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ÅIt all started with the big bang! Č Gravity governed by General
Relativity (it was good!)

ÅLet there be light: and there was light! Č Electromagnetic and
weak interactions governed by Electroweak theory (it was good!)

ÅLet there be quarks and gluons! Č strong interaction governed by
QCD (it was good at short distance only!)

ÅYes, letôsstudy the strong interaction at long distance ð non-
perturbative part of QCD!

There are four interactions !
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The study of  hadron spectrum
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Exotic  States
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Due to the limited time, in this talk I just focus on some typical exotic states.
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Hadrons: normal & multiquarks (exotic)

ÅQuark model: hadrons are composed from 2 
(meson) quarks or 3 (baryon) quarks 

ÅQCD does not forbid hadrons with Nquarks 2̧, 3

ÅGlueballχ Nquarks = 0 (gg, ggg, é)

ÅHybridχ Nquarks = 2 (or more) + 
excited gluon

ÅMultiquark stateχ Nquarks > 3 

ÅMoleculeχ bound state of more 
than 2 hadrons

Åé
Nature Reviews Physics 1, 480 (2019) 5
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M. Gell-Mann, Phys. Lett. 8, 214 (1964)

Gell-Manninhisquarkmodel

paperhasmentionedñexotic

statesòsince1964.Afterthat,

manyexperimentsfocusedon

findingexotichadrons.
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Variety of recorded reactions

ggcollision

Double 

chamonia

production

Initial state radiation

JPC=0-+, 1ī ī, 1++in 
factorization limit. 

JPC=0-+, 2++.
JPC=1ī ī.

C=+1.

B decayʇdecay

Continuum

Main suppliers

BESIII Belle (II)

LHCb CMS

ATLAS BaBar 7
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XYZ states

Success=X+Y+Z

Classification: 
Å11ÑÑ
X: Neutral, * ρ ; 
Y: Neutral, * ρ ; 
Z: Charged 

ÅQuarkonium: ÑÑ, the simplest system of a hadron. 
ÅBelow $$/""thresholds ςboth charmoniumand bottomoniumare successful stories of QCD. 
ÅBut there are many exotic states observed in the past decades, and they are hard to fit in the two families. 

Å11ÑÑÑ: 0

Â Study of exotic hadrons can

Ç provide new insights into 

internal structure and dynamics 

of hadrons

Ç act as a unique probe to non-

perturbative behavior of QCD
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X  States
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What is the X(3872)?

ÅMass: Very close to D0D*0 threshold

ÅWidth: Very narrow, 1.19 πȢςρMeV [LHCb, PRD102, 092005; JHEP (2008) 123]

ÅJPC=1++

ÅProduction 

Åin p̀p/pp collision ïrate similar to charmonia

ÅIn B decays ïKX similar to c̀c, K*X smaller than c̀c

ÅY(4260)Ąg+X(3872)

ÅDecay BR: open charm ~ 50%, charmonium~O(%)

ÅNature   (very likely exotic)

ÅLoosely D̀0D*0 bound state (like deuteron)?

ÅMixture of excited cc1(2P) and D̀0D*0 bound state?

M(ppJ/y) ïM(J/y) [GeV]

Belle, 2003

140 fb-1
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The most-cited article at Belle: >2500
First observed by Belle in ἌᴼἕἔȾ

PRL112, 092001 (2014)
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First determination of B(B±ŸX(3872)K±)

ÅThe determination of the B(B±ŸX(3872)K±) leads to B(X(3872)ŸJ/ɣˊ+ ī́), bringing useful information regarding 

the complex nature of theX(3872).

BaBar, 424 fb-1, PRL 124, 152001 (2020)

ÅIncrease signal efficiency by a factor of 3 by retaining all B tag candidates instead of the best one.

ÅThere is3ůevidence of the decayB±ŸX(3872)K±, detected for the first time using this recoil technique.

ÅB(B±ŸX(3872)K±) =( 2.1 0.6 0.3) 10-4

Branching fraction Structure

ꜞ8σψχςO*Ⱦʕʌʌ
͘υπϷ

TetraquarkState

[PRD 71, 014028 (2005)]

ꜞ8σψχςO*Ⱦʕʌʌ
ρπϷ

Molecular state

[PRD 72, 054022 (2005), 

PRD 69, 054008 (2004)]
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Absolute branching fractions of X(3872) decays 

ÅGlobally analyzing the measurements by BESIII, Belle, Babar, 

LHCb

ÅThe absolute branching fractions of X(3872) arefree parameters 

in the fitting

ÅStatistical uncertainties are dominant for most measurements.

ÅPossible correlation between the systematics of different 

measurements in an experiments is neglected.

C.H.Li, C.Z.Yuan, Phys.Rev. D100 (2019) 094003
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Absolute branching fractions of X(3872) decays 

ÅX(3872)Ÿˊ+ˊ-J/ɣ ~ (τȢρ Ȣ
Ȣ)%

ÅX(3872)ŸD0D*0 ~  (υςȢτ Ȣ
Ȣ)%

ÅUnknown decay ~  (σρȢω Ȣ
Ȣ)%

C.H.Li, C.Z.Yuan, Phys.Rev. D100 (2019) 094003

ÅStatistical uncertainties are dominant.

ÅAt Belle II, we need improve the measurements 

related with X(3872) decays.

15



⁄ ḙљἩ 

X(3872) radiative decays atLHCb

Å Theratioofthepartialradiativedecay

widthsintoɣ(2S)ɔandJ/ɣɔvarywidely

dependingonthedifferenthypothesisfor

X(3872)

Å Largevaluesofthisratio(>=1)are

expectedforaconventionalcharmonium

ɢc1(2P)state;smallervaluesforpureDDz

molecularhypothesis(RɣɔḺ1)

Å MixtureofapredominantlyDDzmolecular

stateandacompactcomponentcovera

widerangeofRɣɔ

The significance of the X(3872)Ҧ ̞(2S)ɹ signal is 4.8„and 6.0„for the 
Run 1 and Run 2

A strong argument in favourof a compact component in the X(3872) structure

arXiv:2406.17006
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What can we learn from this story ?
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Search for Xb in e+e-Ÿ Ὓ́+ˊ-ˊ0Y(1S)at 10.867 GeV

Assuming Xb is narrow, 

the upper limit on the 

product branching 

fraction was given.

ÅThe X(3872) counterpart in the bottomonium sector Xb, NOT observed decay channel 
ˊ+ˊ-◓(1S).

ÅAs Xb is above ɤY(1S) threshold, this Isospin-conserving process should be a more     
promising decay mode. [PRD88, 054007].

PRL 113, 142001 (2014)PLB 727, 57 (2013)
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The history/story of  X(4140)/Y(4140)

CDFðPRL102:242002  (2009)

Y(4140) Y(4140)

peak2?

X(4140) (renamed), mass-4.14 GeV, widthð15 MeV

This is the first unexpected particle discovered by Tevatron!

Possible second state:  massð4.27 GeV, widthð30 MeV

Experienced a long road for confirmation! 

Mod.Phys.Lett. A32 (2017), 1750139

2.7 fb-1

228 [~3.1s]

ÅNecessarily exotic since it is narrow and 
above the DsDs threshold

Å[ὧίӶὧӶί] tetraquark ? 

ÅHint of a second structure: ὢτςχτ
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Belle: Confirm or refute? (2009, 2010)

īB factories suffer from low pt track inefficiency

īBelle cannot confirm or deny the existence of Y(4140)

Belle spotted another possible new state in the same final state 

but from a different production: X(4350) needs to be 

confirmed at Belle II with larger data samples. 

Belle, PRL 104 (2010) 112004

ΐΐŸὲJ/ɣ
X(4350)

LHCb: contests CDF report (2011)

Phys. Rev. D85 (2012) 091103

LHCbconfirms 
neither 
structure(s) with 
part of their data 
taken in 2011
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Result  from CMS (2012)

0," χστ ςφρ ɉςπρτɊ

Y(4140) @ D0 (2013)
PRD 89, 012004 (2014)

[>5s]

[>3s]
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[3.1s]

Y(4140) @ D0 (2015)
02, ρρυɉςπρυɊȟ ςσςππρ

ȡ  ЄЄ υʎ 

Y(4140) @ BaBar (2015)

PRD91 (2015), 012003

No significance for both 

structures though there are 

hints  

Y(4140) @ BES (2015)
PRD91 (2015) , 032002
via e+e- ČȃᶘJȾʕ

BES sets limits, cannot 

compare because it is 

from a different process
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4 LHCb re-confirmed both X(4140) and X(4274),Observedὢτυππand ὢτχππ

4 LHCb found two additional resonances in the same mass spectrum

4 This  is 7 years after the first report from CDF 

4 Waingfor Belle II larger data samples: signals should be more cleaner

Results  from LHCb (2016)
LHCb, PRL 118 (2017), 022003; PRD  95 (2017), 012002

4No light quark (u,d) components

4Cannot exchange pionðJ/ or has no isospin

4Cannot exchange photon--pionðJ/ or has no charge

4A case of more general tetra-quark dynamics

4New important piece to the exotic meson family

X(4140)
8.4s

X(4700)
5.6s

X(4274)
6.0s s

22

1.5fb-1



⁄ ḙљἩ 

Updated Results  from LHCb (2021)

6D amplitude fit: Measured mass of 

ὢτρτπis τρρψρρ -Å6, width 

ἙἭἤ, not very narrow; the 

mass is around the threshold of ὐȾ‪‰.

Phys.Rev.Lett. 127(2021) 082001
ÅNew states: ὤ τπππ, ὢτφψυ> 15s;  ὤ τςςπ, ὢτφσπ> 5s

ὢτρυπ< 5s
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Other  productions for charmonium-like states
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JHEP 02 (2021) 024

║▼ᴼ╙ȾⱶⱫ Ⱬ ╚ ╚
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Y  States
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e+e-Ąp+p-J/ycross section : Y(4260)
BABAR   PRL95,142001(2005)
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The Ystates

PRL99, 142002

670/fb

PRL99, 182004

550/fb

PRL98, 212001.  298/fb

Y(4008)  Y(4260)

Y(4360)  Y(4660)
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The Y states
PRL110,252002 

967/fb

PRD86,051102 

454/fb

Belle: PRL99,142002, 670/fb

BaBar: PRD89, 111103, 520/fb

PRL101,172001 

695/fb

M(Lc
+Lc

-)

PRL 131, 191901 (2023)

Puzzling

Y(4008): confirmed by Belle with 

more data; events observed at 

BaBar, fit with exponential

Y(4660): confirmed 

by BaBar
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