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Outline
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q Evidence of a 𝐽/𝜓𝛬 resonance and observation of excited 𝛯∗" states in the 𝛯# →
𝐽/𝜓𝛬𝐾"

Ø Study of the lineshape of the 𝜒$%(3872)
Ø Study of the 𝜓&(3823) and 𝜒$%(3872) states in 𝐵' → 𝐽/𝜓𝜋'𝜋" 𝐾' decays

Ø Observation of structure in the 𝐽/𝜓-pair mass spectrum 

Ø Study of 𝐵() → 𝐽/𝜓𝜋'𝜋"𝐾'𝐾" decays

Ø Observation of new resonances decaying to 𝐽/𝜓𝐾' and 𝐽/𝜓𝜙

q Amplitude analysis of 𝐵' → 𝐷'𝐷"𝐾' decay

[JHEP 02 (2021) 024]

[arXiv:2012.10380, to appear in Science Bulletin]

[arXiv:2103.01803]

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

[Science Bulletin 65 (2020) 032]

[PRD 102 (2020) 092005]

(Details in Yi’s Talk)

[JHEP 08 (2020) 123]

(See Jinlin’s Talk)

https://link.springer.com/article/10.1007%2FJHEP02%282021%29024
http://arxiv.org/abs/2012.10380
https://arxiv.org/abs/2103.01803
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.242001
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.102.112003
https://www.sciencedirect.com/science/article/pii/S2095927320305685?via%3Dihub
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.102.092005
https://indico.ihep.ac.cn/event/13769/session/18/contribution/19
https://link.springer.com/article/10.1007/JHEP08(2020)123
https://indico.ihep.ac.cn/event/13769/session/24/contribution/3
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Introduction
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[PRL 126 (2021) 141801]

u New physics evidence in Muon g-2 experiment: 
• Precision measurement of 𝛼*
• The error from experiment is smaller than the value from theory 

Latest LQCD result
[NATURE (2021) 593]

u The largest uncertainty comes from strong interaction:
• Exotic hadron study offers new approach to probe QCD 

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.126.141801
https://www.nature.com/articles/s41586-021-03418-1


ü Yes. 𝐷#𝐾$ structure observed in 𝐵$ →
𝐷$𝐷#𝐾$ decay at LHCb.
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Questions in last XYZ workshop
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[PRD 102 (2020) 112003]

Screenshot from the talk at 
6th XYZ workshop in 2020

ü Yes. 𝐽/𝜓𝐾$ structure observed in 𝐵$ →
𝐽/𝜓𝜙𝐾$ decay at LHCb, 𝐷"𝐷∗ structure 
observed in 𝑒$𝑒# collision at BESIII.

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.102.112003
https://indico.ihep.ac.cn/event/10509/session/4/contribution/46
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LHCb detector
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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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Many exotic states observed at LHCb
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Ø 59 new hadron states (conventional & exotic) observed at LHC,  most of them 
discovered at LHCb [Taken from CERNCOURIER]

https://cerncourier.com/a/lhcb-observes-four-new-tetraquarks/


Recent 𝝌𝒄𝟏(𝟑𝟖𝟕𝟐) studies at LHCb
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Motivation
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Ø The nature of 𝜒$%(3872) : conventional 𝜒$%(2+𝑃%), 𝐷)5𝐷∗) molecular state, 
tetraquark, hybrid, glueball or mixed ? 

Ø Previous experimental studies:  
• 𝜎(𝜒$%(3872))/𝜎(𝜓(2𝑆)) decrease with increasing multiplicity, prefer 

hadronic molecule explanation.

• The ratio of ℬ(𝐵() → 𝜒$% 3872 𝜙)/ℬ(𝐵) → 𝜒$% 3872 𝐾)) is consistent 
with one, while the ℬ(𝐵() → 𝜒$% 3872 𝜙)/ℬ(𝐵' → 𝜒$% 3872 𝐾') is two 
times smaller, suggesting it is not a pure charmonium.

• The discovery of 𝜒$% 3872 → 𝐽/𝜓𝜋'𝜋"𝜋) is consistent to the molecule 
prediction.

• ……

[LHCb-CONF-2019-005]

Ø Lineshape is the next experimental challenge!
• Determination of 𝛿𝐸 = 𝑀 𝐷) + 𝐷 5𝐷∗) −𝑀(𝜒$% 3872 ) is important 

[PRL 125 (2020) 152001]

[arXiv : 0410284]

https://cds.cern.ch/record/2701519/files/LHCb-CONF-2019-005.pdf
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.152001
https://arxiv.org/pdf/hep-ph/0410284.pdf
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Prompt 𝝌𝒄𝟏(𝟑𝟖𝟕𝟐) and from B
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Inclusive 𝜒$% 3872 → 𝐽/𝜓𝜋'𝜋"

[PRD 102 (2020) 092005] [JHEP 08 (2020) 123]

Exclusive 𝐵' → 𝐽/𝜓𝜋'𝜋"𝐾'

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.102.092005
https://link.springer.com/article/10.1007/JHEP08(2020)123
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Precision mass and width
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Comparison between inclusive and exclusive analysis and 
previous measurements [PRD 102 (2020) 092005]

[JHEP 08 (2020) 123]

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.102.092005
https://link.springer.com/article/10.1007/JHEP08(2020)123


Observation of structure in the 𝑱/𝝍-pair 
mass spectrum 
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Search for full charmed 𝒄𝒄)𝒄)𝒄 tetraquark
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Ø Motivation: 
• 𝑇,, -, -, (𝑄 = 𝑐 or 𝑏) states is isolated 

from both quarkonia and quarkonium-
like exotic states

• A 𝑇$$ ̅$ ̅$ can decay into a pair of 
charmonia

Ø Prompt 𝐽/𝜓 pair production: 

[arXiv: 1803.02522]

https://arxiv.org/abs/1803.02522
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𝑱/𝝍 pair mass spectrum
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[Science Bulletin 65 (2020) 032]

https://www.sciencedirect.com/science/article/pii/S2095927320305685?via%3Dihub
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𝑿(𝟔𝟗𝟎𝟎) observation
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Ø Model 1, no-interference fit:

Model 1 Model 2

Ø Model 2, simple model with interference:

Ø The significance in two model both > 5𝜎, 𝑋(6900) is observed. 

[Science Bulletin 65 (2020) 032]

https://www.sciencedirect.com/science/article/pii/S2095927320305685?via%3Dihub


Study of 𝑩𝒔𝟎 → 𝑱/𝝍𝝅%𝝅&𝑲%𝑲& decays
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Study of 𝑩𝒔𝟎 → 𝑱/𝝍𝝅M𝝅N𝑲M𝑲N decays
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ØDecays of  𝐵() → 𝐽/𝜓𝐾∗)5𝐾∗) and 𝐵() → 𝜒$%(3872)𝐾'𝐾" observed for the first 
time.

ØMost precise single measurement of 𝐵() mass:

16

Motivation:
Ø 𝜒$%(3872) and 𝐽/𝜓𝜙 structures can be studied in this decay
Ø Production rate measurements can shed light on the nature of  exotic states

[JHEP 02 (2021) 024]

https://link.springer.com/article/10.1007%2FJHEP02%282021%29024


5/15/21 17

𝑿 𝟒𝟕𝟒𝟎 observed in this channel
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ØA peak around 4740 MeV in 𝐽/𝜓𝜙 mass spectrum

17

Ø Fitting with the Breit-Wigner lineshape:

[Phys. Rev. Lett. 118 (2017) 022003]

𝑋(4700) observed in 𝐵' → 𝐽/𝜓𝜙𝐾'
at LHCb

Ø Significance of 𝑋(4740) > 5𝜎
Ø Are 𝑋(4700) and 𝑋(4740) the same state? Further amplitude studies are required. 

§ Two channels peaks roughly at same place

[JHEP 02 (2021) 024]

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.118.022003
https://link.springer.com/article/10.1007%2FJHEP02%282021%29024


Observation	of	new	resonances	decaying	to	
𝑱/𝝍𝑲% and	𝑱/𝝍𝝓 in	𝑩% → 𝑱/𝝍𝝓𝑲%
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Motivation-1
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Ø This channel 𝐵' → 𝐽/𝜓𝜙𝐾' was studied at LHCb using Run 1 sample.(First 
amplitude analysis for this channel)

Ø The width of 𝑋(4140) is 83 ± 21"%/'&% MeV, larger than the value measured from 
other experiments.

[arXiv:2103.01803]

Ø Three other 𝐽/𝜓𝜙 structures,
𝑋 4274 , 𝑋 4500 and 𝑋 4700
were observed in Run-1 analysis.

[PRD. 95 (2017) 012002]

[PRL. 118 (2017) 022003]

https://arxiv.org/abs/2103.01803
https://doi.org/10.1103/PhysRevD.95.012002
https://doi.org/10.1103/PhysRevLett.118.022003
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Motivation-2

Zehua.XU 20

[arXiv:2103.01803]

Ø Hint of 𝐽/𝜓𝐾' structure in Run 1 analysis.
Ø 𝑍$(' in 𝐵' → 𝐽/𝜓𝜙𝐾' decay has similar topology as 𝑍$' in 𝐵' → 𝐽/𝜓𝐾"𝜋'

decay, and 𝑃$' in 𝛬#) → 𝐽/𝜓𝑝𝐾"
Ø The observation of  𝑋(2900) containing strange quark, and the evidence of 

𝑃$(' implies possible existence of 𝑍$(' .

[PRL. 118 (2017) 022003] [PRL. 125 (2020) 242001]

𝑋(2900)

https://arxiv.org/abs/2103.01803
https://doi.org/10.1103/PhysRevLett.118.022003
https://doi.org/10.1103/PhysRevLett.125.242001
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Run 1 and Run 2 sample

Zehua.XU

Several 𝑋 states along 𝑚&/().

𝑍!"
state?

Ø Selection is optimized
Ø ~ 24k signal (6 times larger than 

the previous publication)
Ø overall background fraction ~ 4%

(a factor of 6  smaller) 

Clearly visible: 4 structures in 𝑱/𝝍𝝓 and an obvious structure in 𝑱/𝝍𝑲
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Ø Clear structures in Dalitz plot

[arXiv:2103.01803]

https://arxiv.org/abs/2103.01803
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6D amplitude fitting
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Ø The fitting model was optimized based on previous analysis using Run 1 sample.
More 𝐾∗ states cannot improve the fitting
By testing the contributions from other states

1.5 2

C
an

di
da

te
s /

 (1
0 

M
eV

)

100

200

300

400

500

600

700 (4630)X 
(4500)X 

(4700)X 
 NRX 

(4140)X 
(4274)X 

(4685)X 
(4150)X 

(4000)csZ 

(4220)csZ 

LHCb

 [GeV]+Kφm
1.5 2

C
an

di
da

te
s /

 (1
0 

M
eV

)

0

100

200

300

400

500

600

700 − 0K 
+ 1K 
− 1K 
+ 2K 
− 2K 

Background

Total fit
-1Data 9 fb

LHCb
4.2 4.4 4.6 4.80

100

200

300

400

500

600

700
LHCb

 [GeV]φψJ/m
4.2 4.4 4.6 4.8

0

100

200

300

400

500

600

700
LHCb

3.6 3.8 4 4.2

100

200

300

400

500

600

700
LHCb

 [GeV]+KψJ/m
3.6 3.8 4 4.2

0

100

200

300

400

500

600

700
LHCb

Updated 
model

Run 1 
model

[arXiv:2103.01803]

https://arxiv.org/abs/2103.01803
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Fitting results
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Ø Two 𝑍$(' → 𝐽/𝜓𝐾' states were observed, both significance > 5𝜎
Ø New 𝑋 4630 and 𝑋 4685 were observed, both significance > 5𝜎
Ø Previous results using Run 1 sample were confirmed

[arXiv:2103.01803]

https://arxiv.org/abs/2103.01803
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𝒁𝒄𝒔 results

Zehua.XU

Ø Resonance character of 𝑍$( 4000 ' from Argand plot, obtained from model 
independent fitting. 
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Ø The 𝐽0 of 𝑍$( 4000 ' is determined as 1', the 𝐽0 of 𝑍$( 4220 ' is 1' or 1"
Ø The fit projection onto 𝐽/𝜓𝐾' in two slices of 𝐽/𝜓𝜙

[arXiv:2103.01803]

https://arxiv.org/abs/2103.01803
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Comparison to BESIII

Zehua.XU

Ø BESIII experiment recently reported 5.3𝜎 observation of a very narrow 𝑍$(" in 
𝐷(𝐷∗ + 𝐷𝐷(∗ mass distributions, when our results were circulated in collaboration.

[PRL 126 (2021) 102001]Ø Tests are applied:
• Fixed 𝑍$( 4000 ' to BESIII’s 

result; twice the log-likelihood is 
worse by 160 units.

• Adding on top of the default model 
almost doesn’t improve the fit 
likelihood

Ø No evidence that 𝑍$( 4000 ' state is 
the same as the 𝑍$( 3985 " seen by 
BESIII.

BESIII

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.126.102001
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𝑿 results

Zehua.XU

Ø The measured mass of 𝑋(4140) is 4118 ± 11"+1'%2 MeV,   with width 
162 ± 21"/2'&/ MeV, not very narrow; the mass is around the threshold of 
𝐽/𝜓𝜙.
No evidence of a narrow threshold resonance at 𝐽/𝜓𝜙 in our data

Ø Comparing the unnormalized Legendre moments of Run 1 model and 
updated model,  new 𝑋(4630) and 𝑋(4685) are required.
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Ø The 𝐽0 of 𝑋(4685) is 1', and the 𝐽0 𝑋(4630) is not determined.  

[arXiv:2103.01803]

https://arxiv.org/abs/2103.01803


Observation	of	𝑫&𝑲% structure	in	𝑩% →
𝑫%𝑫&𝑲%



5/15/21 28

𝑿(𝟐𝟗𝟎𝟎) observation

Zehua.XU 28

Ø Amplitude analysis performed:

Ø More discussions about 𝐵 → 𝐷𝐷ℎ in Yi Jiang’s talk.

Ø 𝐵' → 𝐷'𝐷"𝐾', an ideal channel to search for open-charm tetraquark. 

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

https://indico.ihep.ac.cn/event/13769/session/18/contribution/19
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.242001
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.102.112003
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Summary

Zehua.XU

Presented only newest analyses performed by LHCb:

Ø Further understanding of 𝜒$%(3872)

Ø Observation of first fully-charmed tetraquark 𝑋(6900)(𝑐𝑐 ̅𝑐 ̅𝑐)

Ø 𝑋(4740) (𝑐 ̅𝑐𝑠�̅�) is observed in 𝐵() → 𝐽/𝜓𝜋'𝜋"𝐾'𝐾" decays

Ø Four new 𝐽/𝜓𝐾' (𝑐 ̅𝑐𝑢�̅�) and 𝐽/𝜓𝜙 (𝑐 ̅𝑐𝑠�̅�) structures are observed in the decay 

of  𝐵' → 𝐽/𝜓𝜙𝐾'

1. The 𝐽0 of  𝑍$( 4000 ' and 𝑋(4685) state is also determined.

2. An exotic zoo channel, 𝐵' → 𝐽/𝜓𝜙𝐾', two kinds of exotic states 

observed in one channel.

Ø First observation of open-charm tetraquark candidate
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Prospects
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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 7x more data (14x hadronic events) by 2029 than current, half of 

these by 2023
q Could have another 6x increase from Upgrade II 

u Prospects	of	more	exotic	states	observed	at	LHCb

2022-2024



Backup
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Outline
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q Evidence of a 𝐽/𝜓𝛬 resonance and observation of excited 𝛯∗" states in the 𝛯# →
𝐽/𝜓𝛬𝐾"

Ø Study of the lineshape of the 𝜒$%(3872)
Ø Study of the 𝜓&(3823) and 𝜒$%(3872) states in 𝐵' → 𝐽/𝜓𝜋'𝜋" 𝐾' decays

Ø Observation of structure in the 𝐽/𝜓-pair mass spectrum 

Ø Study of 𝐵() → 𝐽/𝜓𝜋'𝜋"𝐾'𝐾" decays

Ø Observation of new resonances decaying to 𝐽/𝜓𝐾' and 𝐽/𝜓𝜙

q Amplitude analysis of 𝐵' → 𝐷'𝐷"𝐾' decay

[JHEP 02 (2021) 024]

[arXiv:2012.10380, to appear in Science Bulletin]

[arXiv:2103.01803]

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

[Science Bulletin 65 (2020) 032]

[PRD 102 (2020) 092005]

(Details in Jinlin’s Talk)

(Details in Yi’s Talk)

[JHEP 08(2020)123]

https://link.springer.com/article/10.1007%2FJHEP02%282021%29024
http://arxiv.org/abs/2012.10380
https://arxiv.org/abs/2103.01803
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.242001
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.102.112003
https://www.sciencedirect.com/science/article/pii/S2095927320305685?via%3Dihub
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.102.092005
https://indico.ihep.ac.cn/event/13769/session/24/contribution/3
https://indico.ihep.ac.cn/event/13769/session/18/contribution/19
https://link.springer.com/article/10.1007/JHEP08(2020)123


u Multiquark states are first predicted in 1964 in quark model, the original 
papers by M.Gell-Mann and G.Zweig.

The Nobel Prize in Physics 1969
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Introduction

Zehua.XU

u Mesons are 2-quark bounding states, baryons are 3-quark states, does 
multi-quark state exist?

2003 at BELLE

[PRL 91 (2003) 262001]

u First tetraquark candidate observed at BELLE in 2003, first pentaquark 
candidate at LHCb in 2015.

[PRL 115 (2015) 072001]

2015 at LHCb
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Pole search

Zehua.XU 34

[PRD 102 (2020) 092005]

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.102.092005
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Flatté model

Zehua.XU 35

Ø Threshold is within the natural widthèBreit-Wigner is not the correct lineshape
Ø Flatté model is used, best fit gives two pole singularities:

[PRD 102 (2020) 092005]

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.102.092005
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Mixture of molecule and compact state
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[PRD 102 (2020) 092005]

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.102.092005
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Motivation

Zehua.XU 37

Ø Two pentaquark states (𝑃$') observed in 𝛬#) → 𝐽/𝜓𝑝𝐾" decay in 2015 at LHCb.
Ø New narrow 𝑃$ 4312 ' observed in 2019 at LHCb, 𝑃$ 4450 ' is resolved to two 

states.

Ø With 𝑢 quark changed to 𝑠 quark, 𝛯#" → 𝐽/𝜓𝛬𝐾" is an ideal channel to search for 
hidden-charm pentaquark (𝑃$() state with strangeness.

[PRL 115 (2015) 072001] [PRL 122 (2019) 222001]

https://doi.org/10.1103/PhysRevLett.115.072001
https://doi.org/10.1103/PhysRevLett.122.222001
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Run 1 + Run 2 data sample
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Ø ~1750 𝛯#" signals, purity ~ 80% [arXiv:2012.10380]

Potential 𝑷𝒄𝒔 contribution? 
A full amplitude analysis is 
performed

Long tracks:
The tracks reconstructed from 
Vertex Detector and Track 
Stations. 

Downstream tracks:
The tracks reconstructed from 
Track Stations. 

http://arxiv.org/abs/2012.10380


5/15/21 39

Significance of a 𝑷𝒄𝒔 in this channel
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Ø ~3.1𝜎 significance of 𝑃$( (Syst. uncertainty and look-elsewhere effect considered)

Ø A significant improvement is also found in the cos𝜃0#$ distributions when the 𝑃$(
included in fitting 

[arXiv:2012.10380]

http://arxiv.org/abs/2012.10380
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Fitting results
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Ø Two 𝛯∗" states observed for the first time in 𝛯#" decay
Ø Mass of 𝑃$( 4459 ) 19 MeV below the Ξ$)5𝐷∗) threshold, similar to 

𝑃$ 4440 ' and 𝑃$ 4457 ' pentaquark states. 

[arXiv:2012.10380]

Fit fraction

http://arxiv.org/abs/2012.10380


5/15/21 41

Angular distribution
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[arXiv:2103.01803]

https://arxiv.org/abs/2103.01803
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Legendre moments 
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Ø Unnormalized Legendre moments:

[arXiv:2103.01803]

Angular moments of
𝑱/𝝍𝝓 helicity angle

Legendre polynomial of order 𝑙 and 
efficiency for each event 𝑖. 

The moments distribution is obtained 
by a %

3%
𝑃4(𝑐𝑜𝑠𝜃).

https://arxiv.org/abs/2103.01803
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Legendre moments 
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[arXiv:2103.01803]

Angular moments of
𝑱/𝝍𝑲& helicity angle

Angular moments of
𝝓𝑲& helicity angle

https://arxiv.org/abs/2103.01803

