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Introduction
n QCD describing strong interaction between quarks and gluons is not well 

understood due to its non-perturbative nature at low energy scale
n Hadron spectroscopy provides opportunities to test QCD and its effective 

models 
q e.g. lattice QCD, diquark model, potential model …

n Exotic hadrons provide unique probe to QCD 
q Predicted in quark model
q Recent results show strong evidence for their existence
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The LHC 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 flavour physics experiment at the LHC

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

n Can also study hadron spectroscopy and exotic states
n Acceptance optimised for forward 𝑏"𝑏 production

4

Ø All results based on full or part of run-1 and 
run-2 datasets

p p

JINST 3 (2008) S08005
IJMPA 30 (2015) 1530022
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New particles in a glance
n 67 new hadrons discovered by LHCb!

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

Exotic hadron naming convention:  PDG2024
5Liming Zhang

𝑍' → 𝑇' ̅')
(∗) 𝑍'& → 𝑇' ̅' ̅&)

(∗) 𝑃' → 𝑃' ̅'
10/25/24

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


𝚲𝒃𝟎 , 𝚲𝒄$, 𝚲 decay parameters
n Decay parameters of baryon are first proposed by Lee and Yang to search 

for parity violation, with 𝑠 and 𝑝 as S- and P-wave amplitude

n Two Λ;< → Λ=>ℎ? ℎ = 𝜋,𝐾 decays and three 
Λ=> → Λℎ> or Λ=> → 𝑝𝐾@< decays are studied

n The decay parameters are encoded in
the anglular distributions of these decays 
q The Λ!" is unpolarized, shown by previoius study

Liming Zhang 610/25/24

[arXiv: 2409.02759]



𝚲𝒃𝟎 , 𝚲𝒄$, 𝚲 decay parameters
n Parameters are determined for Λ;< and *Λ;<

n No significant CP violation is found

Liming Zhang 7

1st measurments

[arXiv: 2409.02759]
M

ost precise

Other paramaters can found in the paper
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Amplitude analysis of 𝚵𝒄" → 𝒑𝑲#𝝅" decay
n Ξ=> from B-hadron semileptonic decay
n An amplitude model is provided, which is

useful for polarization measurement 
of Ξ=> in multiple production processes

10/25/24 Liming Zhang 8
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Amplitude analysis of 𝚵𝒄" → 𝒑𝑲#𝝅" decay
n Fit fraction

10/25/24 Liming Zhang 9

n Polarization and decay parameters 
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Muonic decays of 𝝌𝒄𝟏,𝟐(𝟏𝑷) and 𝝌𝒃𝟏,𝟐(𝟏𝑷, 𝟐𝑷)

Liming Zhang 10

[PRL 119 (2017) 221801]

𝝌𝒄𝟏

𝝌𝒄𝟐

10/25/24

𝝌𝒃𝟏(𝟏𝑷)
𝝌𝒃𝟐(𝟏𝐏)

𝝌𝒃𝟏(𝟐𝑷)
𝝌𝒃𝟐(𝟐𝐏)

n 1st observation of  𝝌𝒄𝟏,𝟐 → 𝑱/𝝍𝝁>𝝁? in 2017

n 1st observation of  𝝌𝒃𝟏,𝟐 → 𝚼 𝟏𝑺 𝝁>𝝁? in 2024
n Competitive mass and width measurements 

[JHEP 10 (2024) 122]



Observation of 𝑻𝒄𝒔 → 𝑫&𝑲$

n Amplitude analysis of 𝑩> → 𝑫>𝑫?𝑲> decays
q ~1300 signals with purity 99.5% 

n Enhancement in 𝑚F 𝐷?𝐾> ~8.5GeV?F

n Described by 𝑋G(2900) and 𝑋<(2900)
n First discovery of open-charm tetraquarks 

with four different flavors [𝒄𝒔*𝒖*𝒅]!

n The observation motivates study of 𝐵 → *𝐷𝐷H𝜋

11

𝜒!"(3930)
𝜓(3770)

A new resonance?

(9fb-1)

𝑇!"#∗ 2900 %

𝑇!"%∗ 2870 %
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[PRL 125 (2020) 242001]
[PRD 102 (2020) 112003] 
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𝑇 ̅' ̅&%
∗ 2870 %

𝑇 ̅' ̅&0
∗ 2900 %



𝑻𝒄𝒔𝟎∗ 𝟐𝟖𝟕𝟎 𝟎 decay into a different channel
n Amplitude analysis of 𝑩# → 𝑫$𝑫𝟎𝑲𝑺𝟎 finding 

𝑻'𝒄'𝒔𝟎∗ 𝟐𝟖𝟕𝟎 𝟎, but not 𝑻'𝒄'𝒔𝟏∗ 𝟐𝟗𝟎𝟎 𝟎 to 𝑫𝟎𝑲𝑺𝟎

n 𝑻𝒄𝒔𝟎∗ 𝟐𝟖𝟕𝟎 𝟎

q Significance of 5.3 𝝈
q 𝒎 = 𝟐𝟖𝟖𝟑 ± 𝟏𝟏 ± 𝟔 MeV
q 𝚪 = 𝟖𝟕1𝟒𝟕!𝟐𝟐 ± 𝟔 MeV

n Branching fraction ratio

10/25/24 Implication workshop 12

LHCb-PAPER-2024-040
in preparation

preliminary

preliminary preliminary

𝑻𝒄𝒔𝟎∗ 𝟐𝟖𝟕𝟎 𝟎

𝑻𝒄𝒔𝟎∗ 𝟐𝟖𝟕𝟎 𝟎 → 𝑫𝟎-𝑲𝟎

𝑻𝒄𝒔𝟎∗ 𝟐𝟖𝟕𝟎 𝟎 → 𝑫!𝑲1 = 𝟑. 𝟑 ± 𝟏. 𝟗

𝑻𝒄𝒔𝟏∗ 𝟐𝟗𝟎𝟎 𝟎 → 𝑫𝟎-𝑲𝟎

𝑻𝒄𝒔𝟏∗ 𝟐𝟗𝟎𝟎 𝟎 → 𝑫!𝑲1 = 𝟎. 𝟏𝟓 ± 𝟎. 𝟏𝟕

Isospin symmetry: two ratio should be 1



𝑩$ → 𝑫∗±𝑫∓𝑲$: signal yields
n Using the full LHCb dataset of 9 fb$,: 𝐷∗$ → 2𝐷" → 𝑲#𝝅$&𝑲#𝝅$𝝅$𝝅# 𝜋$

[arXiv: 2406.03156]
accepted by PRL

ü 𝐵# → 𝐷∗#𝐷$𝐾#: 𝟗𝟔𝟔
ü 𝐵# → 𝐷∗$𝐷#𝐾#: 𝟏𝟎𝟔𝟖 Liming Zhang 1310/25/24



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 

Liming Zhang 1410/25/24

§ Four new charmonium
(-like) states are 
observed for >6.1s

§ JPC for each state is 
determined for >5.7s

§ 𝑇 ̅' ̅&
∗ states, seen in 𝐵! →
𝐷!𝐷1𝐾!, are confirmed 
in 𝐵! → 𝐷∗!𝐷1𝐾!
decays

[arXiv: 2406.03156]
accepted by PRL



Study of 𝑫𝒔𝟏 𝟐𝟒𝟔𝟎 $ → 𝑫𝒔$𝝅$𝝅& decay

10/25/24 Liming Zhang 15

n 𝐷H<∗ (2317) and 𝐷HG(2460) are very special 
q Masses ~100 MeV below expectation
q Isospin-violating decay 𝐷-

∗ #𝜋" dominate

n Propose to study of 𝐷HG 2460 > → 𝐷H>𝜋>𝜋?
q Double-bump lineshape in 𝑚 𝜋𝜋 if 
𝐷-, 2460 # is a 𝐷∗𝐾 hadronic molecule

n I=1 partners of 𝐷H<∗ (2317) are proposed, 
spired by observation of I=1 tetraquark
𝑇=H̅ 2900 >>/< → 𝐷H>𝜋±

[L. Maiani et. al. 
Phys. Rev. D 110, 
034014]

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

[PRL 131 (2023) 041902]

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


Study of 𝑫𝒔𝟏 𝟐𝟒𝟔𝟎 $ → 𝑫𝒔$𝝅$𝝅& decay
n ~800 𝐷HG 2460 > → 𝐷H>𝜋>𝜋? decays  from three 𝐵 → 𝐷HG 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 [Tang et. al.]
also cannot describe the data well

10/25/24 Liming Zhang 16
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Two resonance models can fit the data well
n 𝑓< 500 + 𝑓< 980 + 𝑓F 1270

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

q This model cannot rejected, but implausible

10/25/24 Liming Zhang 17

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

𝑓4 1270 1275.4 186.6 29 ± 2 ± 1

n 𝑓< 500 + 𝑇=H̅GG + 𝑇=H̅< (new exotics)

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

𝑓% 500 472 ± 32 ± 19 226 ± 24
± 18 237./0123 ± 42

𝑇' ̅& 2328 ± 12 ± 12 96 ± 16.401356 151.00103 ± 25

LHCb-PAPER-2024-033
in preparation

preliminary preliminarypreliminarypreliminary



𝑩$ → 𝝍 𝟐𝑺 𝑲$𝝅$𝝅&: amplitude analysis
n Can study 𝐾>𝜋>𝜋? system, crucial for NP 

studies of 𝐵 → 𝐾𝜋𝜋(𝛾/𝜇𝜇)

n Can also study charmonium-like exotic states 

n With ~1000 signal decays, Belle only studied 
the 𝐾>𝜋>𝜋? system [PRD 83 (2011) 032005]

n LHCb performed the first full amplitude 
analysis on this decay

n Baseline fit contributions

q 6 𝐾/# states

q 11 exotic states: most are very broad

Liming Zhang 18

30k

[arXiv: 2407.12475]
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Exotic contributions
n 4 𝑋< → 𝜓(2𝑆)𝜋>𝜋? states are identified

q Main decay mode is 𝝍(𝟐𝑺)𝝆𝟎

q Similar but broader that the states observed in 𝐵# → 𝑱/𝝍𝝓𝐾#

q But they might not the same, 𝜓(2𝑆)𝜌" has I=1, 𝐽/𝜓𝜙 has I=0

Liming Zhang 19

States in 
𝐵1 →
𝐽/𝜓𝜙𝐾1

[arXiv: 2407.12475]

10/25/24
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Exotic contributions
n 3 𝑇= ̅=

∗ → 𝜓 2𝑆 𝜋 states are identified
q Confirmed 𝒁𝒄 𝟒𝟒𝟑𝟎 # seen in "𝐵" → 𝜓 2𝑆 𝜋#𝐾$

q Confirmed 𝒁𝒄 𝟒𝟐𝟎𝟎 # seen in "𝐵" → 𝐽/𝜓𝜋#𝐾$, and 𝐽0 = 1# is determined for the 1st time 
q 𝑇1 ̅1 4055 # seen in 𝑒#𝑒$ → 𝜓 2𝑆 𝜋#𝜋$ is also needed

Liming Zhang 20

[arXiv: 2407.12475]
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Exotic contributions
n 3 new 𝑇= ̅=H̅ → 𝜓 2𝑆 𝐾𝜋 states are observed

n 𝜓 2𝑆 𝐾 mass above 𝑍=H 4000 >, only tail of 𝑍=H 4000 > can contribute

Liming Zhang 21

new

[arXiv: 2407.12475]

10/25/24
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Fit projections
n Fit quality is 

acceptable, 7D 
𝜒F/ndof = 1.2

n Resonances are 
generally broad

Liming Zhang 22

[arXiv: 2407.12475]
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Radiative decays of 𝝌𝒄𝟏(𝟑𝟖𝟕𝟐)
n Nature of 𝜒1,(3872) still under debate, while study of radiative decays provides a way to probe it
n Only evidence of 𝜒1, 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 𝝌𝒄𝟏(𝟑𝟖𝟕𝟐)
n Update at LHCb using 𝐵> → 𝜒=G 3872 𝐾> decay with 9 fb?G Run1+Run2 data
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𝜒1, 3872 → 𝜓 2𝑆 𝛾

Run1: 𝑁 = 40 ± 8; 𝟓. 𝟑𝝈

Run2: 𝑁 = 63 ± 10; 𝟔. 𝟕𝝈

LHCb meets theory workshop

Liming Zhang

(15%)

LHCb average
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[arXiv: 2406.17006]

https://indico.cern.ch/event/1423946/


Run3 performance
n Reaching Run 2 performance 

in mass resolution

10/25/24 Liming Zhang 25

LHCB-FIGURE-2024-025

LHCB-FIGURE-2024-021

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


Summary
n LHCb keeps making important contributions to heavy hadron spectroscopy 

with run1 and run2 data
n Run 3 this year has taken 9.5 fb-1 data, same luminosity as run1&2
n Stay tuned for more exciting results

26Liming Zhang10/25/24



BACKUP
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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 
𝚲𝒃𝟎 → 𝚲𝒄13𝑫 ∗ 𝟎𝑲!

2022-2026 2030-2033 2036-2041

28

680k          1.4M            8M[*]

𝝌𝒄𝟏 𝟑𝟖𝟕𝟐 lineshape from multi-channels

𝒁𝒄(4430)
Doubly-charmed tetraquark 𝓣𝒄𝒄:𝒔1 → 𝑫𝒔1𝑫𝟎

More information for pentaquarks

Λ!" → Λ1#2𝐷"𝐾# 23k          58k           390k

[*] updated according to the latest result



Pentaquark study
n The observation of new decay modes can shed light on the binding scheme of the exotic 

hadrons ⇒ search through open charm modes
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[PRL 122 (2019) 222001]

Proximity of 𝛴1#2𝐷" and 𝛴1#2𝐷∗" 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 𝑲1
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Search for pentaquarks via open charm
n Inclusive search performed using 5.7 fb?G data from 2016-2018

n Reconstruction: Λ=>, 𝐷?, 𝐷<, 𝛴=
>>(<), 𝐷∗?

*10 modes too statistically limited to set upper limits

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

Liming Zhang 30

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

n Upper limits set on 𝑅 = j23
j435

×
k435

k23
→

l m3 ×ℬ m3→p35q r ×ℬ q

l(p35)

[PRD 110 (2024) 032001]
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𝚲𝒃𝟎 → 𝜮𝒄
∗ %%𝑫 ∗ &𝑲&: observation

n Four Λ;< → 𝛴=
∗ >>𝐷 ∗ ?𝐾? modes observed with overwhelming significance 
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https://link.aps.org/doi/10.1103/PhysRevD.110.L031104


𝚲𝒃𝟎 → 𝚺𝒄
∗ ""𝑫 ∗ #𝑲#: intermediate states

n Larger dataset needed to draw a definitive conclusion 
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[PRD 110 (2024) L031104]
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1st determination of 𝐽+ for 𝚵𝒄 𝟑𝟎𝟓𝟓 $,𝟎

n Ξ;
<(?) → Ξ=

>(<)(3055/3080) → 𝐷Λ 𝜋? decays are used to study of the 
properties of charm baryons

n Amplitude analysis performed to four observables (𝑚qp, 𝜃|3 , 𝛽p, 𝜃p)

Liming Zhang 34

[arXiv: 2409.05440]

𝚵𝒃𝟎 → 𝚵𝒄)𝝅*

𝚵𝒄)(𝟑𝟎𝟓𝟓)

𝚵𝒄)(𝟑𝟎𝟖𝟎)

10/25/24



1st determination of 𝐽+ for 𝚵𝒄 𝟑𝟎𝟓𝟓 $,𝟎

n 𝐽0 = 3/2# is determined for Ξ1 3055 #," with 
significances of more than 6.5σ (3.5σ) against 
other hypotheses

n Evidence found for Ξ1 3080 #,"

in the Ξ!
"($) decays

n Mass, width, Ξ! decay parameter 𝛼, 
and relative rate for 3080/3055 𝑅ℬ

Liming Zhang 35

Zhen-Yu Li, Guo-Liang Yu, Zhi-Gang Wang, Jian-Zhong Gu, Jie Lu
Chinese Phys. C 47 (2023) 073105

𝐽5 = 3/2! and narrow width for Ξ'(3055) may
favor it as a 1D state

[arXiv: 2409.05440]

10/25/24



1st determination of 𝐽+ for 𝚵𝒄 𝟑𝟎𝟓𝟓 $,𝟎

n 𝑄𝑞𝑞 baryons is well described by heavy quark-light diquark 𝑄 𝑞𝑞 model 
ü 𝜆-mode: can describe almost all observed states

ü 𝜌-mode: no firm assignment yet

36

[PRD 92 (2015) 114029]

𝑳

Configuration 𝐽 77
0 = 0# 𝐽 77

0 = 1#

Naming Ξ8 Ξ8/

Ξ'(3055)’s mass can fit into 1D or 2S states 

Liming Zhang10/25/24

Zhen-Yu Li, Guo-Liang Yu, Zhi-Gang Wang, Jian-Zhong Gu, Jie Lu
Chinese Phys. C 47 (2023) 073105

http://journals.aps.org/prd/abstract/10.1103/PhysRevD.70.054017


𝑩$ → 𝑫∗±𝑫∓𝑲$: fit results
n All components in baseline fit have significance > 5𝜎

*Fit fractions in paper

üclear different interference behaviors Liming Zhang 37

[arXiv: 2406.03156]
accepted by PRL

10/25/24



𝑩$ → 𝑫∗±𝑫∓𝑲$: 𝑻-𝒄-𝒔∗ states
Ø 𝐵# → 𝐷∗#𝐷$𝐾# Ø 𝐵# → 𝐷∗$𝐷#𝐾#

𝟏𝟏𝝈
𝑿𝟎(𝟐𝟗𝟎𝟎)
𝟗. 𝟐𝝈
𝑿𝟏(𝟐𝟗𝟎𝟎)

𝟐𝝈

ü𝑇 ̅1-̅"
∗ 2870 " → 𝐷∗$𝐾# forbidden

üℬ 𝑇 ̅1-̅,
∗ 2900 " → 𝐷∗$𝐾# /ℬ 𝑇 ̅1-̅,

∗ 2900 " → 𝐷$𝐾# < 0.21 @ 95% 𝐶𝐿
Liming Zhang 38

[arXiv: 2406.03156]
accepted by PRL

10/25/24



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 [Qian Deng, Ru-Hui Ni, Qi Li, Xian-
Hui Zhong, arXiv: 2312.10296]

§ 𝜒'0(4010) could be the partner of 
𝜒'0(3872), predicted both in the 
unquenched model and Lattice 
[Haozheng Li, Chunjiang Shi, Ying 
Chen, Ming Gong, Juzheng Liang, Zhaofeng
Liu, Wei Sun, arXiv:2402.14541]

GI model 
hep-ph/0505002

Liming Zhang 39

X(3940)?

[arXiv: 2406.03156]
accepted by PRL

10/25/24



Central exclusive production (CEP)

*glueball

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

Liming Zhang 40

n Study J/ψϕ resonances in CEP

10/25/24



𝑿 in 𝑩$ → 𝑱/𝝍𝝓𝑲$
[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

Liming Zhang 4110/25/24
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𝑿 → 𝑱/𝝍𝝓 in CEP

4 tracks

𝟐. 𝟒𝝈
𝟒. 𝟑𝝈
𝟓. 𝟓𝝈
𝟏. 𝟔𝝈

Liming Zhang 42

[arXiv: 2407.14301]

𝑁 = 989
purity = 93.0 ± 0.5 %

10/25/24



First exotic hadron measurement in CEP!

43

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

§ Cross-section measurements:

Liming Zhang

𝐵! → 𝐽/𝜓𝜙𝐾!
[PRL 127 (2021) 082001][arXiv: 2407.14301]

10/25/24



Observations of 𝚲𝒃𝟎 → 𝚲𝒄$7𝑫 ∗ 𝟎𝑲& decays
n These decays can pave the way for 

future 𝑃=> search in Λ=>*𝐷 ∗ < systems 
q which are open-charm equivalent of 𝐽/𝜓𝑝
q -𝐷∗% is partially reconstructed with missing 𝜋%/𝛾

n Branching fractions

n Relative to Λ;< → 𝐽/𝜓𝑝𝐾?

ℬ(𝛬6% → 𝐽/𝜓𝑝𝐾1)
ℬ(𝛬6% → 𝛬'!-𝐷%𝐾1)

= 15.214.8!9.4 %

ℬ(Λ6% → Λ'!-𝐷%𝐾1)
ℬ(Λ6% → Λ'!𝐷&1)

= 19.081%.9:1%.08!%.9;!%.0; ± 0.38 %

ℬ(Λ6% → Λ'!-𝐷∗%𝐾1)
ℬ(Λ6% → Λ'!𝐷&1)

= 58.910.<10.8!0.8!0.< ± 1.2 %

ℬ(𝛬6% → 𝐽/𝜓𝑝𝐾1)
ℬ(𝛬6% → 𝛬'!-𝐷∗%𝐾1)

= 4.91%.=!0.0 %

[arXiv:2311.14088] 44Liming Zhang10/25/24



𝑩 → 𝑫7𝑫𝒉 studies
n Rich opportunities for spectroscopy study

q charmonium(-like) states in 𝐷(∗)*𝐷(∗), Λ=>*𝐷(∗), Λ=>*Λ=?…
q excited 𝑫>, 𝑫𝟎, 𝑫𝒔>, 𝚲𝒄> states from 𝐷(∗)ℎ, Λ=>ℎ…
q exotic states from *𝐷(∗)ℎ, *Λ=?ℎ…

𝐵#, 𝐵", 𝐵-"
Λ!" …

𝐷 ∗ #, 𝐷 ∗ ", 𝐷-#, Λ1#…

𝐷 ∗ $, 2𝐷 ∗ ", 𝐷-$, 2Λ1$…

𝐾 ∗ #, 𝐾 ∗ ", 𝜋#, 𝜙, Λ…

Liming Zhang 4510/25/24



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∗∗< → 𝐷∗?𝜋> contributions

[arXiv: 2405.00098]

𝟔. 𝟓𝝈
𝟔. 𝟖𝝈
𝟒. 𝟔𝝈

Liming Zhang 4710/25/24



𝑩% → 𝑫∗&𝑫𝒔%𝝅%: amplitude analysis

n Fits incorporating 𝐷H>𝜋> amplitudes
q best fit: 𝑻𝒄'𝒔𝟎𝒂 𝟐𝟗𝟎𝟎 ## + nonresonant vector

n Fits incorporating 𝐷∗?𝐷H> amplitudes: none provides a physical description

[arXiv: 2405.00098]
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s º+(L = 1)

NR D+
s º+(L = 2)

T §
cs̄0(2900)++

𝑚 𝐷∗.𝜋1 > 2.5 GeV

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! → 𝐷1𝐷&!𝜋!
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Observation of Λ+, → 𝐷"𝐷#Λ
n First observation of ΛST → 𝐷U𝐷VΛ with significance of 16 𝜎

[arXiv: 2403.03586]
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[PRD 103 (2021) 114013]

𝜦 decay 
inside VELO
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Study of 𝑩𝟎 → 7𝑫𝟎𝑫𝒔$𝝅& and 𝑩$ → 𝑫&𝑫𝒔$𝝅$

n Full 9 fbVW Run1+Run2 LHCb data 
⇒ 4420 𝐵T → /𝐷T𝐷XU𝜋V and 
3940 𝐵U → 𝐷V𝐷XU𝜋U candidates

50

⇒ 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 𝐷XU𝜋 states sharing resonance parameters

51

Ø𝑇Y ̅XT
[ 2900 T → 𝐷XU𝜋V & 𝑇Y ̅XT

[ 2900 UU → 𝐷XU𝜋U significance > 9𝜎
üA second 1$ 𝐷-#𝜋 state yields significance of only 1.3𝜎
üAdditional 𝐷𝜋, 𝐷-#𝜋, 𝐷𝐷-# resonances disfavored

Ø 𝐽\ = 0U 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]

Liming Zhang
Fit fraction = 2.45 ± 0.65 ± 0.84 %

10/25/24



𝑿(𝟑𝟗𝟔𝟎) in 𝑩( → 𝑫𝒔(𝑫𝒔*𝑲( decays
n Strong threshold enhancement found in 𝐷H>𝐷H? system
n Amplitude analysis is performed

n 𝑿(𝟑𝟗𝟔𝟎): threshold enhancement
q 𝐽0; = 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 𝜒1"(3930)within 3s
n More data need to study the lineshape for 𝑋(3960)

52

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

~360 signals

Liming Zhang10/25/24


