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Introduction

s Gell-Mann Zweig idea: Constituent Quark Model
Still valid for half century — it classifies all known hadrons

s QCD-motivated models predict the existence of hadrons with more
complex structures than simple gqg (mesons) or gqqq (baryons) — the
so-called XYZ “charmonium’-like states

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

= 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 B-factories (1999-2010) into the field

9 JULICH
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Quark Bound States

Lifetime:
<10%s

Lifetime:
Lifetime: @ @ >10%y (proton)
<108s ~ 10 min (neutron)

@ <1019 s (others)
Meson
Baryon

Lifetime:

Lifetime:
<1020

Di-baryon Pentaquark
. D? — D™ “molecule”
Hybrid meson Glueballl

...and superposition of different states: ¢ |gg> + ¢ |qagg>+....

l) JULICH
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-Onia (conventional and exotics)

s States described by potential models, NRQCD,..., before B-factories era
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-Onia (conventional and exotics)
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-Onia (conventional and exotics)

s States described by potential models, NRQCD,..., after B-factories era
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D

Nomenclature o

Belle I
Belle, PRL 91 (2003) 262001
300:_ a) dota ” _ | b) MC
X, such as the X(3872) B A | :
- consistent with DOD*0 molecular state 3™t /1|
- found in B decays, large production also in pp 5 oo p o :
- no partners found i WO o
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Y, such as the Y(4260), Y(4330), Y(4660) 30
- produced in initial state radiation and E. ,,, scan
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Z, such as the Z(3900) and the Z,(10610) . o

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

X, such as the X(3872)

- consistent with DOD™ 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 E

-JPC =1-

c.m.

- overpopulated for charmonium

Scan

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

- seen in decays of gqq and B decays
- charged states: cannot be charmonia

- b- and c- onia: similarities
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(1] [PDY] DD DD [0 D]

L5=EI 1 0 1 o 1 o 0 0 1 1 1

Z(4430)
c—

Za @ Z(4200)
4 &

Mass [ GeV
Mass / GeV

=
Z(3900)
£:(33385)

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

ot 1~ 1t »r 1= 2 ot 1t 2 1 7 3
— large widths — narrow widths
— not connected to thresholds? — near thresholds

s Belle Il is in a unique position to look for both Z types:
- through B decays (LHCb, no BES llI)

- threshold state (BES IIl, no LHCD) 'J JUL|CH
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s BaBar + Belle:

>1.5 ab™ integrated luminosity - triumph in the history of B-factories!
fbl
1200 .................... ey ———— z‘+ (3895)
e h,(1P, 2P)|| Z.* (10610)
1000 2+ (4430) Z.' (10650)
: Y(4660)
800 [ Y(4008)
- D, (2860)
600 D, (2700)
X.. (3090) Y(4320) [
: X:z'
400 - [x(3940), Y(3940) )
! ’m Y(4260)
200 | | triplet X(3872)
D,* & D,* D, (2317/2460)
0 __7 %(&ee > COCC it

1998 2000 2002 2004 2006 2008 2010 2012

D

<o

Belle IT

>1ab™
On resonance :
Y(58): 121 Bb*
Y(4S): 711 !
Y(3S): 3tb"
Y(2S): 25"
Y(15): 6 b’
Off reson./scan:

~100 fb

513.7+ 1.8 fb"!

(On resonance:
Y(4S): 424 fb!, 471 M

¥i35): 28 b, 122 M
F(2S): 14fb!, 99M
Off resonance:

48 fb

s Not only B-factory, but cc-factory with so high luminosity

s Still statistics limitation in spectroscopy for rare processes (BR<107)
s Upgrade needed!
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. Aerogel Cherenkov cnt.
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From Belle to Belle Il

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 II)
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

ps. TOP detector surface is polished to nanometer precision for total
reflection of Cerenkov light

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

# 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) (2 — Zo)?

By(z) = B, (1 + B2 )

o@xvEE @ A JULICH
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D
Luminosity and long term perspectives (&

Belle I

Belle Il online luminosity Exp: 7-8 - All runs

Integrated luminosity [fo~1]

s Phase 2, concluded on 17.07.2018: L = 504.9 pb1 - o " a oayperony

|
— Total

1

-

***1 Total [ c dt =6.49 [fb~"]

[0.83 b recor ded below the 43]
0.20 4

4 Phase 3, concluded on 01.07.2019: L = 6.5 fb-
1

# Summer 2020, expected up to 200 fb1

w
Total integrated luminosity [fb

Total integrated luminosity per Day [fb
o
o
w

s By 2026, expected up to 50 ab!

u i { & \") >
@?&\ 68\@ F O ‘9\9\0@ @Qﬁ o ©
¥ v
Jre=0*
& 2 gt bb-exotic

A
i 9
’B‘ i :’Y(ns;?

" - o - Change CM .Y W, «v.!
Bdecays  Initial state radiation Double c©  ¢=+1 4y collisions S,

l) JULICH
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Belle Il is performing well!

CDC-dE/dx distribution and predictions

g T - hadronic events
E . - tracks from IP

dE/dx

| III| | .I f. | I::..'I. Ill P 'l. I I.: I.J:I-IJ
107" 1 10

P (Geviel f & JULICH
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X(3872) total width

. Belle, PRD 84 (2011) 052004 |

... mass resolution A,
st L /!
s Known upper limit: ' <1.2MeV ¢ t (J/br'Te mode) A
(estimated from X(3872) - Jhpn*w), = ¢
on full Belle data sample el
N _ 3
s Very promising: X(3872) - DD% =
0.5
u:llﬂhrlllﬂlﬂlll ‘II - l1I5l. 'é Iﬁlﬁll
- T Input f_lluln;\” 1
s 2r Belle |l simulation + 50 H Hirata,
mode Q value [MeV] g - } } DODO%0 + 30 Master thesi
o = | : ©~90% C.L.| 2019
Jyrtw | 495.65+0.17 £ 15[ + # Current upper
DODOx0 7.05+0.18 s B -ur|
DOBO* 0.01+0.18 1 ; 2*%? *Hj?ﬁ} limit (90% C.L-)
= Due to very low Q value, the mass C e iﬂc dosg0 e sodotes,
resolution is extremely good 0.5 [~ *,,, ", vy oo
~ expected great improvement in r et ten e oot tesnmen s oo
the width measurement with50ab* oC . . . + . . .+ * |
0 20 40 1CH
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XYZ Expectations at Belle Il

s Yield of X(3872)—=J/pr*n” in 2021 will be about Belle yield of ' — Jhpm*n™
s Radiative decay X(3872)—Jhpy: expected yield N=350 in 2021
s The width of the X(3872) could be measured with a systematic error of

+0.11 MeV in radiaive X decay
— monoenergetic photon provides 4-constraint fit (AE/E~2%)
— systematic error on width may be ~110 keV
s Search for exotics at D'D" threshold (better slow pion detection at Belle I1)
slow pions reconstruction efficiency >60%(L. Koch, Master Thesis 2016)

State  |Production and Decay N ..LPRD 84 (2011) 052004
X(3872) | Bo KX (3872), X(3872)—J junn | ~1ad00| E £ 300K
Y(4260)|ISR, Y(4260)—J /won 7™ ~29600| 8 -F

7,(4430) | B KT 7(4430), Z(4430)—J /om™  |~10200{ " o
Expectation with 50ab™ data at Belle I ‘“npmjmu LIC H
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Charmonium in ISR: Perspectives

s Line shape of the Y(4260)
s Strange partner of Z(3900) in KKJ/y
s Cross sections of exclusive (cc) + hadrons

Golden Channels | E.,,. (GeV) | Statistical error (%) Related XY Z states

mtr I/ 1.23 7.5 (3.0) Y (4008), Y (4260), Z(3900)
mtr—(28) 1.36 12 (5.0) Y (4260), Y (4360), Y (4660), Z.(4050)
KTK~J/ 4.53 15 (6.5) Z s

mt " he 4.23 15 (6.5) Y (4220), Y (4390), Z.(4020), Z.(4025)

WX 4.23 35 (15) Y (4220)
50 ab*
10 ab™

¢ ) JULICH
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Why Bottomonium at Belle 11?

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

s Z states were only found so far in Y(5S) decays

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

s 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 Il

IJ JULICH
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D

Expectations on Z states at Belle Il Lo

Belle I

s If Z is aloosely-bound state, several new molecular states should appear

Y(6S) and Y'(5S): conventional state search
s Belle Il 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

Y(6S) and Y(5S): new exotics search
s Belle Il goals:

- Y(6S): 100 fb™* exploratory run
-Y(5S): 1 ab™ high statistics run

Y(6S) and Y(5S): scan
s Belle Il goals:

- Y(6S) and Y'(5S) behave differently in siwY" and smn
— hint of a non-bb nature of Y(5S)?

- investigate an extra resonance around 10.750 MeV/c?

¢ ) JULICH
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D

Y(3S): Opportunities at Belle li Lo

s Exotic states contribute to the hadronic and
radiative transitions from narrow quarkonia

T(nS) ) T(nS) : ;
'\ —<
- Complementary approaCh to the T(mS) T(mS)

direct search from Y(5S) and Y(6S)

Y'(3S): exotics in transitions ) Q ._ @
s Belle Il goals: O o
- Y(3S)~ mY(1S, 2S) still limited by statistics T N\

; ; TimS) T(ms)
- perform full amplitude analysis
- search for missing mt/v) transitions to constraint further theoretical models
- study hindered radiative transitions

Y'(3S): charmonia in production

s Belle Il goals with 300 fb™:
- up to 5x sensitivity in inclusive production from Y(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)

Y(3S): rare y, decays

Y'(3S): deuteron production mechanism " JULlCH
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Candidates / (5 MeV/c?)

Pull

“Re-discovery” with Phase 3 Data
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D

“Re-discovery” with Phase 3 Data QB%
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“Re-discovery” with Phase 3 Data
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“Re-discovery” with Phase 3 Data

Candidates per 6 MeV

Candidales per 0.015 GeV

Fully hadronic B event reconstruction
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“Re-discovery” with Phase 3 Data
Y(1S, 2S, 3S)

ISR process: Y(2S,3S)-Y(1S)n 1

Belle Il 2018 Preliminary J Ldt=3.451f"

- o Toees 5= Y(2S) Belle Il
96 EIREY 40— \, 2019 Preliminary
955" T e Ldt=3.45fb"
- p - fee © E
g 9-5:_ a E B ’ El : o % 3[}:— ()
% - . E ] g ;EI_ E o5E Y..-_']\_-._.
(5—945__I:I e 0 EUD UBO E‘ — \
g L . o0 e .y m
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Summary

s Great achievements with Belle (~ 1 ab™) in spectroscopy,
but still opportunities for unique physics with the new upgrade Belle lI!

s |In SuperKEKB e*e" collisions will reach unprecedented instantaneous
s luminosity: 8xX10%° cm™@ s

s Improved tracking and PID in Belle 1l

s Phase 2 and 3 in Belle Il completed!

s Expected by summer 2020: 200 fb-1

s Expected 50 ab™ integrated luminosity at Belle Il in 7 years

s \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) compared to Belle

- good slow pion reconstruction to search for D'D® threshold exotic states

IJ JULICH
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Backup slides
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How can Belle Il perform
these challenging measurements?

- most powerful e+e- collider in the world
- x40 more luminosity than Belle

- high vertex resolution

- excellent tracking perfomance

- improved slow pion detection

l) JULICH
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Vertex Pixel Detector (PXD)

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

e I \ [ 2 £ [ 2
= 140: Fit function: o = a‘z+_b—3[2 S, 1401' Fit function: o = a2+_b—m
o M ppsin(e) o o ppsin(e)
% 120 :'_\ Belle SVD2 cosmic (Data) BN715 g 120 J:\ Belle SVD2 cosmic (Data) BN715
L= | —— = + [n _
5 1008 a= 174203 um = 00l —=— a= 263+0.4um
= N b= 34.3£0.7 um GeV/c % :: b= 329%0.8um GeV/c
N 80 s Belle Il single track events (MC) ) - Belle Il single track events (MC)
2 e S N a= 9.0+0.1um K2 = S e [PRYRS a= 11.5%0.1um
= 60:: b= 17.5+0.2 um GeVic Dl 60:‘. b=179+0.2 um GeVlc
S ey N -

401+t 40:""!

] ‘q - ™

201 i - — 20 b
_ ot _ oC
s 3 s ME T e o s
gb Pl 4 e S Gl S——— gb e i $
= 18 == - = 18T+
3 I A NI A SR AT AR o 1.6
':Ob 0 1 2 3 4 5 6 7 8 mb 0 1 2 3 4 5 6 7 8

ppBsin(0)*? [GeV/c] pBsin(8)*? [GeVic]
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Central Drift Chamber (CDC)

E‘ 1_ T T I T T T r T T T F T T T
L B et
5,:9 i Rl Belle Il Simulation (Preliminary) |
E D_B — . : F ._
8 [ ]
T oos[
0.4/ _‘
I~ ﬂ;—@ = 100 .[Im -
200 ns dead time :
0 i N P B B R I
4] 05 1 1.5 2 2.5

¢ VXD + CDC hits
in EventDisplay

Jan 16, 2019:
. First global SVD cosmic run

AN ] : _
Exp. 5, Rurp690, Evt. 14110 02- September 2019 pre i .
(Jan 27, 2Qﬁ9) T Momentum [GeV]




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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Main Achievements in Bottomonium at Belle

ete —>a'nY(nS) e'e—n'mwh (nNP)
5 4 —~
% Frtn Y (1S) a
o 25F ~
= 2F I
o 1.5E +
1 5‘«
0.5F
0 é ‘Cb
r% ? m£
O ©
2 S [
¢ "
3 g f _
?I; g oL Ttﬂfhj(ﬁp)
o Eg
- “E B Ak
S 2sfF L 4:
X 2F Nt
o 15f sy
n:§ 1§ m\.ﬂ 5
0.5f b U. ____________________________________
o [
-0.5F 1 . T T T A P
10.65 107 10.75 10 10.85 iﬁ“ﬁﬁaﬁl[ieelv”' 108 1085 109 1095 M1
E_ (GeV)

-+ elPA |2 .
ELO |AsstePAss| PRL117, 142001 (2016) @ A JULICH
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Main Achievements in Bottomonium at Belle

Z_in Y(5S)-a'wY(nS)

Parameter T(1S)m 7™ YT(2S)yn ™ T(3S)nTm™
ft . % 4.8+ 1.2 4 181i31+“~‘2 30.0 +6.3727
?IL (106101
7»(10610) mass, MeV /c®  10608.5 + 3. 4+3 7 10608.1 £ 1. 2+1 10607.4 + 1. 5+[’ B
Z,(10610) width, MeV /c¢*  18.5 £5. 3+% ) 20.8 + 2. 5+L§ ¥ 18.7 £3.41%7 g
S 0.87 £0.327 01 ISR 13.3+£3.675°
o (10650 T 0. 12 —0.15

Z,(10650) mass, MeV /c?

7y (10650) width, MeV /c?

10656.7 4 5.01 31

¢z, degrees
CZ,(10650) /Czb (10610}
Frins) rp(1270), %0
Frns)(rtr—)gs %0
fr(ns) f0980), %

10650.7 £ 1.5+0-5
142i3?+8?1

10651.2 + 1. 0“’4
93i22+3§

4 8 0. 6
T T 36 55 —10E£137 55 —5E 2253
0.40 % 0. 12+g o 0.53 + o.oﬁg;ﬁ 0.69 + o,ogtg;*ﬁ?
14.6 + 15153 4.09 £1.015 —
86.5 =+ 3. 2+3 3 101.0 +4.2153 44.0+6.2155
Ggilﬁi_ — —

0 7% (10610)xF * Br(s)ns =
T 7% (10610)xF * Bras)xr =

T7%(10610)xF X By gyt =

737+ 12671 fb
438 +£ 9272, b

10942715 fb

T7%(10650)rF * BT(lSJﬁ
Tz (10650)rF X By@s)yrs =

07 (10650)rF X Br(3s)x+

20+ 774
165 + 4975
194 + 5375

fb
tb
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()= Nano-Beam Scheme
(without cral)

crossing-angle

[

originally proposed for SuperB
by P. Raimondi (INFN)

crossing angle graphics E. Paoloni (Pisa)
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X(3872): ACHIEVEMENTS AND INTERPRETATION
AT BELLE

MX@B?Z):(BB?l.SSiO.27(stat)io.19(syst)) MeV
~150 events in 10 years | B(B*—K*X(3872))xB(X(3872)—n"n" J/y)=
Belle. Phvs Rev D84(20111052004 (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)
/_\MX[BU_BH:(—O.7110.96(stat)10.19(syst)) MeV.

-
o

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

but no threshold effect
g ['=1.2 MeVV — too narrow! Bugg, JPHG35 (2008) 075005

28 .85 3.9 s+2~ @ The DD* decay of the X(3872) is dominant

m(J/ynan) / GeV ~ x10 than other X(3872) decay modes — a molecule?
ate
‘ . # [sospin-violating decay: B(X(3872)— J/yp), ~10? too large

Event / 0.004 GeV

JULICH

Mitglied der Helmholtz-Gemeinschaft 02- September 2019 Seite 38 J Forschungszentrum



X(3872): ACHIEVEMENTS AND INTERPRETATION
AT BELLE

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

# 3-dim fits validated with y"width
[,=0.52£0.11 MeV

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

# procedure for upper limit: 3
width in 3-dim fit fixed A

PRD 84 (2011) 052004

3

¢ [*]
LI T

" Output (MeV)
- &
L | LI

=
(4]
N L

=]

H 0 0.5 1 I15I 2 2.5
Nggna 2N nBG.roa_ltlng T Input (MeV)
— calculate likelihood
8 [ 3572 < 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:

35 B(X(3872)— Jhyp), factor 107 too large
> M : JPC = 1%, predicted nearby y_,
2 2% Barnes et al, PRD72 (2005) 054026
g g s Mass =50 MeV higher

20— 1 .
® F + s Width =100 larger
t 15—
] -
@ 10- 7

; [+ 41

(N e i u.é"%fé"d.hs‘ au——— What can be done better to disclose

?
m(xr) / GeV the nature of the X(3872)"

l) JULICH
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X(3872)

[ ] s R >
%} [ Belle { @ s BaBar © ’ LHCb
= - = = 140 Ilf
w | B decays | 2 w B decays |~ B decays
ﬁ I 1 8 s ]
L | = = 1000
g - - s X(3872)
© I = T B
& | 1 & s s l
8 of + 18 S wo 1M
i | 1 9 400
R Hﬁ““ g N ++
SN BN T | 8385584386368 38 300364 360366 3 0
a&20 2840 2380 Jsm e.-ann 3600 STDD
m(Jiyn+r—) — m(J/y) / MeV m(Jiyn+n—=) / GeV m(Jf"W*ﬂ—) f MEV
s, 30007 - % — X(3872) :.;:; _"193
1 inclusive 35 ' -
= 2500 CDF-II E I E ; | Y CMS
0 1[' = = 30— | inclusive
@ 2000] = e % 25— 1
[ X(3872) w I o L f !
5 1500 5 400" ® | X(3872)
g Msmpwned & [ S '. R
O 000 - lQ I : : "u—-v"""M
}- 200 0
5001 * i 5
"J . ot PN TN N RN A
0 . rr—s 058 07 08 09 1 36 365 37 375 38 385 39 395 4
365 3.70 3.75 3.80 3.85 390 395 4.00
m{Jiyr+n—) / GeV m{Jiyrn+n—=)-m(u+p-=) / GeV m(J/yn+n—) / GeV
@) JULICH
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Photoproduction of X(3872)

Muon data 2003-2010

N,y(25) = 16.1£5.2

-
M3

Oy = 20.646.1 MeV L
o
= =
e | L
o &l goes beyond kinematic
1ng *\} " limit in B decays
107 — 5 GeVI
10 :
COMPASS, arXiv:1707.01796 [hep-ex] R VA AV
Mitglied der Helmholtz-Gemeinschaft 26- September 2019 Seite 42 J Forschungszentrum



Mitglied der Helmholtz-Gemeinschaft

s the X(3872) exotic ?

TETRAQUARK
[qQ]S[qQ]S

Diquarks
are colored

Maiani, Riquer, Piccinini, Polosa, Burns;
Ebert, Faustov, Galkin; Chiu, Hsieh;
Ali, Hambrock, Wang

THRESHOLD CUSP

X (3872) T/

JUTT

Bugg; Swanson

02- September 2019

MOLECULE
Intriguing Analogon

1.8 GeV 2 GeV

. PION_.
1 GeV 1 GeV
@ PION@
Torngvist; Swanson; Braaten, Kusonoki,

Wong; Voloshin; Close, Page
Guo, Hanhart, Meissner

courtesy of J.S. Lange, HIRSCHEGG2018

l) JULICH
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Y STATES

= | Y(4008) Belle 1 2 sk v(43s0) e
o ' G n L
o~ Y [
[7;) T
L 11}
5%
My 7 )/ GeV - My nx )/ GeV
> 80— —— —_ E ;; LN BLALELE L ALEL BLELEL ILELELH BLELIL B
® g - BaBar
= 18
o
-ﬁ.. E :: 1.
2] 2E N -
g A 1N Y(aee0)
gl W s =
: Ll
N y cibed 41144 B LELETEET
] O™ 437754736 28 5 52 54 56 58
My =z )/ GeV M(y 7z )/ GeV
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Eichten, Gottfried, et al. PRD 17(1978)3090

CornEI I—POtentiaI Barnes, Godfrey, Swanson, PRD 72(2005)054026
* Coulomb-Potential
+ Confinement-Term 4=0.5 GeV/im
. B 4 (kg . vir) [Gev] /
V [?") = —g? + kr 1 —
spin-spin Sfm?&ag;iﬁi —
Img | 4=1.5 GeV/fm
_ | 1 20 [ S——
spin-orbit +m_f( el Qr)Ls _Eﬂ_“
. o J 3r
1 davg 3507 Sz - -
tensor — _(‘3 5 - SQ:SF]
m: re
* solve Schrédinger equation
(quark mass heavy —=' on-relativistic) .
»states Notation
1]1(-;.“, 0,0) = -Rn.f('r)}/lm(ea GD) n2S—|— 1 I_J
(20 W+ e PC
[ myg (5};52 * ror + mgr? VG })] R (r) = Enibtn(r) ‘J

l) JULICH
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Cornell potential:
Wronski-Determinant must be zero at turning point

B _E —2m 42 —AmE + B2 4o, Y(4660)
urnng poine = " 107 - 5
E E : E |
E /|
Uy I S T ——— e
e ,/\ E s d
E =
= ' - Beoskx o .
=] =
os- \ E g U3 2.
=
0,0 | % 1
| radius [fm] uy
0,5 25 25
e \‘J 02\5 I I :Ii I dl—:. I é. ’ 5.5
- | Mass / GeV
" 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
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Charmonium vs. Positronium O Q

Decays to light quarks suppressed

— narrow WidthS Charmanium Positronium
— CHARMONIUM T POSITRONIUM
33, =L
i
900 |- § ) .
g %‘J Dissociation - e* e-
> 800 E T 23, 2%,
(D -E _— 2 1PT N
= 7™  Dissociation -~ DD s 9 4<[§ zsp P
S— - = ! J—
~. 600 - ! E 23_;:0
0 2'5,(nd) 27590 = O 4r
= . 23, (x;) B —
E _\ 21#1 i —— E > .
4m 1 ——— — - 'l
o o | 2 differences for
—
300 - —_— .
n 23p, C LL
7 0§ 2 higher states
2m' L.
@)
E C 1k
100 - _a
1 S't llH -E =1 1
ol —— ORTHO D o " " s,
-100 | 1 131;{71‘(_-] ?_.. "
PARA :[ “pal. W
15 States 35 States 1P States 3Ip States 'SStates 35 States 1P States Ip States

courtesy of J.S. Lange, HIRSCHEGG2018
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Landiao LIU, QWG 2016
/ STATES AT BESIII

DD* threshold D*D* threshold

N

3 100 G M 4
! P = iy
5 i 13 Ty ”
-
5 oo - o s ® g
ol b 1 "H' \ﬂ i i} T ; :
+ CEA. ] a
ﬁ ol i HE ¥ an B!
] E =
fin] It 1 o
o [
3T 18 38 &0

B Y AEF 4 4EF 4l
WIS eV

My T2 1} (G

et > atnJ/Y ete - alalh

ai- 80F R |
2100p - 3 " 1
> L 2 E H
D ok 2 00- ~ - L{4025) = 41
= = PHE® signal ;2 {

e | | we = 11
il TR 2w : : E
@ aob | Mg P jh, 2
= 11 ) Em_ 7 -i
S b | - & :
w0 {

395 3.00 3.05 4.00 4.05 4.10 415 T T T T TUA0Z 4D 400, 408 BT

M[D'ﬁ'ﬁ (GeWcE) ulw'nw:":. RM(T) (GeViC)
ete' -t (DD*y e*e" - a (DD*)" e o nt (D'Dy e'e >l (D'D")
charged neutral charged neutral

Recent hot topic: neutral partners — isospin triplets
All of them 1+, whereever tested.
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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)  3899.0+3.6+4.9 ﬂ@”“ +22.4
Z.(3900)  3809.0+3.6+4.9 DD +23.9
Z.(3900) 38045466445 DD +17.9
Z.(3900)  3%04.546.6£45 DD +19.4
Z,(3900) 3885+5+1 ptD" +8.4
7,(3900)  3885+5+1 MeV DD +9.9
7,(3885)  3883.9+41.5+42 DD +7.4
Z.(3885)  3883.9+1.5+42 DD +8.8
7.(4020)  4022.9408+27 D*D +5.6
Z.(4025)  4026.3+2.6+£37 D¥D +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, E;>0)
Mitglied der Helmholtz-Gemeinschaft 02- September 2019 Seite 49 J Forschungszentrum
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