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Understanding QCD
• Rich phenomenon from low to high

energy scales

2

hardon
dynamics

• Difficult for precise calculations, not even 
“calculable” at low-energy/confinement 
domain (non perturbative)

• (Exotic) hadrons: understand low-energy QCD, test models/computational tools 

Hadron vacuum polarization, flavour anomalies, QGP, QCD in nuclei…

Classification of hadrons (colourless composite objects of quarks/gluons): 

Mesons Baryons Tetraquark Pentaquark Glueball

Exotics
Rept.Prog.Phys. 86 (2023) 026201

…



the ‘hybrid’ option

Color: 𝑞𝑞 3⨂3 = %3⨁6 ; 𝑞%𝑞 3⨂ %3 = 1⨁8 ; 𝑔 8
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QCD forces

Color structure in exotic states
Compact states

Nuclear forces, close to Di-hadron threshold
Hadron molecule

Rev.Mod.Phys. 90 (2018) 015003

Baryons: RGB
Mesons: RR+ GG + BB



A brief history of heavy exotic hadrons
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𝜓(2𝑆)

𝑋(3872)

𝑚!/#$!$" −𝑚!/# [GeV]

Belle 𝐵! → 𝑋 3872 𝐾!, 𝑋 3872 → 𝐽/𝜓𝜋!𝜋" 

Ø Mass not fit into 𝑐 ̅𝑐 spectrum
Ø Extremely narrow width
Ø Close to 𝐷∗"-𝐷" threshold
Ø Isospin breaking decay …

• Predicted in Gell-Mann paper

• First experimental signature: 𝑋 3872 discovered by Belle in 2003  
PRL91(2003)262001 𝑒#𝑒$ machine !

Likely contains 𝑐 ̅𝑐𝑢%𝑢/𝐷∗$9𝐷$ component
instead of just being a 𝑐 ̅𝑐 state

• Difficult to identify light exotic
hadrons



A brief history of heavy exotic hadrons
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Stolen from talk by Chang-Zheng Yuan

Rev.Mod.Phys. 90 (2018) 015003

Ø With 𝑐 ̅𝑐/𝑏%𝑏 valence (quarkonium-like)
ü Neutral and/or vector tetraquarks (𝑋𝑌 )
ü Charged tetraquarks (𝑍)
ü Pentaquarks (𝑃%)

Ø With a 𝑐 quark
Ø With 𝑐𝑐 quarks
Ø With two pairs of 𝑐 ̅𝑐 quarks

• Zoo expands within two decades

Contributed by Belle, BaBar, CDF, BES, LHCb, CMS, ATLAS …



Tetraquarks with 𝑐 ̅𝑐 or 𝑏$𝑏
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𝑐 ̅𝑐𝑞%𝑞



Tetraquarks in 𝐵 decay
• 𝑏-hadron decays provide environment 

for 𝑐 ̅𝑐-exotic hadron production

7

𝑐 ̅𝑐𝑞 0𝑞 + ℎ𝐵%𝐵 → 𝑋 3872 𝐾, 𝑋 3872 → 𝐽/𝜓𝜔 𝜋#𝜋$
𝐵 → 𝑋 3915 𝐾, 𝑋 3915 → 𝐽/𝜓𝜔

PRD78(2008)072004

PRD82(2010)011101R

0𝐵" → 𝑍& 4050 #𝐾$
0𝐵" → 𝑍& 4250 #𝐾$

𝑍&# 𝑐 ̅𝑐𝑢�̅� → 𝜒&'𝜋# 

Difficult for LHCb for photons PRL112(2014)222002

0𝐵" → 𝑍& 4430 #𝐾$
0𝐵" → 𝑍& 4200 #𝐾$

𝑍&# 𝑐 ̅𝑐𝑢�̅� → 𝜓(2𝑆)𝜋# 

B-factories
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Tetraquark with strangeness in 𝐵> → 𝐽/𝜓𝜙𝐾> decays
• Exotic discovered in 𝐵! → 𝐽/𝜓𝜙𝐾! decays

ØMultiple structures in 𝐽/𝜓𝜙 spectrum, candidates of 𝑋 𝑐 ̅𝑐𝑠�̅� tetraquarks
ØTwo structures in 𝐽/𝜓𝐾# spectrum: 𝑍&( 4000 # and 𝑍&( 4200 # with 𝑐 ̅𝑐𝑢�̅�

PRL127(2021)082001
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Isospin analysis of 𝐵 → 𝐽/𝜓𝜙𝐾 decays
• Simultaneous analysis of 𝐵! → 𝐽/𝜓𝜙𝐾! and 𝐵$ → 𝐽/𝜓𝜙𝐾'$ decays

LHCb-PAPER-2022-040
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𝐵! → 𝐽/𝜓𝜙𝐾!

𝐵" → 𝐽/𝜓𝜙𝐾#"

Evidence of 𝑍%& 4000 $ 𝑐 ̅𝑐𝑑�̅� → 𝐽/𝜓𝐾'$, isospin partner of 𝑍%& 4000 !

Δ𝑀)*+*,)- = −12$'"$.#''#/ MeV

Statistics of 𝐵$ → 𝐽/𝜓𝜙𝐾'$ limited by 𝐾'$ detection



Charmonium like states in 𝑒>𝑒D production
• 𝑒!𝑒" → 𝑌, 𝑍ℎ; 𝛾𝛾 → 𝑋
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PRL110(2013)252001 

PRD91(2015)112007

𝑒#𝑒$ → 𝛾012𝑌 4360 , 𝛾012𝑌 4660

PRD86(2012)072002

𝛾𝛾 → 𝑋 3915 𝑐 ̅𝑐𝑞 0𝑞 → 𝐽/𝜓𝜔

𝑒#𝑒$ → 𝑍&( 3985 ±𝐾∓, 𝑍&(# 𝑐 ̅𝑐𝑢�̅� → 𝐷($𝐷∗" + 𝐷(∗$𝐷"

𝑒#𝑒$ → 𝑍& 3900 ±𝜋∓, 𝑍&# 𝑐 ̅𝑐𝑢�̅� → 𝐽/𝜓𝜋#

PRL126(2021)102001

𝑌 𝑐 ̅𝑐𝑞 0𝑞 → 𝜓 2𝑆 𝜋#𝜋$



Potentials of 𝑒>𝑒D at BESIII in charm region
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𝑌(4500)𝑌(4230)
𝑍& 4025 #

𝑍& 4020 #

𝑌(4710)

4𝜋 acceptance, neutral particle reconstruction, background free…



Tetraquark states with 𝑏$𝑏
• 𝑒!𝑒" → Υ 10860 → 𝑍( 10610 ±𝜋∓, 𝑍( 10650 ±𝜋∓
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PRL108(2012)122001with 𝑍(! 𝑏%𝑏𝑢�̅� → Υ 𝑛𝑆 𝜋!, ℎ( 𝑛𝑃 𝜋!

Υ 1𝑆 𝜋 Υ 2𝑆 𝜋 Υ 3𝑆 𝜋

ℎ5 1𝑃 𝜋 ℎ5 2𝑃 𝜋
ℎ5: S565 = 0, 𝐿565 = 1



Tetraquarks with two 𝑐 ̅𝑐 pairs
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𝑐 ̅𝑐𝑐 ̅𝑐
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Fully charmed tetraquark in 𝐽/𝜓-pair spectrum
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Science Bulletin 65 (2020) 1983

arXiv:2304.08962

arXiv:2306.07164

CMS

ATLAS

Evidence of 𝑋 7300

𝑋 𝑐 ̅𝑐𝑐 ̅𝑐 → 𝐽/𝜓𝐽/𝜓

Γ~100 MeV



Single (open) charm tetraquarks
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𝑐𝑞%𝑞%𝑞
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Tetraquarks in 𝐵> → 𝐷>𝐷D𝐾>

• Structure in 𝐵! → 𝐷!𝐷"𝐾! decays:
𝐵! → 𝑋 ̅𝑐�̅�𝑢𝑑 𝐷! with 𝑋 → 𝐷"𝐾!
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PRL125(2020)242001

Two states: 𝑋"(2900) and 𝑋'(2900)

𝐵# → 𝐷#𝐷$𝐾#Dalitz plot
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• Two isospin patterners: 𝑇%&̅ 2900 $ → 𝐷&!𝜋", 𝑇%&̅ 2900 !! → 𝐷&!𝜋!

• Quark components: 𝑇%&̅ 2900 $ 𝑐𝑑�̅�%𝑢 , 𝑇%&̅ 2900 !! 𝑐𝑢�̅��̅�

Tetraquarks in 𝐵O → .𝐷O𝐷P>𝜋D and 𝐵> → .𝐷D𝐷P>𝜋>

𝑀 = 2.908 ± 0.011 ± 0.020 GeV
Γ = 0.136 ± 0.023 ± 0.011 GeV

𝐵" → -𝐷"𝐷(#𝜋$ 𝐵$ → 𝐷$𝐷(#𝜋# 

𝑇&(̅ 2900 " 𝑇&(̅ 2900 ##

𝐽, = 0! 



Double (open) charm tetraquark
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𝑐𝑐%𝑞%𝑞 (≠ 𝑐 ̅𝑐𝑞%𝑞)
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Observation of 𝑇++, in 𝐷-𝐷-𝜋,

• 𝑝𝑝 → 𝑇%% 3875 ! → 𝐷$𝐷∗!, quark contents 𝑐𝑐%𝑢�̅�
• Mass very close and below 𝐷$𝐷∗! threshold
• Isospin singlet
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Pentaquarks with 𝑐 ̅𝑐
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𝑐 ̅𝑐𝑞𝑞𝑞
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Observation of 𝑃+,

• Structure in Λ($ decays corresponding to Λ($ → 𝑃%!𝐾", 𝑃%! → 𝐽/𝜓𝑝
ØRun1 data with amplitude analysis: 𝑃& 4380 #, 𝑃& 4450 #

Ø Full data (×9 more) with 1D analysis: 𝑃& 4312 #, 𝑃& 4440 #, 𝑃& 4457 #

• Minimum quark contents: 𝑃%! 𝑐 ̅𝑐𝑢𝑢𝑑

States close to 𝛴%!?𝐷$ and 𝛴%!?𝐷∗$ mass thresholds
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• Evidence of structure in 𝐽/𝜓Λ spectrum of 𝛯(" → 𝐽/𝜓Λ𝐾" decay
𝛯(" → 𝑃%&$ 𝐾", 𝑃%&$ → 𝐽/𝜓Λ

• Minimum quark contents: 𝑃%&$ 𝑐 ̅𝑐𝑢𝑑𝑠

Evidence of 𝑃+B- in 𝛯CD → 𝐽/𝜓Λ𝐾D

𝑚 𝑃%&$ = 4458.8 ± 2.9"-.-!/.0 MeV, Γ 𝑃%&$ = 17.3 ± 6.5"1.0!2.$ MeV
close to Ξ%?𝐷∗ mass threshold, where two 𝑐 ̅𝑐𝑢𝑑𝑠 states are expected

Science Bulletin 66 (2021)1278
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𝑃+, state in 𝐵B- → 𝐽/𝜓𝑝�̅� decay PRL 128 (2022) 062001

𝐵(" → 𝐽/𝜓𝑝�̅� Dalitz plot Amplitude analysis projection

4.1 4.2 4.3 4.4
 [GeV] p)ym(J/

0

20

40

60
C

an
di

da
te

s/
(0

.0
1 

G
eV

)

4.1 4.2 4.3 4.4
 [GeV])p ym(J/

0

20

40

60

C
an

di
da

te
s/

(0
.0

1 
G

eV
)

New 𝑃% structure

• Evidence of new 𝑃%! in 𝐵&$ decays: 𝐵&$ → 𝑃%±𝑝∓, 𝑃%! → 𝐽/𝜓𝑝

• Preferred 𝐽, = 1/2±, 3/2±

𝑀 = 4337"/!0 stat "3!3 syst MeV, Γ = 29"-3!34 stat "-/!-/ syst MeV
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𝑃+B- in 𝐵D → 𝐽/𝜓Λ�̅� decays LHCb-PAPER-2022-031

𝑀 = 4338.2 ± 0.7 ± 0.4 MeV, Γ = 7.0 ± 1.2 ± 1.3 MeV， 𝐽, = 1/2" preferred

• Close to 𝛯%!𝐷" mass threshold and in 𝑆-wave
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𝑐 ̅𝑐𝑠𝑞𝑞𝐵%

𝐵$ → 𝐽/𝜓Λ�̅� Dalitz plot



The puzzle: inner structure
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Compact states Hadron molecules

Where are those compact states? Unstable?

Expect many more states than observed Favored by near-threshold states
Some difficult to fit in (non-exotic?)

Note: data and model match well for conventional states



Why is LHCb suitable for such studies
• LHCb aims for measurements of charm and bottom hadrons

• 𝜎'(~20 µm, 𝜎)~45 fs

• 𝜖 𝐾 → 𝐾 , 𝜖 𝑝 → 𝑝 > 90%
• MisID rate 𝜋 → 𝐾/𝑝 < 5% 26

• Large statistics (𝑝𝑝@ 𝑠 ∼ 10 TeV)
𝑁 𝑏0𝑏 ∼ 10$;𝑏×10<𝑏$'/𝑠 = 10=/𝑠
𝑁 𝑐 ̅𝑐 ∼ 20×𝑁 𝑏0𝑏

• All hadron species possible
𝑁>( : 𝑁>&: 𝑁>)&: 𝑁?*& ≈ 4: 4: 1: 2

JINST 3 (2008) S08005
IJMPA 30 (2015) 1530022

• Dedicated design for heavy flavor measurement
Precise vertexing (also benefit from large boost, 𝛾 ∼ 50)

High momentum resolution
• ⁄𝛿𝑝 𝑝~0.5%-1% (5-200 GeV)
• 𝜎 𝑚*/, ≈ 15 MeV

Powerful particle (hadron) identification



Where CEPC Tera-Z can improve/complement
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From slides of Lingfeng Li on Monday

CEPC

LHCb
Belle II

BESIII

Ø More species
Ø Larger boost
Ø Higher yields

Ø Bottom hadronsØ Less background
Ø Full acceptance
Ø Efficient for neutrals

𝜈, 𝑛, 𝛾, 𝑉" particles



Example 1
• Pentaquark with neutrons (suppose 𝑛 can be efficiently reconstructed)

28

Λ($ → 𝑃%$+𝐾$, 𝑃%$ → 𝜓𝑛
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• Pentaquark decays into 𝛾/𝜋$ final state

Λ($ → 𝑃%$+𝐾$, 𝑃%$ → Σ%$+𝐷(∗)$, Σ%!+𝐷 ∗ "
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Example2
• Exotic hadrons with multiple heavy quarks

29

𝑍$ → 𝑏/𝑏𝑏/𝑏𝑋, 𝑏/𝑏𝑐 ̅𝑐𝑋， 𝑐 ̅𝑐𝑐 ̅𝑐𝑋

𝑇%% ̅% ̅%, 𝑇((8(8(

𝑍$ → 𝐵%!𝑋, 𝐵%! → 𝑋(𝜓𝐷)𝐾 𝐵+, cross-section (pb) at CEPC 𝑁>%( ∼ 10@

[Ze-Yang Zhang et al, EPJC82(2022)246;
Xu-Chang Zheng et al, PRD100(2019)034004]

Xuan Luo et al, arXiv:2206.05965

𝑇%%

𝑁9%% ∼ 𝑁A%% ∼ 10/

Other possible final states than di-𝐽/𝜓

𝑋 → 𝜂&𝐽/𝜓, 𝜒&𝐽/𝜓 etc.



Summary
• Hadrons for the understanding of nonperturbative QCD

• Lots of experimental progresses about heavy exotic hadrons: a new particle zoo
Ø𝑄 )𝑄𝑞)𝑞: 𝑋, 𝑌, 𝑍 from 𝑒!𝑒$ and 𝐵 decays

Ø𝑄)𝑞𝑞)𝑞: 𝑋 2900 , 𝑇%& 2900 ",!! from 𝐵 decays

Ø𝑄𝑄)𝑞)𝑞 : 𝑇%% 3875 ! from 𝑝𝑝 collisions

Ø𝑄 )𝑄𝑄 )𝑄: 𝑋 6900 , 𝑋(6550) from 𝑝𝑝 collisions

Ø𝑄 )𝑄𝑞𝑞𝑞: 𝑃% 4312 !, 𝑃% 4440 !, 𝑃% 4457 !, 𝑃%& 4338 " from 𝐵 decays

• More quantitative information on multiple quark hadron dynamics from theory side,
but a global and firm conclusion still difficult

• CEPC allows additional opportunities: neutrals, multiple-heavy states…
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Thank you for your attention



Backup slides
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Possible exotic states by LHC
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𝑋 3872 as an exotic
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𝑋 3872 → 𝐽/𝜓𝜋!𝜋", 𝑋 3872 contains the 𝑐 ̅𝑐 component, like a charmonium

Non-relativistic potential for ̅𝑐𝑐

𝑉 𝑟 = −
4
3
𝛼(
𝑟
+ 𝑏×𝑟

𝒄 $𝒄

Coulomb
Confinement

𝑔 Predicted spectrum v.s. experiment

𝑋 3872 doesn’t match
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Study of 𝐵D → .𝐷D𝐷EF𝜋G and 𝐵F → 𝐷G𝐷EF𝜋F

üFaint horizontal band at 𝑀3 𝐷&!𝜋 ≈ 8.5 GeV3 indicating 𝑇%&̅ candidates

⇒ Joint amplitude analysis where amplitudes of the two decays are related 
through isospin symmetry 
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• Full 9 fb"- Run1+Run2 LHCb data 
⇒ 4420 𝐵$ → +𝐷$𝐷&!𝜋" candidates with signal purity of 90.7%
3940 𝐵! → 𝐷"𝐷&!𝜋! candidates with signal purity of 95.2%

LHCb-PAPER-2022-026
LHCb-PAPER-2022-027
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• Threshold enhancement in 𝐵! → 𝐷&!𝐷&"𝐾!, described by 𝑋 3960 → 𝐷&!𝐷&"
Ø 𝐽BC = 0## preferred

• Dip at 𝑚 𝐷&!𝐷&" ∼ 4.15 GeV with 𝑋$(4140) or 𝐽/𝜓𝜙 → 𝐷&!𝐷&" scattering

Observation of 𝑋(3960) → 𝐷EF𝐷EG
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• 𝑋$ 3930 versus 𝑋$(3960)
D E→:(:-

D(E→:)(:)-)
= 0.29 ± 0. 16 prefers genuine 𝑠�̅� content inside 𝑋The same state:



𝐵F → 𝐽/𝜓𝜙𝐾F fit parameters
• All states are relatively wide: 50 – 200 MeV
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Large width

New 𝐽/𝜓𝜙

New 𝐽/𝜓𝜙

New 𝐽/𝜓𝜙

New 𝑍012 states: width inconsistent with 𝑍01 3985 2 at BESIII. Different state!



Fit projections
• 𝑍%&! essential to describe data
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I   II

I          II

arXiv:2103.01803

All angular distribution well modelled

Angles in 𝐵2 → 𝐽/𝜓𝐾∗ chain



𝐽X analysis
• All 𝑋 have 𝐶 = 1
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𝑱𝑷 𝟎!(!) 𝟎$(!) 𝟏!(!) 𝟏$(!) 𝟐!(!) 𝟐$(!)

𝑋(4630) 6.7s 5.3s 5.8s Prefer 5.9s 3.0s

𝑋(4500) Prefer 18s 18s 18s 18s 18s

𝑋(4700) Prefer 18s 18s 18s 14s 17s

𝑋(4140) 14s 15s Prefer 14s 13s 14s

𝑋(4274) 18s 18s Prefer 18s 18s 18s

𝑋(4685) 16s 16s Prefer 15s 16s 15s

𝑍𝑐𝑠(4000) - 17s Prefer 17s 15s 16s

𝑍𝑐𝑠(4220) - 8.6s Prefer 2.4s 4.9s 5.7s

Same as 𝑍& 4430 #, 𝑍& 4200 #, 𝑍& 3900 #, 𝐿 = 0 for 𝜓𝜋# system

Exotic

𝐿 = 0 for 𝐽/𝜓𝜙 system



Interpretations
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States 𝑱𝐏𝐂 Mass Width Nearest thresholds/MeV
𝑋(4140) 1## 4118 162 𝐷(#𝐷(∗−∶ 4080
𝑋(4150) 2$# 4146 135 𝐷(#𝐷(∗−∶ 4080
𝑋(4274) 1## 4294 53 𝐷(#𝐷("∗ 2317 $: 4286
𝑋(4500) 0## 4474 77 𝐷(#𝐷('∗ 2536 $: 4503
𝑋(4630) 1$# 4626 174 𝐷(∗

$𝐷('∗ 2536 $: 4636
𝑋(4685) 1## 4684 126 𝐷(∗#𝐷(K∗ 2573 $: 4681
𝑋(4700) 0## 4694 87 𝐷(∗#-𝐷(K∗ 2573 $: 4681

• Some 𝑋 → 𝐽/𝜓𝜙 may be 𝐷&
(∗)+𝐷(∗)& molecular states ?

• 𝑍%& 4000 ! and 𝑍%& 4220 !:
arXiv:2011.08725 May be SU(3) flavor partners of 𝑍& 3900 # and 𝑍& 4020 #, 

molecular sates, 𝑚:∗ +𝑚:)~4 GeV arXiv:2103.08331 

𝐽B = 1#

𝐽B = 1#

𝐽B = 0$

𝐽B = 1$

𝐽B = 𝐽$
𝐽B = 𝐽$
𝐽B = 𝐽$

S-wave

Can’t rule out conventional charmonia either, 𝑐 ̅𝑐 → 𝐽/𝜓𝜙 not forbidden


