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* Introduction
* Recent achievements in spectroscopy at Belle:

M overview of Y states via ISR production mechanism

M Z charged states: can they come from Y states?

M the X(3860) — new results in 2017!

M search for glueballs and pentaguarks — new results in 2017!

M bottomonium: main achievements and future perspectives
s Open questions and possible interpretation
s The Belle Il experiment — phase |l successfully started
s Perspectives in search for exotics at Belle |l
s Summary
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Introduction

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

s QCD-motivated models predict the existence of hadrons with
more complex structures than simple gg (mesons) or qqq
(baryons). These are the so-called XYZ “charmonium’-like states

s Lot of experimental effort to prove the existence of XYZ!

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

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

- tetraquarks - molecular states - pentaquarks - glueballs
- hybrids - hadrocharmonium - hexaquarks - cusps

s Evidence that there is more than mesons and baryons!
Substantial contribution from Belle to into the field

IJ JULICH
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Quark Bound States

Lifetime:
<1028

Lifetime:

>10%0  (proton)
~ 10 min (neutron)
<1010 s (others)

Lifetime:
<108s

Tetraquark

diquark-diantiquark

Di-baryon Pentaquark

. D° — D® “molecule”

Hybrid meson Glueballl

...and superimposition of different states: cl|aq> + cz|aqaq>+....

l) JULICH

Mitglied der Helmholtz-Gemeinschaft 12- March 2018’ Seite 4 Forschungszentrum



Charmonium Spectrum
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For >30 years theory and experiments agreed.
Then something happened.

How has the story begun?

IJ JULICH
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For >30 years theory and experiments agreed.
Then something happened.

How has the story begun?

gy &) Phys. Rev. Lett. 91 (2003) 262001 Belle, accepted 23 December 2003
Observation of a Narrow Charmoniumlike State in Exclusive B* - K*rt*t"J/y Decays

CITED 1630 times!
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Remark

Bt s K+ J/wﬂ'_l_ﬂ'_
N’

resonant state”

()
< d

e

J/w

ot

T

B(B decay)x B(X(3872) decay)~ 10~
Small! B factory needed to search for it
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The KEK Facility In Tsukuba (Japan)

P~ -

KEK Tsukuba site (Japan) s
« | = s 8 Recorded luminosity =
e I \ & ' S SRR On resonance :

a5 |

KEKB rmgs (HER;:L_._ & Y(58): 121 fb!

<0 KEKB/BeIIe operat|on (1999 2010) | Y (4S): 711 b !
772 million BB events - § Y(3S):3f"

930 million T+t events ' Y(2S): 25 b !
e —s S e R Y(1S): 6 7!
e'e” —Y(45) BB P D AR S Off reson./scan:
e T - i € TR ~100 b’

Peak luminosity achieved:
2.1 x10%*cm2/s™1
- ' | By = 0.42
; 7 Yl p(e-) = 8.0 GeVic

Crossing angle = 22 mrad
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The Belle Detector

SC solenoid

\Aerogel Cherenkov cnt.
1.5T

n=1.015~1.030

e

Si vtx. det. 1 /'K, detection
3/4 lyr. DSSD 14/15 lyr. RPC+Fe

IJ JULICH
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Y Family - Summary

Contribution from Belle

3.

4.0

3.0

Y(4660)
No more states, '

Y(1350) E i | 8l |[|]

YT4360) — Il
,_ - (4140
Y(4008) | B(4040)
Jhymtn Y e cC
1

s |SR studies: unigue at B factories

s Clear signature; J7¢ = 1~
s No mixing = surprising!

Mitglied der Helmholtz-Gemeinschaft
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Mass (MeV/c?)  Width (MeV)
Y(4008)  4008+40 *y* | 226+44187
Y(4260) 4258.6+8.3+12.1 134.1£16.45.5
Y (4360) 4361+£9+9 74+15+10
Y (4660) 4664+11+5 48+15+3




Events / 0.17 GeVZ/c*

Z Charged States

Main achievements at Belle

PRD 88 (2013) 074026

SR B PR e et |
M2(y’ ), GeVZc*

M = 4485422 MeVi/c?

— +21 +26
I =200'% *2  MeV
6.4c,J° = 1"

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

Mitglied der Helmholtz-Gemeinschaft

Events / 0.02 GeV/c?

BO—K 1ty e'e—>m'n J/y, Z (3900)—nd/y

70EPRL 110 (2013)[252002

c 1 —+ data
60967 fb — i
E — Background
50
. --+- PHSP MC
40f
30F
20 T4
10 E .-
0 1 . 10
3.7 3.8 3.9 4 4.1 42
Mpnax(md/y) (GeV/c?)

M = 3894.5+6.6+4.5 MeV/c?
[' = 63+24+26 MeV
>5.20

BESIII confirmation:
PRL 110 (2013) 252001

12- March 2018’ Seite 12

Entries/20 MeV/c?

e'e 'y, Z (4050)—-my’

20

[ PRD91 (2015) 112007

4 4.1
M, [7W(2S)1 (GeV/c?)

M = 4054+3+1 MeV/c? ’
['=45+11+6 MeV
>3.50
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Two different classes of Z states?

Understanding the pattern

[DD) [DD*]  [DD1] (D" D*] [D” D"

L=0 1 0 1 0 1 0 0 0 1 1 1
5

Z(4430)
—

Z Z(4200)
4 %

Mass / GeV
Mass / GeV

=
Z.(3900)
Z.(3885)

from B meson decays from e+e— (direct) or ISR

ot 1= 1t = 1= 2t ot 1t 2t 1- 27 3 b 1zl @ A7 2 WP 1 2 47 a¢ &@F JP
— narrow widths

— large widths
— near thresholds

— not connected to thresholds?

Forschungszentrum
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Events / 50 MeV/c?

X'(3860): New State in e*e »JhyDD

PRD 95 (2017) 112003

187
16F
141
127
10"

o N M OO
¥ LN i ———— = T
< '

PRD95 (2017) 112003
980 fb”

- -

5.5 ‘
IVIDB, GeV/e

s Strategy:

-Jy —e'e, u'u;

- D* reconstructed to 5 decay modes, D° to 4.

M = 3862 **9 MeV/c?

-32 -13

= 201+156 +83 MeV

-67  -82

JFC= 0™ (2" not escl.)

_ Candidate for y;_(2P),
" With _(2P) = Z(3900)

and x_(2P) = X(3872)?

- JyD recoll in D mass region
- Mass constraint to improve the mass resolution

- PWA
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Search for Pentaquarks P_at Belle
PRD 96 (2017) 051102

-
+
=
()
QA
4[] 0l o
::ln 5= g
Events /( 0.01 GeV/c™)

_'+—-d
b u S T ¥ R (¥ R ¥ T ¥ a—
) 1] n’ m(¢p) (GeV/c?)
W’ {u s Best candidate found:
5 : M = (202515) MeV/c?
{ s 2P I = (22+12) MeV
“ 77.6+28.1 fitted events A —P_'’
~»d ~

e

Feynman diagram for the decay: B(A —P "1°)xB(P *—¢p)<8.3x10°

(@) A, —opn” and (b) A —P_'n”

@90%:c.l.
Not the same as in LHCb! & 5 JULICH
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What can we do more?

l) JULICH
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From Belle to Belle i

What has been changed?

s PXD, vertex resolution in z direction (beam direction) will be factor 2
better than before:

50 um (Belle) — 25 um (Belle 1)

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

s KLM: inner 2 layers of barrel + all layers in the endcap replaced by
scintillators, because of large background

s ECL readout electronics exchanged, fast FADC sampling for identify pile-
up of pulses

s Huge gain in luminosity in Belle Il 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 Il

— factor 20 by "nano-beam" principle (collision point in vertical direction will
be only 59 nm) 8,() = pr1 + & Zo)Q)
B*y function: 5.9 mm (Belle), 0.27 mm (Belle II) ay(z)oc\/m & o J U LICH
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(D)= Nano-Beam Scheme

83 mrad
crossing angle

Mitglied der Helmholtz-Gemeinschaft

22 mrad

uuuuuu
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present KEKB [(Zigellixe:1),

100um
crdissin-g-.ar_]_gll_e

s

originally proposed for SuperB
by P. Raimondi (INFN)

graphics E. Paoloni (Pisa)
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21.06.2016: LER beam current exceeded 1A

Phase-Il operation at Belle lI: detector commissioning

1999 — i ||||| i ||||| i ||||| i  — 1999
[ | ——CH2: I gg dt( 718.0Ah) i
= 800 CH4: I;jzs dt( 631.5Ah) —18090
=T _ i
-
p— ] B -
< - 60O —600
= ™~ . -
 — dl.LD B -
5 of -
400} — 400
o [ ]
m - o
LLl 5 -
= 200 —200
B 1 I lllll | I T T T | I T T I 1 1 1 I_ B
o"e"eS 4/1 5/1 6/1
3/1/2016
Time
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x40 more luminosity = higher background

Phase-Il data for background study, detector alignment and response (2018)

Eher 5.00 Eler 3.50 Dete 1031120 Time 80922
EspMC 2 Esp 25 Fun 1886 Event | . . .
Eher B.00 Eler 350 Dote 1031120 Time #0381 Troil ODetver 1 WoglD 21 BField 1.30 Dapver 7.50
BELLE Tl O Detver 1 Moglp 21 BField 180 DagVer 7.80 Prot(ch) 0.0 Elat{gm) 0.0SVD-M 1CDC=M 2KLM=M 0
Ptat(ch) 0.0 Elot{gm]) O005V0-M OCEC-M 2KM-M 0
T e
o —— g . e
-
- .
L . o

—n sy MC =

UJ JULICH
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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

IJ JULICH
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Cerenkov detector, laser in TOP module

Particle Identification
(Time—of-propagation, t < 50 ps)

Photo: K. Inami (Nagoya)

L~ 2.5m, 16 barrels

‘) JOLICH
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TOP installation, finished on 06.2016

Modules form a self-supporting arc
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Particle Identification: MC Study

Efficiency and fake rates

Continuum D* MC Study . i
B T T 177 ‘ | ‘ T 1T ‘ T 1T ‘ T 1T ‘ T 1T 1T \_pl L | T T T T | T T T T T pI
1- i K
: e AR i |’r ¢ B ’[l Wy ﬂﬁﬂ* i -
= W oo :
o 't | i 1
06— o 06 .
04 04 =
- ] - i
02— — 0.2— —
i ‘ i i |
O_I\\‘-I\\I‘I.\..\.\‘\.\'\I‘\\.:'I‘ \|\\.\||-‘\\l|l|l\\\|\_ 07| | L \III|”'.| | .'Il. | [ R | |7
0.5 1 1.5 2 2.5 3 3.5 4 -1 0.5 0 0.5 1
| momentum (GeV) cos(0)
excluded cos0<-0.5 — low statistics
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07.04.2017: Roll-in

B

S | x

s
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15.01.2018: MILESTONE!

Superconductive magnet systems installed

UJ JULICH

Forschungszentrum
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February 2018: Belle Il Ready To Start!

IJ JULICH
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14.02.2018: Phase-ll Has Started

R BE. His
DANGER: Current On
Magnetic Field

Belle VLMK @Erh

Belle Solenoid On

4100.0 A

A m 8 N &2

IJ JULICH
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14.02.2018: Phase-ll Has Started

IJ JULICH
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18.02.2018 - First Data
Cosmics in the PXD

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

s The final Belle Il 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.

IJ JULICH
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26.02.2018 - First Data
Cosmics in the ARICH

UJ JULICH

Forschungszentrum
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Which are the main improvements
expected in spectroscopy
with Belle 11?

UJ JULICH
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XYZ Expectations at Belle Il

» Yield of X(3872)—J/yn'n” in 2020 will be about Belle yield of v' - J/yrn™n~
s The width of the X(3872) could be measured with a systematic error

of +0.11 MeV

s Width measurement possible in X(3872)—J/yy: expected yield N=350

iIn 2020 (scaled from Belle, Phys. Rev. Lett. 107(2011)091803),
a factor x2 more than X(3872)—J/yn'n~ at Belle, full dataset
— monoenergetic photon provides 4-constraint fit (AE/E~2%)

— systematic error on width may be ~110 keV

State  |Production and Decay N
X(3872) | B=KX(3872), X(3872)—=J [y m™ |~14400
Y (4260) (ISR, Y (4260)—=J /yn "7~ ~29600
7,(4430) | B—K T 7(4430), Z(4430)—J pr* | ~10200

Expectation with 50ab™ data at Belle II

Mitglied der Helmholtz-Gemeinschaft 12- March 2018 Seite 33

T Output (MeV)

EPRD 84 (2011) 052004

25

' ~ 300 keV

r| pt(MV)
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Expected Luminosity at Belle Il

ALAAAMAMAARLAREAS RAARLAARALEAAAL AR RRAAE RARRA SRS RARALRARALARSAN MARSEARSAARSAREAARMA RIS
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Why Bottomonium at Belle 1I?

s Bottomonium spectrum is significantly different from charmonium
spectrum
n=3 state (°P) is below the threshold
L=2 state (‘D) is below the threshold

= Z_states were only found so far in Y(5S) decays

s SuperKEKB can reach Vs=11 GeV
= Y(6S) running possible — unique possibility!

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

IJ JULICH
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Main Achievements in Bottomonium at Belle
Summary from PRL 116 (2016) 212001

Branching Ratios

Channel Fraction, %

Y(18)x* 0.5475 13200 0.17 506002
Y(28)x* 3.6220)59 05 13970387053
T(38)z+ 2,1510554060 1631025 038
hy(1P)n* 34510712063 841139 06
hy(2P)nt AT 47
B*+B*0 4 BOp*+ 85650

B*+ B0

+3.442.7
13.7254°35

Mitglied der Helmholtz-Gemeinschaft
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Expectations on Z_states at Belle I

xlﬂ33 :1 T

Channel | Belle BaBar  Belle II (per year)
BB T X10% 4.8%10° 1.1 5 101
BYBY |tox106 - 6.0 x 108
T(18) | 1.0 x 108 1.8 x 10*
T(28) | 1.7x108 0.9 x 107 7.0 x 1010
T(3S) |[1.0x107 1.0x 108 3.7 % 10°
T(55) | 3.6 x 107 - J0x10?
r 1.0x10° 0.6x10°  1.0x1010 <
with full luminosity, assuming 100% running: C
- 20 days/month
- 9 months/year

Mitglied der Helmholtz-Gemeinschaft 12- March 2018 Seite 37
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Summary

s Great achievements with Belle (~ 1 ab™) in spectroscopy:
analyses still ongoing after so many years
s Z_in Y(5S)— n'n Y(nS), Y(6S)— n*nh,(nP) and Y(6S)-[BOB)*x
s Search for Pentaquarks started with Belle data, but only UL so far
= No significant signal found for glueballs with Y(1S, 2S) samples.

s Promising start of phase-Il in Belle II: experiment in good shape!
First cosmics seen already 1 month ago
s Expected 50 ab™ integrated luminosity at Belle Il in 10 years
= \With x50 more data than Belle, expected in Belle Il great achievements

In hadron spectroscopy:
— ISR analysis as unique case

— favorite Bottomonium search through Y(6S)

IJ JULICH
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Thank you for your
kind attention!

e.prencipe@fz-juelich.de

“The greatest danger for most of us lies not in setting our aim too high and falling short;
i e b | L] L

but in setting our aim too low, and achieve our mark_." (Michelangelo, 1475 - 1564)

UJ JULICH
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Backup slides

l) JULICH
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Luminosity at the B Factories

|
(fb™)
1200 ——
Ecm {'IEV} |_urn per Fh..lsl_.s analysas
1000 |:-:rin\|:{1’l::--]}|
| 10.865 1214 Yrm, n 7w, BO '
| 1063-11.02 6+16 ] R Yar, n nn
el G e L N j
: 1052 1 103 Continuu m bkg. est.
800 oF
400 -
200
ol f. / | L |

1998/1 2000/1 2002/1 2004/1 2006/1 2008/1 2010/1 2012/1
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> 1 ab™
On resonance :
Y(5S): 121 fb!
Y(4S): 711 b
Y(3S): 5% 5
¥{28x 25 it
Y(1S): 6 b *
Off reson./scan:
~100 b’

~ 550 fb™!
On resonance:
Y(4S): 433 b !
Y (3S): 30 b !
Y(2S): 14 b’
Off resonance:
~54 fb!

/.
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Charmonium Production at B Factories

C
b =
_ W
B
. S T
q Production qa K
in B decays
(color suppressed)
ot )y

o Double charmonium —
production

Mitglied der Helmholtz-Gemeinschaft
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@Aﬁ Two photons e
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T ISR c
T*
Continuum L
production <

l) JULICH

Forschungszentrum

Seite 42



Search for 0~ glueballs

Y(1S, 2S)- %_,G,”

PRD 95 (2017) 012001 %ElOZM Y(1S) g 158M Y(1S)
: - y, S0F 8
# Proposed production channels: $ 5
n . + . . + . 0 E 0 40:_
Y(LS, 25)-%,,G,", f,(1285)"G, " 1, ~ G, ", 0*G,™ 2 ¢ 2 0
NE ® 0
# Predicted G,” masses are 2.80, 3.81, and 4.33 Ge\x/c% : g mg -
PRL 113 (2014) 221601, JHEP 1510 (2015) 137 § “F ) conn| M A )\
10F i 10F g
a Mixing with quarkonia makes their search difficult ek 2
15 2 256 3 35 4 40’25 5 55 6 15 2 25 3 35 4 4.2 5 55 6
- MMy ) (GeVic) MM ) (GeVic?)
Y (1S, 2S)- f (1285)*G, Y(1S, 2S)- x,,~IWG,~, "G,
0 O sem v(1s 0 3
"102M Y(15) ok (1S) : £ 102M Y(1S) g0k 158M Y(1S)
o, 250F T il o 100F .
T P b 3 o T
- & L3 s " {5 o0k
Q 150k 8 200F G(4330) 8 60F i 2
g : G(4330) % e = G2810) o?r}; . . \ %30005- G
€ 100k : 3 : 130
§ 100; G(2800) E 100;_ G(2800) E’j : } , 52000_ ok (;13310){ )
. 50F 50 v ; o
Y5225 2 a5 4 45 5 55 6 157225 3 a5 4 45 s only UL NI 1572725 9 35 4 45 5 65 ¢
MM(f (1285)) (GeV/c?) M 1285 (G P Ry Jly) GeVic) W) GV
D @) JULICH
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Search for 0 glueballs
Upper limit on BR of the order of 10°-10° @ 90% c.l.

=10°
i~ E (a —— G(2800)
-l O'IGE ( ) - (G(3810)
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Upper Limits (90%C.L.)

Upper Limits (90% C.L.)
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Main Achievements in Bottomonium at Belle
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Main Achievements in Bottomonium at Belle

Z in Y(5S)-n'n Y (nS)

Parameter Y(1S)w w T(2S)n 7~ TBS)ntn~
v - 4.8+1.27:2 18.1+3.177% 30.0 +6.372-

ZL (106101 i] 3 D 3 =T 1
Z»(10610) mass, MeV/c®>  10608.5 + 3. 4+3 T 10608.1 £1. 2+1 10607.4 + 1. 5+[’ i
Z,(10610) width, MeV />  18.5 £5. 3“% K 20.8 + 2. 5+L§ S 18.7 £ 34195 ;’

- £, % 0.87 £0.32751 4.05 +1.27532 13.3 +3.67%°

2 (10650 7 0. 12 0.15
Z,(10650) mass, MeV /c®  10656.7 £ 5.0+ 10650.7 £1.5193  10651.2 + 1. 0+D i
Z,(10650) width, MeV/c? 12 1+311ng2{;? 14.2 + 3.7+0 ?1 9.3+ 2275 §
07, degrees B3t —10L1375 AL
€z, (10650) /€2, (10610) 0.40 £0.1215-9: 0.53 £+ U.UTtg;ﬁ 0.69 + o,ogtg},ﬁ
IT(nS) f2(1270) 5 % klshiol, 5+3§ 4.09 + 1.0t[1’j§f -

AP TR 86.5 + 32152 101.0 + 4.2153 440+ 62718
(nS)( )s 3.5 4.3
fT(nS}fD(‘E}SD}: % 6.9 £ 1. 6+gg — _
_ +35 _ +4
072 (10610)n% X Brasys = 109£27775  1b] 072 19650)x7 X Byasyes = 20775 b
_ 96+188 _ +43
- +92 s +43
072 10610)n% X Brasyat = 438 L920y3, ) 072 10650)ns X Br(asyss = 194+ 53755 fb




Z_in Y(5S)-B"Bn" + c.c.

& BBr = BB +c.c. & One B is reconstructed
€ BB'nt - B B'n+c.c./ BB *n—+c.c. @ Select a bachelor r+

& B'B'r - B*B**n—+c.c. R“B/n € Check Br recoil mass

ot arXiv:1512.07419,
T PRL 116, 212001 (2016)
3000 ———————— :
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N(BBm)=13£25 N(BB*n)=357+30 N(B*B'r) =161+ 21



Belle Il mc
B+ — K* X(3872), X(3872) - Jhumtn-

x40 more statistics

Inner vertex detector
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X(3872): ACHIEVEMENTS AND INTERPRETATION

AT BELLE

~150 events in 10 years
Belle. Phvs Rev D84(2011)052004

-
o

Event / 0.004 GeV

3.8 3.85 3.9 3.95

(/) | GV

Mitglied der Helmholtz-Gemeinschaft
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MX(BB?E):(BB?l.BSiO.27(stat)io.19(syst)) MeV

B(B*—K™X(3872))xB(X(3872)—n"n " J/y)=
(8.63+0.82(stat)+0.52(syst))x107°
B(BO—K®X(3872))/B(B+ - K*X(3872))=
0.50+0.14(stat)=0.04(syst)

AM =(-0.71%0.96(stat)+0.19(syst)) MeV.

X[BO-B+4]

X(3872) observed in different decay modes,
and different production mechanisms
At DD* threshold E_ = 160£330 keV,

but no threshold effect
'<1.2 MeV — too narrow!  Bugg, JPHG35 (2008) 075005

The DD* decay of the X(3872) is dominant
~ x10 than other X(3872) decay modes — a molecule?

Isospin-violating decay: B(X(3872)— J/wp), ~10 too large

9 JULICH
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X(3872): ACHIEVEMENTS AND INTERPRETATION
AT BELLE

# Correlation function from MC g
I (output) =f( " (input) ) 25

# 3-dim fits validated with v width
I,=0.52+0.11 MeV

(PDG: 0.304+0.009 MeV)
— bias 0.23£0.11 MeV

s procedure for upper limit: a.si_
width in 3-dim fit fixed

nsignal
— calculate likelihood

PRD 84 (2011) 052004

3

2

15

I" Output (MeV)

s

and ng floating 0 05 1“I1nput (M;;V) 2 25

o
AL

8 [ ag2 < 0.95 MeV + bias Reference channel: B — y(2s)n™n
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X(3872): ACHIEVEMENTS AND INTERPRETATION

AT BELLE
: # |sospin-violating decay:
36+ B(X(3872)— Jhyp), factor 107 too large
> M , JPC = 1™, predicted nearby x_,
2 25 Barnes et al, PRD72 (2005) 054026
g g ' s Mass =50 MeV higher
20— 1 .
% F + # Width =100 larger
€ 15 e
Q I
@ 0 7 :
3 [‘F 50 ‘F :-
N it é"%’d"déé‘ T What can be done better to disclose
the nature of the X(3872)?
m(m) / GeV
@) JULICH
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Candidates / 5 MeV

Candidates / 5 MeV

A Belle | 2

B decays | ¥
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Candidates / 10 MeV

X (3872)

- BaBar |3
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" LHCb
B decays

X(3872)

iW

U IR -

m{Jf‘qmﬂt—) ! MeV

4 ;
| Y | CIﬂS
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1.
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] ;M.-, —
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Photoproduction of X(3872)

Muon data 2003-2010
N (25) = 16.14+5.2

Y

Ny (3872) = 13.9%4.9 St

Oy = 20.646.1 MeV 2 &
g

e \f 5 GeV!

COMPASS, arXiv:1707.01796 [hep-ex] Ve M 1 W g g

UJ JULICH
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Is the X(3872) exotic ?

TETRAQUARK
[aQ][aQlg MOLECULE
Diquarks Intriguing Analogon
are colored 1.8 GeV 2 GeV
Maiani, Riquer, Piccinini, Polosa, Burns; . _.
Ebert, Faustov, Galkin; Chiu, Hsieh; PION
Ali, Hambrock, Wang 1 GeV 1 GeV
THRESHOLD CUSP @_ _
PION
X(3872) T/
Torngvist; Swanson; Braaten, Kusonoki,
T Wong; Voloshin; Close, Page
Guo, Hanhart, Meissner
Bugg; Swanson courtesy of J.S. Lange, HIRSCHEGG2018
Mitglied der Helmholtz-Gemeinschaft 12- March 2018’ Seite 54 J Forschungszentrum



Y(4260)

" |nitial state radiation events BESIHI, PRL110(2013)252001

e*e~(yisp) — - Jiy at BaBar

£ Egy i . 120 . r . r g : : |
e & ¥ YIER J/UMT T P 5 1o * PRD 86, 051102(R) (2012) |
resonant state? E; _
" Quantum numbers e . 3
> )
JEey T 2
cc e Et:(%tv;s Ty
e*e~(yisr) —> - Jiy at Belle
(based upon production r _+
. ' 80 | PRL 110, 252002 (2013)
decay to eTe™ not seen 70
5 60 ¥~ BESIII
(although 1--) € s0 {
= 40
. decay to D(*)D(*) not seen ;E 30 | H * threshold
(although phasespace huge) LB MMH HN]WIM :
" recent hot topic: lineshape ; e }‘L Www#m

distortion at DD{(2460) threshold ? 38 4 42 44&:(;3)5 5 52 54

BESIII, Phys. Rev. Lett. 118 (9) (2017) 092001

Forschungszentrum
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Y(4260) parameters

BABAR CLEO-c  Belle Belle BABAR BABAR BESIII
L 2145 133 Bhdfh 548 fht 454 fbo—! 454 fb! O ot
N 125+23  14.1157 165424 324+21 344439  — 3853+68
S ~& ~4 9g >T0 >150 — - 7.60
m 42594872 428311744 420541011 4247412707 42524672 424445+4  4222.043.1+1.4
I 88+23"% 70738 133+2671°  108+190+10 105+18%; 11471847  44.144.3+2.0
BaBar, Phys. Rev. Lett. 95(2005)142001 ‘

CLEO-¢, Phys. Rev. D74(2006)091104
Belle, arXiv:hep-ex/0612006

Belle, Phys. Rev. Lett. 99(2007)182004
BaBar, arXiv:08081543[hep-ex]

BaBar, Phys. Rev. D86(2012)051102
BESIII, Phys. Rev. Lett. 118(2017)092001

Recent hot topic:
mass in direct e+e—
seems lower than in ISR

UJ JULICH
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Is the Y(4260) exotic 7

TETRAQUARK

higher excitation 7?7

Maiani, Riquer, Piccinini, Polosa, Burns

MOLECULE

heavier mesons (5D1(2460)) ?

PION

[Swanson, Rosner, Close
Guo, Hanhart, Meissner

Mitglied der Helmholtz-Gemeinschaft

12- March 2018’

HADRO-CHARMONIUM [J/ £,(980)]

= n* T cantinim
2 W eeweee Interference term =
# | —— {,{980) component
= 4y — Al components
10
&

Phys Rev. D86(2012}051‘102 :

-l

04 05 (L] n? :18 :19 1 I.1

mir' ‘nf_ne\p"}u‘}
Voloshin, Li

(Guo, Hanhart, Meissner)

HYBRID
Q & Q

[QQg

Zhu; Kou, Pene; Close, Page;
Lattice QCD, Bernard et al.; Mei, Luo

courtesy of J.S. Lange, HIRSCHEGG2018

JULICH

Forschungszentrum
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Y STATES

S P Belle { 3isf vpguem 4 Belle
= | Y(4008) 1€ 1 215F v(4350)
o : 3 Ty) 5
o~ 2 I
m —
S g
it i
M(Jiw rr)/GeV . . M(y '7x )/ GeV
20 T T T > ,,LE
E oF BaBar: & 2 Y(43p0) - BaBar
i =T \ 1
0 :Z _' E e 1
Ié" i Y(4260) c § :{"-: | i\ Y(4660) ;
g 30 Dowosp ;
% |
. R ALY AT
058 4 T T S Y T v Y O eIt 5 s s
My ot )/ GeV M(y &x )/ GeV
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Cornell-Potential

* Coulomb-Potential

Eichten, Gottfried, et al. PRD 17(1978)3090
Barnes, Godfrey, Swanson, PRD 72(2005)054026

4=0.5 GeV/fm

+ Confinement-Term

4 — 4 a; . vi(r) [Gev] /
V [’J‘”) = —g? + k]” 1 -
[ 2 &= e e
spin-spin 3{ mj 0,557 e
Im; | 4=1.5 GeV/fm
_ , 1 2 k. o=
spin-orbit mf( el 2?") LS Aoy
L da, 3 578 = 2 3T
tensor me " T
* solve Schrodinger equation
(quark mass heavy — on-relativistic) .
Lstates Notation
U(r,0,0) = Ryu(r)Yum (0, d) n25+1| ]
1 (0* 20 I(+1) , PC
{_E (m + ?_E 3 ?nq?_-‘g + V(? })] R;—u’(?] - Ef-nERn.{(TJ J

JULICH

12- March 2018’ Seite 59 J Forschungszentrum
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Cornell potential:
Wronski-Determinant must be zero at turning point

_ 2 _ 2 / :
L o E — 2m N dm? —4dmlb + F N dev, Y(4660)
turning point 20_ 40-2 30- -
\_,E : e e a e ,-;
UD _‘-\-\-H-H- 3 ............................................................ -!- ................
‘:—;. 1,54 /—.\ E 2.5 4
= 101 Beoskx <
= | \ "-._ /.-\ De-ﬂ'..-[ d;
05 1S N [ = 5
00 1 5
7] | radius [frn] =-|-_
0,5+ \ o 2 S ]
104 “‘j R e e e
e " Mass / GeV
n

M=4.660 GeV - turning point of wave function is 2.2 fm!
* large fraction of wave function in string breaking regime r>1.4 fm

courtesy of J.S. Lange, HIRSCHEGG2018

IJ JULICH

Mitglied der Helmholtz-Gemeinschaft 12- March 2018’ Seite 60 Forschungszentrum



Charmonium vs. Positronium O Q

Decays to light quarks suppressed

— narrow widths Charmonium poakroniiim
CHAR
Lo IARMONIUM f POSITRONIUM
315, sk
i}
900 b . - -
g %’) Dissociation -» e* e-

~ 800 g ~ T 2, 2%,
0 £~ <I 27, \
= 700 Dissociation - DD § 2 s g 23:, —
e ; = s —
~—. 600 - ! E 23."9
:(13 215‘3{”‘;} Q:Sihﬁ"] & 9 -
= 500 23P,(x,) & ~—
E —\ vz'lP‘ v 5 :“ 3

m L —— — - L L
2 o | 2 differences for

i L .
? Pr S o higher states
M 200}

(@)

E C i

100 | 5

135, (¥} - n=1 13
ﬂ | — e 1
| ORTHO m o :
-0t 2% PARA % 1S
1S States 7S States 1P States 38 States 'SStates 35 States 1P States 3P States

courtesy of J.S. Lange, HIRSCHEGG2018
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15(1 351 IPL 3P’[) :ipl :ipz 1D2 3D1 :iD'_g :‘Da lF;; HFQ,H,-']IG,l HG:‘}A,E
Charmonium
”_:_’_’- t':’"” " -_:.J'- X_é_i:‘ )
B nY . xal Xe2 . hes Y345
e Teo ’ wg _%ﬁ_
T piail . - P hea X234
R = SO
==t XeQ 5 Tle2 .- 1 (LR .Df_ DD*
Rl PRI | - ik DD
= . \ 5 s
I h- _ Xel Xe2 :;tﬁa Cﬁa\ ’Eil‘ngatﬁi
)lClI' ed St a\ Q
\ oW
IR N0 g \\ SN
L cONY T (qQ\e®
-
o) (a2t

o= o= Lo A%t ofede: ek ek g omen gy

Barnes, Godfrey, Swanson, Phys. Rev. D72(2005)054026
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Landiao LIU, QWG 2016
/ STATES AT BESIII

DD* threshold D*D* threshold

N

" 100 Gy g S H
o B
2 &0 i i, 5w
E | B ] " g Al
o &0 =
o il _,\H- \g i % E o
g - - Sl E <]
R r. Wk
1]
2 3T 38 38 40 ! i T
&
My [t} (GelE?) Yox w405 am -l.l.ul:.'iz"_‘_l'f;

et -t J/¥ ete—»alat J/ W ete - mtmh,
© % B~ comb.EKG 4 data o &
oot | e o[ e —mm 1
g " )| ] ém E -zl'tf'lﬂ'iinnal :; 2 E 'i
w 60 | %] T y: e | mws b 1
8w | el “F 3 jh i
§ 201 / 1 1 1) Em— / _i
ot ke, - - E 'l 402 o 400 o T 404 TOE 41 I
3.85 a.ﬁ( [3].?% '%TG?:.' 1;;0 315 1 O e RMLE A
ete -t ( [H_)*)' ete = n® [Dﬁ+)a ete =t ( D‘ﬁ']‘ ete -l {D+.[_]+}"
charged neutral charged neutral

Recent hot topic: neutral partners — isospin triplets
All of them 1+, whereever tested.

IJ JULICH
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Z states and ,confinement” ?
All measured Z.+ masses are above D()D(*) thresholds

State m (MeV) Threshold  Am (MeV)
Z,(3900)  3899.043.6+49 D*D” +22.4
Z,(3900)  3809.043.6£4.9 DD +23.9
7,(3900)  3894.546.6+45 DD +17.9
Z.(3900)  3894.546.6£45 DD +194
Z.(3900) 38854541 pp” +8.4
Z.(3900) 3885451 MeV DD +9.9
7,(3885)  3883.9+1.5+42 D*D" £7.4
Z.(3885)  3883.9+1.5+42 DD +8.8
Z.(4020)  4022.940.8+27 D¥D +5.6
Z.(4025)  4026.3%2.6£3.7 DD +9.0
Z.(4032)*  ~4032.1424 D™D +15.0
possible?
threshold CUSP no (must be @ threshold)
tetraquark yes (spin—spin forces)
molecules no, if bound state (pole below threshold, Eg>0)
Mitglied der Helmholtz-Gemeinschaft 12- March 2018’ Seite 64 J Forschungszentrum
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