observed previously
• ℬ(𝐵# → 𝐷$#𝐷$&𝐾#) allows to estimate partial width of 𝑋 near 

threshold
• Also search for other exotics

[arXiv: 1602.08421]

Ø Signal reconstruction using LHCb Run 1+2 dataset;
• 𝐵# yield ~360 candidates with 84.4% purity

[LHCb-PAPER-2022-018,
LHCb-PAPER-2022-019]

Preliminary

Ø Dalitz plot analysis to understand the resonance structure

https://arxiv.org/abs/1602.08421
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Dalitz analysis

Zehua XU

Ø Near-threshold enhancement in 𝑚(𝐷$#𝐷$&)

[LHCb-PAPER-2022-018,
LHCb-PAPER-2022-019]

Ø Baseline model well describes data
• 0%%: 𝑋(3960), 𝑋(4140) and NR; 1++: 𝜓(4260) and 𝜓(4660)

Ø 𝑋 3960 : 
• Significance > 12𝜎
• 𝐽*, = 0%% preferred over 1++ and 2%% (> 9𝜎)

Ø 𝑋 4140 : 
• 𝐽*, = 0%% preferred over 1++ and 2%% (> 3𝜎)
• The dip can also described by 𝐽/𝜓 → 𝐷!%𝐷!+ scattering

Preliminary

Preliminary
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𝑿(𝟑𝟗𝟔𝟎) and 𝝌𝒄𝟎(𝟑𝟗𝟑𝟎)

Zehua XU

[LHCb-PAPER-2022-018,
LHCb-PAPER-2022-019]

Ø Same particles?
• Latest Lattice QCD shows the enhancement near the threshold of 
𝐷$#𝐷$& due to the presence of 𝑋(3930)

• 𝑋 has an exotic nature: creation of 𝑠�̅� from vacuum is suppressed 
wrt. 𝑢?𝑢 and 𝑑�̅�; 𝑋 → 𝐷$#𝐷$& has smaller phase-space than 𝑋 →
𝐷#𝐷&

Ø Different particles?
• No obvious candidate within conventional multiplets for them; likely to be 

exotic

[arXiv: 2207.08490]

https://arxiv.org/pdf/2207.08490.pdf
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Motivation of searching for 𝑷𝝍𝒔𝚲 in 𝑩; → 𝑱/𝝍𝚲;𝒑

Zehua XU

Ø Pentaquark seen at LHCb often noted to be close to charm-hadron 
threshold

𝑃!" in Λ#$ → 𝐽/𝜓𝑝𝐾 [PRL 122 (2019) 222001]
Evidence	of 𝑃!%& in 𝛯#' → 𝐽/𝜓Λ𝐾'

[Sci.Bull.66(2021) 1278]

Ø 𝐵& → 𝐽/𝜓Λ�̅� allows to search near threshold of 𝛯!𝐷&, Λ!#𝐷$& and 
Λ!#𝐷%

Ø 𝑃*$C predicted in hadronic molecules model
[Progr.Phys.41(2021) 65-93]

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.122.222001
https://www.sciencedirect.com/science/article/pii/S2095927321001717?via%3Dihub
https://inspirehep.net/literature/1893815
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𝑩; → 𝑱/𝝍𝚲;𝒑 signals

Zehua XU

Ø 𝐵& yield ~4617 with 93% purity using Run 1+2 data
Ø Most precise measurement of 𝐵& mass:

[LHCb-PAPER-2022-031]

Ø Narrow structure in 𝐽/𝜓Λ; broad structure in 𝐽/𝜓�̅�
Ø Dalitz analysis needed to determine its resonance structure

Preliminary
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Dalitz fit

Zehua XU

Ø 𝐾∗ model: 𝐾D,F,G∗ and NR(Λ�̅�) 
Ø Nominal model: NR(Λ�̅�), NR(𝐽/𝜓�̅�) and 𝑃)"*

[LHCb-PAPER-2022-031]

Ø 𝐾∗ model cannot describe data well
Ø 𝑃234 improve the fit NNL significantly

𝐾∗ model

Nominal model
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Observation of 𝑷𝝍𝒔𝚲 → 𝑱/𝝍𝚲

Zehua XU

[LHCb-PAPER-2022-031]



Ø Dalitz analyses of 𝜂", 𝜂"(2𝑆) decays provide information on kaon spectroscopy

Ø New precision 
measurement of 𝜂", 
𝜂"(2𝑆)
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Charmonia decaying to 𝑲𝒔𝑲𝝅

Zehua XU

[arXiv:2304.14891]

𝜂! 2𝑆 → 𝐾"#𝐾𝜋

𝜂! → 𝐾"#𝐾𝜋


