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Outline

Recent results in spectroscopy
What have we understood from recent observations?
Recent publications in spectroscopy from Belle and Belle II
Possibilities and improvements at Belle II
- the X(3872)
- radiative decays
- ISR analyses
Outlook
Summary
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Introduction
Gell-Mann Zweig idea: Constituent Quark Model (CQM). 

           Still valid for half century  it classifies all known hadrons
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Gell-Mann Zweig idea: Constituent Quark Model (CQM). 
           Still valid for half century  it classifies all known hadrons

QCD-motivated models predict the existence of hadrons with more 
complex structures than simple qq (mesons) or qqq (baryons) → the 
so-called XYZ “charmonium”-like states

Lot of experimental effort to prove the existence of XYZ!

Many evidences, few observations, some time confusion….

Different interpretations, started with the observation of the X(3872)

Evidence that there is more than mesons and baryons!

Substantial contribution from B factories (1999-2010) into the field

Introduction
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Quark bound states    

6
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B factories

Proposal for combined BaBar+Belle analysis in spectroscopy: 
DFG Pr-1722
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Nobel price to KM

Not only B-factory, but cc-factory with so high luminosity
Still statistics limitation in spectroscopy for rare processes (BR<10-5)
Upgrade needed!

XYZ at B factories   
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   Benefits of the B factories             

4π general purpose spectrometer with:
- High momentum resolution, σp/p = 0.3%@1GeV/c
 - Ability to detect photons down 30 MeV  (reconstruction of η, D*,...)

 - Good photon energy resolution, σM = 5 MeV for π0γγ
 - Lepton identification capability, ε>0.9
 - K/π/p separation capability, ε~0.9
 - Excellent B decay vertex resolution, σΔz = 80 μm

 - World highest luminosity
 - Spectroscopy: 
   unique processes to search for new resonances (ISR, ϒ(nS) transitions) 

Example from BELLE II
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Advantages at B factories             
Studying physics of strong interactions, among other topics, with:
   - Access to different production mechanisms
   - Access to a variety of final states 
   - A variety of recorded reactions
   - Make predictions based on observations, using reactions which 
     allow to access specific quantum numbers for exotic states

Interplay among several approaches is effective

ISR, ϒ(nS): 
unique cases @ Belle II
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The ‘exotic’ saga: 
how it started

PRL91 (2003) 261801       

          PRL07 (2011) 091803       

Highest Belle cited paper ever: >1630 citations up to now, since 2003 
(inspires)
Lots of progresses on this topic since 2003: 

LHCb: J
PC

 =1++ (PRL110 (2013) 222001),  
Γ

BW
(X3872)=0.96

+0.19
±0.21MeV (arXiV: 2005.13422, 2020)-0.18
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Interpretation of X(3872)           

BR(X(3872)D0D*0) is x10 BR(X(3872)J/ψπ+π-)
D0D*0 component coupled with the same as JPC cc χc1(2P) (unseen)

D+D*- can explain why J/ψπ+π- and J/ψπ+π-π0 coexist
cc component in prompt production at LHC seen (pure molecule interpretation 

    is then  too weak...)
Most probable interpretation: admixture
Investigating the X(3872) to DD* crucial: only 50 yield at Belle on full statistics 
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X(3872): 
a look to the future

Known upper limit: Γ < 1.2 MeV
(estimated from X(3872)→J/ψπ+π-),
on full Belle data sample
  

Belle, PRD 84 (2011) 052004             

Very promising: X(3872) → D0D0*

mode Q value [MeV]

J/ψπ+π-

D0D0*
D0D0π0

495.65±0.17
7.05±0.18
0.01±0.18

Due to very low Q value, the mass
   resolution is extremely good 
   → expected great improvement on  
   the width measurement with 50 ab-1

Belle II simulation

D0D0π0
H. Hirata,
Master 
thesis
2019

LHCb estimated ΓBW = 0.96 MeV
      (5.5σ, estimated from X(3872)→J/ψπ+π-),
       on 9 fb-1  arXiV:2005.13422
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D0, D0* reconstruction: 
   see K. Lautenbach talk, tomorrow
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X(3872) in single-tag two  
photon interactions

First evidence for the X(3872)J/ψπ+π- production in two-photon 
interactions (arXiV:2007:05696, 2020) 

   - tagging either the electron or the positron in the final state
   - exploring the highly virtual photon region
   - 825 fb-1 data at Belle
   - 3 events observed with expected bkg 0.11±0.10 (3.2σ)

ΓγγB(X(3872)→J/ψπ+π−) = 

5.5
+4.1

(stat.)±0.7(syst.) eV−3.8
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New observation for 
charmonium at Belle 

ηc reconstructed in 11 modes
Multivariate analysis technique used

 to overcome factorization suppression
First evidence of hc in B decays
Radiative decays into γηc or γηc(2S)
are important to look for X(3872) 
C-odd partners. 
Great Belle contribution from this 
analysis!

PRD100 (2019) 012001
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To study η decays will be an advantage at Belle II
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New exotic state in
 e+e−→γISRD+sD*s2(2573)−  

3.4σ evidence for a new ccss state, 66 events
921.9 fb-1 at Belle 
M = (4619.8+8.9±2.3) MeV/c2 
Γ= (47+31.3±4.6) MeV

-8.0

-14.8

Consistency with Y(4626) observed in Ds+Ds(2536)- in ISR and the Y(4660)

PRD 101, 091101 (2020)
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PRD 100 (2019)  111103(R)



  

Y family: summary
Contribution from Belle

ISR studies: unique at B factories
Clear signature: JPC = 1--

No mixing   surprising!
Limited statistics at B-factories for such rare events: need more data!

Y(4008)

Y(4260)

Y(4360)

Y(4660)

  Mass (MeV/c2) Width (MeV)

4008±40+114
-28

226±44±87

4258.6±8.3±12.1      134.1±16.4±5.5

4361±9±9 74±15±10

4664±11±5 48±15±3

ψ(4400)

ψ(4140)

ψ(4040)

ψ(3730)

ψ’       

J/ψ   

Y(4660)

Y(4360)
Y(4260)

Y(4008)
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Belle II is in a unique position to look for both Z types:
    - through B decays (LHCb, no BES III)
    - threshold state (BES III, no LHCb up to now)

Two different classes of 
Z states?
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Molecular picture of 
ϒ(nS) transitions

A. Bondar et al, PRD84 (2011) 054010
Decays of ϒ(nS) and hc can coexist

Decay to B*B(*) found to be 
dominant
JP = 1+ supported by Dalitz 
analysis, PRD91 (2015) 072003
Limited statistics!
Belle II is suitable for this search,
however under debate due to the 
cost of cavities
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ϒ(nS) transitions at Belle
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ϒ(5S): yield ~1000 more than ϒ(4S)
 transitions: unsolved puzzle
ϒ(5S) not observed at LHCb so far



  

Not only the X(3872)…
The program in hadron spectroscopy at Belle II is wide and various. 

Re-discovery channels  in B (with more statistics, expected surprises) 
Charmonium(-like) in ISR: extended search. Unique case!
Search for new resonances in the continuum
Bottomonium: ϒ(6S) unique and feasible!
Zb state search
ϒ(5S) and ϒ(6S) conventional state search, and exotics
ϒ(5S) and ϒ(6S) scan
ϒ(3S) transitions and charmonia in production
Possibility to look for more ‘exotic beasts’: hexaquarks, ….

Possibility to combine Belle and Belle II data in the early future
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Run perspectives at Belle II
in Spectroscopy
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J/ψ and ψ’ from B decays
 at Belle II
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J/ψ and ψ’ from ISR 
at Belle II
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Reminder: ISR not possible at hadron machines!

NEW



  

Bottomonium ISR production
 at Belle II
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Inclusive η and η’ production
at Belle II
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Conclusions
Many exciting results with full Belle data set:
- ongoing analyses after 10 years the detector was shut down
Belle II is progressing well: re-discovery channels up to now
Instantaneous world luminosity record in June: 2.41034cm-2s-1

Total integrated luminosity up to now: 74 fb-1

Observation of charmonia and bottomonia are becoming a standard
tool for trigger and performance checks during Belle II starting phase
Covid-19 affected our activity, but the work is ongoing
Recent exciting news from LHCb: 

  - width (BW) of the X(3872)
  - observation of a structure in J/ψ-pair mass spectrum
   - X(2900); ….

Belle II will be competitive with BES III and LHCb: 
   - interesting physics in spectroscopy will come after 2022
     Shut down (>250 fb-1 needed)
   - ISR, radiative decays, ϒ(nS) transitions: unique!

Interesting physics in spectroscopy comes soon 

                               Stay tuned!
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