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Outline

Introduction

Recent achievements in spectroscopy at Belle:

     overview of Y states via ISR production mechanism
     Z charged states: can they come from Y states?
     the X*(3860) – new results in 2017! 
     search for glueballs and pentaquarks – new results in 2017! 

     bottomonium: main achievements and future perspectives 

Open questions and possible interpretation

The Belle II experiment – phase II successfully started

Perspectives in search for exotics at Belle II

Summary

12- March 2018
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Introduction

Gell-Mann Zweig idea: Constituent Quark Model (CQM). 

Still valid since 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). These are 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): 
3

16/01/18- tetraquarks
- hybrids

- molecular states
- hadrocharmonium

- pentaquarks
- hexaquarks

- glueballs
- cusps

Evidence that there is more than mesons and baryons!

Substantial contribution from Belle to into the field

12- March 2018



00. Monat 2017 Seite 4

4
Hybrid meson

Meson
Baryon

Tetraquark

Pentaquark

Glueball

Di-baryon

?q

q
q

q
q

q

Lifetime:

> 1030     (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

12- March 2018

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

2
|qqqq>+....  
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Charmonium Spectrum

Overall agreement experiments-theory so far: precision ~2-3 MeV;
   but....

12- March 2018
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For  >30 years theory and experiments agreed. 
Then something happened.

How has the story begun?

12- March 2018
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For  >30 years theory and experiments agreed. 
Then something happened.

How has the story begun?

Phys. Rev. Lett. 91 (2003) 262001 Belle, accepted 23 December 2003
Observation of a Narrow Charmoniumlike State in Exclusive B±→K±π+π−J/ψ Decays

Belle 

CITED 1630 times!

12- March 2018
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Remark

Small! B factory needed to search for it

12- March 2018

B(B decay)B(X(3872) decay)≃ 10-5
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The KEK Facility in Tsukuba (Japan)

Recorded luminosity =
                               1.02 ab-1

12- March 2018

Peak luminosity achieved: 
                  2.1 1034cm2/s-1

 = 0.42
p(e) = 8.0 GeV/c
p(e+) = 3.5 GeV/c
Crossing angle = 22 mrad
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The Belle Detector
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Y Family - Summary
Contribution from Belle

Y(4008)

Y(4260)

Y(4360)

Y(4660)

  Mass (MeV/c2) Width (MeV)

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

No mixing   surprising!

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

12- March 2018
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Z Charged States
Main achievements at Belle

eeJ/, Z
c
(3900)J/

PRL 110 (2013) 252002

M = 4054±3±1 MeV/c2

 = 45±11±6    MeV
>3.5

PRD91 (2015) 112007

ee', Z
c
(4050)'B0K'

M = 4485±22      MeV/c2

 = 200+21    +26        MeV
6.4JP = 1+

 

PRD 88 (2013) 074026




Update

M = 3894.5±6.6±4.5 MeV/c2

 = 63±24±26  MeV
>5.2

772M BB 967 fb1 980 fb1

12- March 2018

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

BESIII confirmation:
PRL 110 (2013) 252001 
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Two different classes of Z states?
Understanding the pattern

12- March 2018
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X*(3860): New State in e+eJ/DD
PRD 95 (2017) 112003 

PRD95 (2017) 112003 

Strategy: 
     - J/ e+e-, ;
     - D+ reconstructed to 5 decay modes, D0 to 4.
     - J/D recoil in D mass region
     - Mass constraint to improve the mass resolution
     - PWA
 

M = 3862+26  +40 MeV/c2

 = 201+156  +83 MeV

JPC = 0++ (2++ not escl.) 

Candidate for 
c0

(2P),

With 
c2

(2P) = Z(3900)

and 
c1

(2P) = X(3872)?

980 fb1

12- March 2018

32 13

67 82
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Search for Pentaquarks P
s
 at Belle

PRD 96 (2017)  051102

915 fb-1

Not the same as in LHCb!
12- March 2018

B(
c
P

s
+)B(P

s
+p)<8.310-5 

                                        @90%c.l.

Best candidate found:
    M = (2025±5) MeV/c2

 = (22±12) MeV
   77.6±28.1 fitted events 

c
P

s
+

p
Feynman diagram for the decay:
(a) 

c
+pand (b) 

c
P

s
+ only UL

found!
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What can we do more? 

12- March 2018
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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 m (Belle)  25 m (Belle II)
TOP: no TOF (time-of-flight) detector anymore, but TOP (time-of-
propagation) will do the timing of the Cerenkov light. Time resolution ~50 
ps. TOP detector surface is polished to nanometer precision for total 
reflection of Cerenkov light (~0.5M $ per 1 Quartz bar)
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)


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

 12- March 2018
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originally proposed for SuperB
by P. Raimondi (INFN)

graphics E. Paoloni (Pisa)

12- March 2018
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21.06.2016: LER beam current exceeded 1A

12- March 2018

Phase-I operation at Belle II: detector commissioning
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x40 more luminosity  higher background
Phase-II data for background study, detector alignment and response (2018)

12- March 2018

MC MC
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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

12- March 2018
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Cerenkov detector, laser in TOP module

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

12- March 2018

Particle Identification

L~ 2.5m, 16 barrels
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TOP installation, finished on 06.2016
Modules form a self-supporting arc

12- March 2018
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Particle Identification: MC Study 

Continuum D* MC Study

12- March 2018

excluded cos<-0.5  low statistics

Efficiency and fake rates
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07.04.2017: Roll-in

12- March 2018
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15.01.2018: MILESTONE!
Superconductive magnet systems installed

12- March 2018
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February 2018: Belle II Ready To Start!

12- March 2018
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14.02.2018: Phase-II Has Started

12- March 2018
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14.02.2018: Phase-II Has Started

12- March 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.

12- March 2018
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26.02.2018 – First Data 
Cosmics in the ARICH

12- March 2018
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Which are the main improvements 
expected in spectroscopy

with Belle II?

12- March 2018
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XYZ Expectations at Belle II

 Yield of X(3872)J/– in 2020 will be about Belle yield of ' → J/–
 The width of the X(3872) could be measured with a systematic error 

of ±0.11 MeV

 Width measurement possible in X(3872)J/ expected yield N≃350 

in 2020 (scaled from Belle, Phys. Rev. Lett. 107(2011)091803),
 a factor x2 more than X(3872)J/– at Belle, full dataset
   monoenergetic photon provides 4-constraint fit (E/E~2%)
   systematic error on width  may be ~110 keV

  

Expectation with 50ab-1 data at Belle II

PRD 84 (2011) 052004
 ~ 300 keV

12- March 2018
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Expected Luminosity at Belle II

courtesy of C.Z.Yuan

12- March 2018
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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 s=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?

12- March 2018
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Summary from PRL 116 (2016) 212001

Main Achievements in Bottomonium at Belle

12- March 2018

Branching Ratios
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with full luminosity, assuming 100% running:
- 20 days/month
- 9 months/year

Expectations on Z
b
 states at Belle II

12- March 2018
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Summary
Great achievements with Belle (~ 1 ab-1) in spectroscopy: 
analyses still ongoing after so many years

Z
b
 in ϒ(5S) ϒ(nS), ϒ(6S) h

b
(nP) and  ϒ(6S)[B(*)B(*)]+

Search for Pentaquarks started with Belle data, but only UL so far

No significant signal found for glueballs with ϒ(1S, 2S) samples.

Promising start of phase-II in Belle II: experiment in good shape!

First cosmics seen already 1 month ago 
Expected 50 ab-1 integrated luminosity at Belle II in 10 years
With x50 more data than Belle, expected in Belle II great achievements
in hadron spectroscopy:
   ISR analysis as unique case 
   favorite Bottomonium search through ϒ(6S)

12- March 2018



00. Monat 2017 Seite 39

Thank you for your 
kind attention!

e.prencipe@fz-juelich.de

12- March 2018
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Backup slides

12- March 2018
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Luminosity at the B Factories

12- March 2018
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Charmonium Production at B Factories

12- March 2018
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Search for 0--glueballs
PRD 95 (2017) 012001

ϒ(1S, 2S) f
1
(1285)+G

0
--

ϒ(1S, 2S) 
c1

G
0
--

ϒ(1S, 2S) 
b1
J/G

0
--, +G

0
--

only UL

found!

 /c2

102M ϒ(1S) 158M ϒ(1S)

102M ϒ(1S) 158M ϒ(1S)

102M ϒ(1S) 158M ϒ(1S)

12- March 2018

Belle 
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Upper limit on BR of the order of 10-5-10-6 @ 90% c.l.

Search for 0--glueballs

PRD 95 (2017) 012001

12- March 2018

Belle 
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Main Achievements in Bottomonium at Belle

12- March 2018

e+e(nS) e+eh
b
(nP)
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Main Achievements in Bottomonium at Belle
Z

b
 in Y(5S)(nS)



00. Monat 2017 Seite 47

Z
b
 in Y(5S)B(*)B(*) + c.c. 

courtesy of C.Z.Yuan
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courtesy of J.S. Lange, HIRSCHEGG2018

12- March 2018
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courtesy of J.S. Lange, HIRSCHEGG2018

12- March 2018



00. Monat 2017 Seite 5812- March 2018



00. Monat 2017 Seite 5912- March 2018



00. Monat 2017 Seite 60

courtesy of J.S. Lange, HIRSCHEGG2018

12- March 2018
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courtesy of J.S. Lange, HIRSCHEGG2018

12- March 2018
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