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Outline

Introduction
Experiments covered in this talk:  
    
    
Hadron spectroscopy: too wide topic!
In this talk: XYZ and charmed baryons
General picture:
  - identify effective degree of freedom
  - generalized parton distribution
What have we understood from recent observations?
Outlook
Summary

08- Oct 2019
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Introduction: QCD
Quantum-Chromodynamics (QCD): 

    gauge field theory describing the strong interaction of quarks and gluons

Experimental results are consistent with QCD prediction within uncertainties
L depends on 6 quark masses and the strong-fine structure constant αs (classic)

Quantum theory contains an additional parameter ϑ which violate CP
Different quantities can be evaluated as function of αs, which allows to evaluate it:

   - αs from Z decays and e+e- total rates
   - αs from deep inelastic scattering 
              structure functions
   - αs from fragmentation functions 
   - αs from event shape and jet counting
   - αs from τ decays
   - αs from lattice gauge theory computations
   - αs from heavy-quark systems
   - αs from hadron-hadron scattering

08- Oct 2019
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Introduction: αs

Hadron physics is a wide wide field….
The measurement of αs still needs input
 at low energy regime

PRD 98 (2018) 030001

08- Oct 2019



00. Monat 2017 Seite 5

Introduction: GPD

arXiV:1111.5452 [hep-ph]

08- Oct 2019

Generalized Parton Distributions (GPD)= 
suitable theoretical tool to study the 
structure of the nucleon

Internal dynamics of nucleons are determined
   by the strong interactions between quarks 
   exchanging gluons

A detailed description of the nucleon 
structure is still missing because QCD can 
only be solved in the perturbative regime of 
short distance phenomena probed in hard 
collisions, whereas the soft part of the inter-
action corresponding to the long-distance 
behaviour requires a non-perturbative 
and/or numerical treatment (e.g., in lattice 
simulations)
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Two main issues can be here identified: 
     - Generalized Parton Distribution (GPD)
                       hadron tomography
     -  identify effective degree of freedom
                       hadron spectroscopy

08- Oct 2019
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Introduction: hadrons

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

08- Oct 2019
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Introduction: hadrons

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!

No  unambiguous  evidence  for  hadrons  with  non-CQM-like  structures 
has been found

New possibilities, started with the observation of the X(3872): 

- tetraquarks
- hybrids

- molecular states
- hadrocharmonium

- pentaquarks
- hexaquarks

- glueballs
- cusps…

Evidence that there is more than mesons and baryons!

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

08- Oct 2019
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9
Hybrid meson

Meson
Baryon

Tetraquark

Pentaquark

Glueball

Di-baryon

?q

q
q

q
q

q

Lifetime:

> 1030 y  (proton)
~ 10 min (neutron)
< 10-10 s (others)

Lifetime:
< 10-8 s 

Lifetime:

< 10-23 s 

Lifetime:

< 10-23 s Lifetime:
< 10-20 s 

16/01/18

Quark Bound States

...and superposition of different states: c
1
|qq> + c

2
|qqqq>+....  

(   )
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Charmonium(-like) Spectrum

Overall agreement experiments-theory so far: precision ~2-3 MeV;
   but since 2003 several new entries!

08- Oct 2019
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B factories

08- Oct 2019

...and there is more….



Belle detector
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BaBar + Belle: 
1.5 ab-1 integrated luminosity - triumph in the history of B-factories!

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!

08- Oct 2019
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What has been changed? 

From Belle to Belle II

PXD,  vertex  resolution  in  z  direction  (beam  direction)  will  be  factor  2 
better than before: 50 μm (Belle)  25 μm (Belle II). SVD rebuilt
TOP: (time-of-propagation) +  ARICH will do the timing of the Cerenkov 
light.  TOP  time  resolution  ~50  ps,  with  detector  surface  is  polished  to 
nanometer precision for total reflection of Cerenkov light 
KLM:  inner  2  layers  of  barrel  +  all  layers  in  the  endcap  replaced  by 
scintillators, because of large background 
ECL readout electronics exchanged, fast FADC sampling for identify pile-
up of pulses
Huge gain in luminosity in Belle II compared to Belle: factor x40. How? 

- factor 2 by beam current: 1.64/1.19 A (Belle)  3.6/2.6 A for e+(e–) beam in 
Belle II
- factor 20 by "nano-beam" principle (collision point in vertical direction will 
be only 59 nm)

b*

y
 function: 5.9 mm (Belle), 0.27 mm (Belle II)  

 
08- Oct 2019
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originally proposed for SuperB
by P. Raimondi (INFN)

graphics E. Paoloni (Pisa)
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Benefits of the B factories BaBar+Belle (II)

4π general purpose spectrometer with:
 - High momentum resolution, σp/p = 0.3%@1GeV/c
 - Ability to detect photons down 30 MeV
 - 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 = 25 μm

 - World highest luminosity
 

08- Oct 2019

Example from BELLE II
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Advantages at BaBar+Belle (II)

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

08- Oct 2019
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A variety of production mechanism for exotics @B-
factories

08- Oct 2019
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Experimental techniques

08- Oct 2019
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Nomenclature

X, such as the X(3872)
- consistent with D0D*0 molecular state
- found in B decays, large production also in pp
- no partners found

Y, such as the Y(4260), Y(4330), Y(4660)
- produced in initial state radiation and Ec.m. scan

- JPC = 1--

- overpopulated for charmonium

Z, such as the Zc(3900) and the Zb(10610)

- seen in decays of qq and B decays
- charged states: cannot be charmonia
- b- and c- onia: similarities

Belle, PRL 91 (2003) 262001

Belle, PRL 99 (2007) 142002

PRL 110 (2013) 252002 PRL 108 (2012) 122001

08- Oct 2019
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The exotic ‘saga’: how that started

The highest Belle cited paper ever: >1630 citations up to now, since 2003 (inspires)
Lots of progresses on this topic since 2003: JPC =1++ (PRL110 (2013) 222001)

PRL91 (2003) 261801       

          PRL07 (2011) 091803       

08- Oct 2019
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Interpretation for the 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

08- Oct 2019
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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

D0D0π0

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

Belle II simulation
H. Hirata,
Master thesis
2019

X(3872): a look to the future

08- Oct 2019
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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

08- Oct 2019
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ϒ(nS) transitions

08- Oct 2019
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Molecular picture for ϒ(nS) transition

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

08- Oct 2019
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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

21- May 2018

ψ(4400)

ψ(4140)

ψ(4040)

ψ(3730)

ψ’       

J/ψ   

Y(4660)

Y(4360)
Y(4260)

Y(4008)

08- Oct 2019
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Z Charged States
Main achievements at Belle

e+e-π+π-J/ψ, Z
c
(3900)πJ/ψ

PRL 110 (2013) 252002

M = 4054±3±1 MeV/c2

Γ = 45±11±6    MeV
>3.5σ

PRD91 (2015) 112007

e+e-π+π-ψ', Z
c
(4050)πψ'B0K-π+ψ'

M = 4485±22      MeV/c2

Γ = 200+21    +26        MeV
6.4σ, JP = 1+

-46 -35

PRD 88 (2013) 074026

-11

+28

Update

M = 3894.5±6.6±4.5 MeV/c2

Γ = 63±24±26  MeV
>5.2σ

772M BB 967 fb-1 980 fb-1

08- Oct 2019

First observation: Belle, 
PRL 100 (2008) 142001;
Confirmed by LHCb:
PRD 92(2015) 112009 

BESIII confirmation/following
PRL 110 (2013) 252001 
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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)

Two different classes of Z states?
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Charm baryons to check di-quark @ Belle

Good place to check if di-quark structures behave as a good degree of 
freedom to form hadrons

One of the constituent quark is heavy: correlation between the remaining 
light quarks would become clear

“charm baryon + light hadron” or “charm meson + baryon”? 

08- Oct 2019
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B-c-Ξc0: missing mass technique and absolute BR measurement

PRL122 (2019) 082001

08- Oct 2019
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Double-Charm baryons @LHCb

Not well established
Test for QCD

PRL119 (2017) 112001 PRL121 (2018) 162002 
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High statistics results: pentaquarks at LHCb

2015: 
3 fb-1, @s = 7 and 8 TeV
26k                     events
Claim for 2 pentaquarks

2019: 
3 + 6 fb-1, @s = 13 TeV
246k                     events
Claim for 3 pentaquarks

08- Oct 2019
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The Argand plot

08- Oct 2019

With the Argand plot study LHCb proved that Pc+

possesses the properties of a resonant state

Black (data) points follow the shape of a circle

A clear horizontal line is seen in the Dalitz plot
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What about hexaquark states? 

08- Oct 2019
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What about hexaquark states? 

08- Oct 2019

Interest in the community. Predictions from: 
 - Kochelev, JETP Lett. 70 (1999) 491
 - Farrar-Zaharijas, Int.J.Th.Phys. 42 (2003) 1211
 - PRD70 92004) 014008
 - Shuryak, J.Phys.Conf. Ser. 9 (2005) 213

Recently discussed by: 
 - Gross, Polosa et al, PRD98 (2018) 063005
 - McDermott et al, PRD99 (2019) 035013
 - Kolb, Turner, PRD99 (2019) 063519
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A quick look to the future….

08- Oct 2019
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Run Perspectives at Belle II

08- Oct 2019
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Fully reconstructed B mesons at Belle II

22k fully reconstructed B events on 2.6 fb-1
Charged and neutrals well reconstructed
Ks efficiently reconstructed 

08- Oct 2019
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“Re-discovery” with Phase 3 Data  

J/ψ

08- Oct 2019



“Re-discovery” with Phase 3 Data  

ψ(2S)

Analysis of Bψ(2S)K, ψ(2S)J/ψπ+π-



00. Monat 2017 Seite 40

Bottomonium spectrum is significantly different from charmonium 
spectrum

     n=3 state (3P) is below the threshold
     L=2 state (1D) is below the threshold

Z
b
 states were only found so far in ϒ(5S) decays

SuperKEKB can reach E
c.m.

≅11 GeV
    ϒ(6S) running possible – unique possibility!

With the high luminosity, for the 1st  time study  radiative transitions 
between bottomonia states possible (suppressed by 1/137). Marginal 
statistics so far at Belle, big advantage at Belle II

Why Bottomonium at Belle II?

08- Oct 2019
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Rediscovery with Belle II Phase 3 data
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If Z
b
 is a loosely bound state, several new molecular states should appear

Belle II goals:
   - search for new, predicted, resonances
   - use both, single transitions and double cascade
   - fill the remaining spectrum to measure the effect of the coupled channel 
     contribution
 

ϒ(6S) and ϒ(5S): conventional state search

ϒ(6S) and ϒ(5S): new exotics search
Belle II goals:

   - ϒ(6S): 100 fb-1 exploratory run
   - ϒ(5S): 1 ab-1 high statistics run
 
ϒ(6S) and ϒ(5S): scan

Belle II goals:
   - ϒ(6S) and ϒ(5S) behave differently in ππϒ and ππh 
         → hint of a non-bb nature of ϒ(5S)? 
   - investigate an extra resonance around 10.750 MeV/c2

Settle the nature of 
ϒ(5S)

Expectations on Z
b
 states at Belle II

08- Oct 2019
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ϒ(3S): Opportunities at Belle II
Exotic states contribute to the hadronic and 
radiative transitions from narrow quarkonia

→ complimentary approach to the 
          direct search from ϒ(5S) and ϒ(6S)

ϒ(3S): exotics in transitions
Belle II goals:

   - Y(3S)→ ππϒ(1S, 2S) still limited by statistics
   - perform full amplitude analysis
   - search for missing ππ/η transitions to constraint further theoretical models
   - study hindered radiative transitions
 
ϒ(3S): charmonia in production

Belle II goals with 300 fb-1:
   - up to 5x sensitivity in inclusive production from ϒ(3S)
   - up to 15x in double charmonium
   - inclusive rate of X(3872)
   - DD* correlation in Y(3S) → DD* + hadron to test the nature of the X(3872)
 
ϒ(3S): rare χ

b
 decays

ϒ(3S): deuteron production mechanism
08-Oct 2019
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Summary

08- Oct 2019

Hadron physics is a wide field, involving from CKM element studies to quarkonia
Quarkonia represent a unique system for testing QCD in the border between 
non-perturbative and perturbative regime 
Narrow heavy quarkonia provide useful tests for many processes, which may

    test models for physics beyond the SM
QCD is the weakest sector of the SM at low energy
       limit to find NP in the quark sector
ϒ(nS) study can help in understanding hexaquarks(S)
Belle II will collect up to 50 ab-1 in 7 years: great opportunity in hadron physics!
       unique opportunities in the sector of Bottomonium and radiative decays
LHCb performed already great! Limitation in analysis involving low-energy photon
       looking for the upgrade!
Still lots of surprises are expected in this field, once huge data sets are collected  
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Thank you for your 
kind attention!

e.prencipe@fz-juelich.de

08- Oct 2019
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Vertex Pixel Detector (PXD)
VXD consists of 2 layers of DEPFET (Pixel Detector) and 4 layers of double-sided silicon 
microstrip sensors (Silicon Vertex Detector), assembled over carbon fiber ribs. 

One of the 40 sensor 
modules which are 
being installed in the 
pixel-vertex detector

08- Oct 2019
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Vertex Pixel Detector (PXD)
VXD consists of 2 layers of DEPFET (Pixel Detector) and 4 layers of double-sided silicon 
microstrip sensors (Silicon Vertex Detector), assembled over carbon fiber ribs. 

08- Oct 2019
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Central Drift Chamber (CDC)
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Cerenkov detector, laser in TOP module

(Time–of-propagation, t ≤ 50 ps)
Photo: K. Inami (Nagoya)

21- May 2018

Particle Identification

L~ 2.5m, 16 barrels
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MC Study 

Continuum D* MC Study

21- May 2018

PID: Efficiency and fake rates Tracking Efficiency and fake rates

B0 → ΦK0
S
 

fake rate of 50%

L. Koch, master thesis 2016
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15.01.2018: MILESTONE!
Superconductive magnet systems installed

21- May 2018



00. Monat 2017 Seite 52

14.02.2018: Phase-II Has Started

21- May 2018
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14.02.2018: Phase-II Has Started

21- May 2018
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18.02.2018 - First Data 
Cosmics in the PXD

Two  inner  sub-detectors 
right now into the data 
acquisition system.

The  final  Belle  II  vertex 
detector with its full 
pixelated  silicon  detector 
(PXD) and a double-
sided microstrip silicon 
detector  (SVD)  is  under 
construction  and  will  be 
installed later this year.

21- May 2018
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26.02.2018 – First Data 
Cosmics in the ARICH

21- May 2018
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A hadronic event recorded at h. 00:38, 26.04.2018 – 
first collision confirmation

21- May 2018
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Main Achievements in Bottomonium at Belle

21- May 2018

e+e-π+π-(nS) e+e-π+π-h
b
(nP)
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Main Achievements in Bottomonium at Belle
Z

b
 in Y(5S)π+π-(nS)
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courtesy of J.S. Lange, HIRSCHEGG2018
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courtesy of J.S. Lange, HIRSCHEGG2018

21- May 2018
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courtesy of J.S. Lange, HIRSCHEGG2018
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courtesy of J.S. Lange, HIRSCHEGG2018
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