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Quark model 
1974-81

1974 Charm
1976 D mesons

1977 Bottom
1981 B mesons 
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2002-now: beyond Heavy Quarkonia2002-now: beyond Heavy Quarkonia
Besides discovering many missing conventional quarkonium states, the B-factories and BES-III 
found many meson states not compatible with quarkonium models, dubbed the XYZ states.

■

X(3860)
■

ψ3(3842)

The need to introduce light quark degrees of freedom to describe the XYZ states was finally 
confirmed with observation of charged charmonium-like (Zc) and bottomonium-like(Zb) states.

Y(10750)
■

γγ
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2002-now: the role of B-factories 
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Meson Molecules ( Guo et al, Rev.Mod.Phys.90,015004 (2018) )
weakly bound states of two mesons 

Tetraquarks (Polosa et al, PRD89,  114010 (2014) ) 
Diquark-antidiquark states bound by the color force

Hybrids (Barnes, PRD 52,5242 (1995) 
                 Meyer and Swanson,  Prog.Part.Nucl.Phys. 82, 21 (2015) )
colored QQ states with a bound excited gluon

Hadroquarkonium (Dubinskij et al, PLB 666, 344 (2008))
QQ  bound state surrounded by a cloud of light quarks 

Standard quarkonia (Swanson, PRD 91, 034009 (2015) )  

Full comprehensive reviews in:
     -  Brambilla et al, Eur.Phys J C(2011)1534
     -  Olsen et al, Rev.Mod.Phys. 90 (2018) 015003
     
                                                 See also: qwg.ph.tum.de
    

What are the XYZ states? What are the XYZ states? 
The plethora of new charmonium-like and bottomonium-like states 
found by B-factories and LHC experiments in the last 20 years 
has been stimulating very lively debates in the QCD theory 
community. A short compilation of the various models here: 
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1047 active members
119 institutes 
29 countries 
( as of June 2020 ) 

    Super-B factory at KEKSuper-B factory at KEK  
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Belle-II Luminosity 
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UH Manoa Seminar, 2022/09/06 R.Mussa, Multiquarks in the 20's 12

Plans for 
the 20’s

LS1                            LS2
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R = σ(e+e-→ hadrons)/σ(e+e-→μ+μ- )
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  High energy scans  High energy scans  

Belle data samples:   
 - 121.4 fb-1 on Y(5S) peak, √s = 10865 GeV
 - 61 points, 50 pb-1, √s = 10.75-11.05 GeV
 - 16 points, 1 fb-1 ,  √s = 10.63-11.02 GeV
 - continuum data at  √s = 10520 GeV

Rb = σ (bb+X)/σ(μμ) 
   Peaks at 10.86, 11 GeV
   Dips at 10.65, 10.75 GeV (Tornqvist 84)

RYππ =σ (Yππ)/σ(μμ) 
   Peaks at 10.89, 11; bump at 10.75?

ee++ee--→→Y(2S)Y(2S) ππ ππ

ee++ee--→ b→ bbb+X (data)+X (data)

ee++ee--→ b→ bbb+X (theory)+X (theory)

Y(5S)Y(5S)

Y(5S)Y(5S)
Y(6S)Y(6S)

Y(6S)Y(6S)

Y(5S)Y(5S)
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  Discovery of Y(10750)  Discovery of Y(10750)  

Conventional D- or S-D mixed state

Chen et al., PRD 101 (2020) 1, 014020
Liang et al., PLB 803 (2020) 135340
Li et al., EPJC 80 (2020) 1, 59

Exotic

Bicudo et al., ArXiV:2008.05605  (Dynamic resonance)
Wang, Chin.Phys.C 43 (2019) 12, 123102 (Tetraquark)
Ali et al., PLB 802 (2020) 135217 (Tetraquark)
Giron & Lebed, PRD 102 (2020) 1, 014036 (Y(5S) is 4q)

BELLE:JHEP 10 (2019) 220

A wide variety of interpretations:
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  Evidence of Y(10750)  refitting the scansEvidence of Y(10750)  refitting the scans

Dong et al, Chin.Phys.C 44 8, 083001

Refit of Babar and Belle data

Dip at 10750 generated by   destructive 
interference with the continuum 

Coupled channel analysis of high energy 
scan data using the K-matrix formalism

Husken et al PRD 106 (2022) 9, 094013
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  First full BB+BB*+B*B* separation of high energy scan dataFirst full BB+BB*+B*B* separation of high energy scan data

Full Event Interpretation : B meson reconstruction improved using Belle-II 
new algorithms on Belle high energy data. 

B and D decay modes:                               

 

JHEP 06 (2021)137 

Key variables for analysis are

 and

where

This has improved resolution 

and allows all decays to be 

selected with a common cut 

on energy difference.

ε = (0.589 ± 0.012) 10−3

(25.5% higher than in Belle)
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  First full BB+BB*+B*B* separation of high energy scan dataFirst full BB+BB*+B*B* separation of high energy scan data

B*B*

BB

B*B

JHEP 06 (2021)137 

BB

B*B

B*B*

Two body cross sections 
extracted from the fits of 
the three peaks at each 
energy points (right) and 
fitted with Chebychev 
polynomials (below).

B(*)B(*)π
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  First full BB+BB*+B*B* separation of high energy scan dataFirst full BB+BB*+B*B* separation of high energy scan data
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Total
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Y(5S)Y(5S)
Y(6S)Y(6S)

Y(4S)Y(4S)

JHEP 06 (2021)137 

Features of the total cross section: 
- dips in correspondance of BB* and B*B* thresholds
- kinks in proximity of BsBs and Bs*Bs* thresholds
- not peaking at the Y(5S) peak energy
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Data taking outside the Y(4S) peak was very 
fruitful at Belle, with unique record data 
samples at Y(1,2,5S) peak energies, and the 
high energy scans just shown, which raised 
new questions about the possible existence 
of new vector bottomonium-like states.

Therefore, the first motivation for data taking 
not at Y(4S) peak was to  investigate the 
nature of the Y(10750): 4 points, 19.3/fb total.

 

Y(5S) peak

  Belle-II restarts from Y(10750)Belle-II restarts from Y(10750)

JHEP 06 (2021) 137 

PRD 102 (2020) 9, 092011PRD 102 (2020) 9, 092011(*)

JHEP  10 (2019) 220

JHEP 06 (2021) 137 

(*) only limits from Y(4S) and Y(5S) peaks

Many analyses, suggested by recent 
theory papers are ongoing.
 
First results from this dataset in the 
next slides ….
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11.5 σ 

5.2 σ 

  Observation of Y(10750)  Observation of Y(10750)  → → χχbJbJ(1P)(1P)  ωω

Inspired by decay modes of Y(4220), 
observed by BES: 

-   J/J/ψ ψ ππ++ππ--

-  χχc0c0(1P)(1P)  ωω

-  γX(3872)

We search for the bottomonium 
analogue of X(3872), Xb, and the
 ωχbJ(1P) transition, in the process:

   e+e-→ (π+π- π0 ) γ ϒϒ(1S)(1S)

PRL 130, 091902 (2023)

χχbJbJ(1P)(1P)
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  Observation of Y(10750)  Observation of Y(10750)  → → χχbJbJ(1P)(1P)  ωω PRL 130, 091902 (2023)

The signal seen is larger than 
ϒ(10750)  → ϒ(2S) π+π-

The signal seen at 5S [1] is 
probably a TAIL of this.
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  Search for XSearch for Xbb at Y(10750)   at Y(10750)  PRL 130, 091902 (2023)

The bottomonium analogue of X(3872) is still missing ...
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    BB+BB*+B*B* cross sections in the 10.65-10.8 GeV regionBB+BB*+B*B* cross sections in the 10.65-10.8 GeV region
Shown at Moriond QCD 2023, submitted to JHEP

B*B*

BB

B*B

Individual 2-body cross sections fitted with 
Chebychev polinomials

Total cross section: the four new 
points are in red.
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Bottomonium ISR productionBottomonium ISR production
Searched in  μμππ mode, asking for Ntracks=4,5. 
Recoil mass cuts to isolate ISR production
|Mμμ – M(ϒ(1S))| <50 MeV/c2

  Dipion transitions from 4SDipion transitions from 4S

Stay tuned !

Control channel to prepare unblinding of 
data taken at 10.6-10.85 GeV
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B±→ J/ψ φ K±  
PRL127(2021)082001

B0→ J/ψ φ Ks
0  

ArXiV:2301.04899

  New charmed strange tetraquarks from LHCbNew charmed strange tetraquarks from LHCb
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B±→ J/ψ φ K±  
PRL127(2021)082001

B0→ J/ψ φ Ks
0  

ArXiV:2301.04899

  New charmed strange tetraquarks from LHCbNew charmed strange tetraquarks from LHCb

Independent measurement of mass and 
width of the neutral partner of T2

ccs(4000)+ 

Isospin partner mass splitting:

T2
ccs(4220)0 mass and width fixed 

to the values of the isospin 
partner T2

ccs(4220)+

Most likely spin assignment for 
both J/ψ K resonances :
  JPC = 1++

(*) T2
ccs(PDG) =  T2

ψs1(LHCb) 
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B±→ J/ψ φ K±  
PRL127(2021)082001

B0→ J/ψ φ Ks
0  

ArXiV:2301.04899

  New charmed strange tetraquarks from LHCbNew charmed strange tetraquarks from LHCb

T2
ccs(3985)0 T2

ccs(3985)+ 

T2
ccs(3985)0 T2

ccs(3985)- 

T1
cc(4140)0 

T2
ccs(4000)0 T2

ccs(4000)+ 

T2
ccs(4000)0 T2

ccs(4000)- 

X(3872) 

T3
cc(3900) T3

cc(4020) 

T2
ccs(4220)0 T2

ccs(4220)+ 

T2
ccs(4220)0 T2

ccs(4220)- 

JPC=1++ JPC=1+- JPC=1+-

Maiani et al, J. SCI.B. 2021 04 040 (2021)
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  Discovery of Double J/Discovery of Double J/ψψ at LHCb at LHCb Sci.Bull. 65 (2020) 23, 1983

Simple BW without interference                   With interference
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    Double J/Double J/ψψ peaks confirmed by CMS and ATLAS peaks confirmed by CMS and ATLAS

CMS-PAS-BPH-21-003 ATLAS-CONF-2022-040
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Clean observation of J=0 charmonium peaks ... AND an 
unexpected discovery : the X(3940)

    2002 : double charmonium at Belle 2002 : double charmonium at Belle 
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Mass spectrum of what recoils against a D(*) meson and a J/ψ

X(4160)

Marietta BlauMarietta Blau

X(3940)

    2002 : double charmonium at Belle 2002 : double charmonium at Belle 
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    Prospects for double charmonium in Belle-IIProspects for double charmonium in Belle-II

With J/ψ and ψ’ recoil we only explored C=+1 charmonium-like states 

- In continuum, spectra are dominated by J=0 states
- In Y decays, though, we observe decay to ψχc1

    →Three gluon annihilation to double cc is different from EM production 

With more statistics, we can reconstruct:
  - J/ψ+photons from  χc transitions 
  -  final products of ηc decays 

to explore C= -1 charmonium(like) spectrum

Reconstructing J/ψ and ISR photon we can : 
   - search for peaks in the J/ψ cc  cross section, from 6 to 9 GeV

Stay tuned !
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Discovery of Double Charm Baryons  Discovery of Double Charm Baryons  

Phys. Rev. Lett. 119, (2017) 112001
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  DCB discovery implies...DCB discovery implies...

The discovery has triggered a large 
number of predictions for a stable 
state with ccud content very close 
to D*D+ threshold …

AND a deeply (200 MeV) bound  
Tbb state!
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  Double charm tetraquark:  Tcc !Double charm tetraquark:  Tcc !

Nature Phys. 18 (2022) 7, 751 

Very narrow state in D0D0π+ spectrum
Very close to DD* thresholds
Consistent with ccud quark content

JP consistent with 1+

No peaks seen in the D+D+ channel



Q

Q q

q

q

Q

q
Q

q

q

Pentaquarks 



34th Rencontres de Blois RM, Heavy Quarkonia and Multiquarks 41

Discovery of the Pentaquark  Discovery of the Pentaquark  

Dalitz plot analysis of 
 Λb→ K- p  J/ψ
    LHCb : PRL 122 (2019) 22, 222001
(491 citations)

States found close to the ΣcD(*) thresholds, 
but not to the Σ*

cD(*) ones
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More  Pentaquarks  More  Pentaquarks  

Dalitz plot analysis of 
 Ξb

-→ Λ  J/ψ K-

    Sci.Bull. 66 (2021) 1278
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More  Pentaquarks  More  Pentaquarks  

Dalitz plot analysis of  B- → Λ  J/ψ p

LHCB-PAPER-2022-031
ArXiV:2210.10346
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The advent of B factories have led to a renaissance of hadron spectroscopy .
All sort of more complex ensembles of quarks have been seen and more results are 
expected for the coming years.

Above the open flavor thresholds, bottomonium and charmonium-like states 
exhibit analogies and differences, which  are still not completely understood: 
The first scan of the 10.6-10.8 GeV region at Belle-II is starting to produce 
interesting results, analogue to the 4.2-4.4 GeV region in charmonium, pioneered by 
Babar and Belle, and now intensively studied by BES-III.

Structures seen at LHC in double charmonium may lead to a whole new 
spectroscopy with fully heavy tetraquarks: radiative return may allow similar 
studies at Super-KEKB. 

The discovery of double charm baryons has led to very solid predictions on the Tcc 
tetraquark, confirmed by its discovery in 2021. Next big search: the Tbb...

Pentaquarks have been discovered by LHCb in 2019 and their number is increasing 
every year, both from decays of B baryons and B mesons: wait for more!

    Thanks for your attention  ! 

 In conclusion … In conclusion … 
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    Thanks for your attention  ! 
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