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Quarkonium spectroscopy

Heavy quarkonium - bound state of a R
heavy quark and a heavy anti-quark A

2540610-5033

Test the interplay between perturbative 2 Low-lying High-lying
and non-pertubative QCD od ‘ 1 ‘96

Potential models achieved tremendous
success in the early years in accurately
predicting the excitation spectrum

VO (r) (GeV)

Effective Field Theories (NRQCD, potential

NRQCD) and Lattice QCD put the studies Cornell potential

of quarkonium on more rigorous grounds. V(r) = _ Kb
r
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Quarkonium spectra at post B-factories era
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The XYZ states

(2S+1)
LJ 1So 381 31:’2 3P1 3Po 1P1 3Ds 3Dz 3D1 1Dz ??? LJ 150 3s1 3P2 3P1 3I:’0 1I:,1 3Ds 302 3D1 1[)2 ???
<~ 5000 «—~11000——
§ — § ‘(Es) Y, (10890) e
g 4750 B Y(4660) CC § 10800 Z2(10650) bb
§ 4500 ::((1:2 7,.(4430) $ 10600 Y(:s) Open flavour threshold
= 4250, "YU ng |2 ey Z(10610)
X(4160) —, ' \lv (4:60; 2,(4050) 104001 '
40001 W(4040) 5 X(3915) Zc.(4020 Y(3S) = [
xass) w | i vap,) | 102001 1d2P)y, (2P) —op) PP _—
3750 . -
500 XYZ states: no rigorous definition
2250 X neutral, most C even, Y neutral, vector, Z charged (1>0)
Why are they exotic states?
3000
1. Narrow states although above open flavor threshold
2750 2. Strong coupling to low lying quarkonium
2500 3. Absence of a corresponding enhancement in open-flavor production h? 'Jpc
4. 7 states are charged and can’t be formed with a quark anti-quark pair |
challenged the simple picture that has been so successful for decades!
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Theoretical models

* Hadro-quarkonium: compact quarkonium-like

core surrounded by light quarks

* Diquark-onium: compact diquark and anti-

diquark substructures

* Compact tetra-quark: Compact four quarks

states

* Hadronic molecules: heavy and light quarks
and anti-quarks combined to form a hadron

pair

* Hybrids: both gluons and quarks act as active
degrees of freedom (contribute to quantum

numbers)

* Kinematical effects: threshold re-scattering
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2006

2007

2008 -

2009

2010

2015

Belle’s contribution to XYZ physics

PRL 91, 262001 (2003), cited by ~1400 records, most quoted paper at Belle!

X (3872) observed at Belle

X (3872) confirmed at DO, CDF

X (3915) [as Y (3940)] observed at Belle

Y (4260) observed at BaBar

X2(2P) [as Z(3930)| observed at Belle

Y (4260) confirmed at CLEO-¢

X (3940), Y (4008), Y (4660) observed at Belle

Y (4360) observed at BaBar

Y (4360) confirmed at Belle

X (3915) [as Y'(3940)| confirmed at BaBar

X (3940) confirmed at Belle

Z*(4050), X (4160), Z*(4250), Z*(4430), X (4630)
observed at Belle

Y (4140) observed at CDF

X (3915), X(4350), Y;(10888) observed at Belle

x2(2P) (as Z(3930)] confirmed at BaBar

Y (4274) observed at CDF

X (3915) confirmed at BaBar

Z,(10610)* observed and confirmed at Belle

Z,(10650)* observed and confirmed at Belle

X (3823) [likely ¥,(1D)], Z,(10610)? observed and confirmed at Belle

Z.(3900)*, Z.(4020)* observed at BESIII

Z.(3900)* confirmed at Belle

Z(.(.'SQOO)O observed at CLEO-¢

Z,.(4020)° observed at BESIII

Y (4140) confirmed at D0, CMS

Y (4274) confirmed at CMS

Y (4660) confirmed at BaBar

Z,.(4020)* confirmed at BESIII

Z7*(4200) observed at Belle

Z7*(4240) observed at LHCb

Z7*(4430) confirmed at LHCb

X (3823) [likely v,(2D)], Z.(3900)°, Z.(4020)° confirmed at BESIII

Z.(4055)* observed at Belle

Y (4230) observed at BESIII

P (4380), P (4450) observed at LHCb

Y;(10888) no longer observed at Belle

X(5568)* observed at DO

X (5568)* NOT observed at LHCb

Y (4140), Y (4274) confirmed at LHCb

X (4500), X (4700) observed at LHCb

fb-l
1200 : : , : . ——{Z+ (3895)
[——KexB —Pep| h.(1P, 2P)|[ Z,* (10610)
1000 - 27 (4230) /| z,* (10650)
Y(4660)
800 Y(4008) 1
D, (2860)
600 | D, (2700) ’
X.. (3090) Y(4320)
[ X ]
400 X(3940), Y(3940)
5 *baryon Y(4260)
200 + | triplet f| X(3872) | 1
D,*° & D,*° _|D, (2317/2460)
0 [ ™ n. &ee -> ccec .

1998 2000 2002

Coloured boxes: exotic candidates

2004 2006 2008 2010 2012

Belle observed the first exotic state
X(3872), and contributes to almost

half of the observations

(confirmations) for the following XYZ

HElrgtates |
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KEKB to SuperKEKB e

KeKB
S

Belle Il detector

Positron ring collision point

,. / ‘ - - 3
ectron ring . x; KEKB / SuperKEKB »

Reduce beam size to a few 100
atomic layers! (goal is 60nm)

_ | Electron-Positron |Doubled beam currents
WL | linear accelerator

This yields a x40 higher peak
luminosity (8x103° cm-2s-1)

Positron damping rin .
ping 71 Bellell will collect a dataset 50

times larger than Belle by 2025
(50 ab-1)
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1200mm

L

The Bellell detector

D 0R s s a0o00seens00o0eeses  AXial wire

3 C..... Oe o 0 .
05008 2e 5030085008305 Stereo wire
ee0000ea000000082222500 60-80 mrad

®¢%e%5% %% %0

Compact TOP, better K  separation,
allows larger CDC

«——250mm e 250mm — |

Air (n=1)
Quartz
Mirror n Oc (n=1.47)

@00 More layers and smaller cell
Air (n=1) in innermost super-layer

Time of propagation (TOP) « cos 6, = el KL and muon detector:

i Resistive Plate Counter (barrel)
LSF + MPPC (end-caps)
(EM Calorimeter: '\
Csl(T1), waveform samp
+ waveform sa

.

ntification
ation counter (barrel)

electron (7GeV) erogel RICH (fwd)

e
Beryllium beam pipe "
iameter )

Vertex Detector
2 layers DEPFET + 4 |ayers D

- = Belle IT
He(50%):C2Hs(50%), Small cells, lon
lever arm, fast electronics

DEPFET PXD: first HEP implementation

Spatial resolution is two time better than Bellel
17.03.18 HEIPA2018 9



The milestones of Bellell assembling

\Barrel PI%etectoi“ ' Ps |ﬂtalfed :

b r(cocim Iled
tober 2016)> / &
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Unique capabilities of B factories

Bellell is an ideal laboratory to study exotic states!
* Cover both beauty and charm sectors

2 1°°§'Y'(4'aro'»' B F - [

é 75 | | BELLE " E 30000 ras) _ hy(2P) 1

;}’ 50 s | Y(4660) - % 20000 - p hy(1P) : l’“\ Ys)

? 25 [ } { N.] + ; & ook :\ ‘ Y(1D) \)j\

o | Tl b i | WW

b ol e A KA T g Vo
4 4'5\'5 (GeV) ° > | | Mo (Gevic?) PRL ﬁn& 032001 2012)

* Variety of production mechanisms (for charmonium-like)

* ee annihilation e ! c b —c
Wi~ ¢

B decay Daz ) < .

€ q—q

e Two photon production

* Double charmonium production € — € c

. . . Y ' C

* High luminosity v ¢ ; .
et ¢ <
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Quarkonium spectra at post B-factories era
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why are there fewer bottomonium-like states than
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Search for flavor analogy exotic states

 Flavor- independence of gluon exchange implies that flavor analog states
should exist.

* The Z,(10610) and Z,(10650) can be considered as bottom partners to the
Z.(3900) and Z,.(4020) .

* There should be lots of Y3 and X}, found in the beauty sector.

* The existence and property of the bottom partners will reveal the nature of
the corresponding states

* E.g.if X(3872) is a weakly bound DD*, then the corresponding X}, would be
expected at mass 10640 MeV, however, in some models, X;, will not exist or
have other expected mass.

* Bellell can give access to a larger landscape for XYZ states

13



Production of charmonium-like states

B> KX; X »ntn J/yY
B— KX; X - D*DO
B - KX; X = ~J/v,v(25)
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)
X (4160) 4156750 + 15 [41] 13975, +£21 ete > J/Y+ X; X - D*D*
Z,,(4200) 1717- 41967355717 [46] 370170570, B—KZ; Z = ][y
Y/(4230) 01 - 4230 + 8 + 6 [149)] 38+12+2 ete” 5 Y; Y = wxw
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Z.(4430) 1+1+- 447813 [176] 181+ 31 Bt wJ(é'g)
)
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Production of charmonium-like states

B> KX; X —»ntn—J/y
B KX; X — DD0
B = KX; X = vJ/$,v(25)
X(3872) 0F1++ | 3871.69 +0.17 [176] <12 B— KX; X = wl/v
B KrnX; X > ntnJ/M
ete” 24 X; X s nta=J/yY
pporpp = X + any; X o nfn-J/3p
oy ete” = nZ, Z > nl/yY
Z.(3900) 1+1 3886.6 + 2.4 [176] 28.1 4+ 2.6 te- s nZ. Z - DD Many states have
X(3915) T e — - - vy = X; X s wJ/y .
B KX X5 wJ] only been observed in
=2 Z
ete” = J/Yp+X; X - DD* d Slngle prOdUCtlon
ete =2 Y, Y 5nnJ/ .
eFe” 377 L5 he mechanism or only a
ete nZ;
B KZ; Z - n¥xa i
DY ELi 7 single decay channel
B KY; Y — ¢J/
pporpp =Y + any; Y = ¢J /2

ete” = J/Y+ X; X - D*D*
B KT T Bellell can produce

ete” 2 Y; Y = wye .
oy e these states in:

B KZ; Z - 1 xa
ete” 2 Y, Y 5 and/y B decay’

B KY;Y - ¢J/y T .
ey e AT ee annihilation,

Lebed, Mitchell, Swanson, e+e1; :: XZY ; _7:;1;%25) YY fusion ’
double charmnium

Z(3930)
= 7a(2P) X(4350)

P 53, 140 (2017) B KZ: Z 5w u(2s)
: B — KX; X = ¢J/1

W X (4630) 1 46347573 9270 o1 ete” - X; X = AA,

Y (4660) 1 4643 + 9 [176] 72+ 11 efe” 2 Y; Y o i (28)

X{a08.18 | otott 4704 + 10757 [125] 120 + 31732 | HEIPA2B18 KX; X — ¢J /4 15




Production of charmonium-like states

B> KX; X —»ntn—J/y
B— KX; X — D*0DO
B - KX; X = ~J/v,v(25)

X (3872) 0t1t+ | 3871.69 4+ 0.17 [176] <1.2 B KX; X »wl/Y

B KrnX; X > ntnJ/M

ete” 24 X; X o ntn=J/y

pp or pﬁ+—>_X + any.; X = wtn—J /1
Z.(3900) 171+~ | 3886.6+ 2.4 [176] 28.1 + 2.6 A ’;rg g: ’;)J,/l‘-f
;fggigg 0t0t+ | 3918.4 4 1.9 [176] 2045 g”’_?K););‘_’)“;JJ//'f/}
Z(3930) (x2(2P)) | 0727+ 3927.2 + 2.6 [176] 24+ 6 vy = Z; Z — DD
X (3940) 394277 + 6 [41] 37T £8 ee” > J/p+X; X 5 DD*
Y (4008) 1 3891 £ 41 +£12 [23] | 255 +£40+ 14 ete 2 Y; Y anin J/Y
y Feo— .
Z,,(4020) 1+7= | 4024.1+ 1.9 [176] 1345 her :7:2? ’ZZ _:’D’r,,%_
Z1(4050) 177+ 4051 + 14727 [133) 827157 B KZ; Z = nxa
Z,.(4055) 1777- 4054 + 3 + 1 [148] 45+11+6 ete” > ntZ; Z — n1p(285)
Y (4140) 0F1*++ | 4146.5+4.5755 [125] | 83+ 217%) op or fﬁ__’ff,i Zn;’ ";,J ﬁf 6/
i
X (4160) 415675, + 15 [41] 13976t £21 ete > J/Y+ X; X - D*D*
Z,,(4200) 1717- 41967355717 [46] 370170570, B—KZ; Z = ][y
Y/(4230) 01 - 4230 + 8 + 6 [149) 38+12+2 efe” 5 Y; Y = wxeo
Z,.(4240) 170~ 4239 + 18715 (138] | 220+ 47710 B — KZ; Z — n*(2S)
Z5(4250) 1 77F 4248750750 [133] 1775557810 B> KZ; Z = trxa
Y (4260) 01~ 4251 + 9 [176] 120 + 12 efe” oY, Y = nnl/y
Y (4274) 071+ | 4273.3 £8.375%° [125] | 52+ 1177, B KY;Y = ¢J/y
X (4350) 077" | 4350.615% £ 0.7 [170] 137" £ 4 vy = X; X = ¢J /1
Y (4360) 1 4346 + 6 [176] 102 £ 10 ete” = Y; Y o5 i (25)
. +

Z.(4430) 1+1+- 447815 [176] 181 + 31 BB—T;{ZZ- ’ZZ:;; Jéﬁ)
X (4500) 070"" | 4506+ 11717 [125] 92+ 2172 B> KX; X — ¢J /9
X (4630) 1 46347573 9270 %1 ete” = X; X = A A,
Y (4660) 1 4643 + 9 [176] 72+11 ete” 2 Y; Y o5 mim 9(25)
X{a08.18 | otott 4704 + 1075, [125] 120 £ 31732 | HEIPA2B18 KX; X — ¢J /4

JP¢ of Some states
are still unclear due
to insufficient
dataset

Bellell will collect a
huge data sample
that we never had
before
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X(3872) -- still puzzling

Phys. Rev. Lett. 112 (2014) 092001

0.6
Properties: - oB(ete” 5 yX(3872)) Tt data
*0 7”0 0.5 — Y(4260)
* Narrow state nearto D**D". JP€ = 1** 2 Phase Space
0.4 --- Linear

 Good candidate for molecule.

oB(yX(3872)—yrn 't J/y) (pb)

* Produced in B decay, ee annihilation, pp 03¢
collision 0.2¢
e Decayto p®J/Y,w]/Y,D*°DY . 0.1}
Probably can be produced in radiative ol
decay of Y(4260)
Opportunity at Bellell: U | l .
e Confirm the Y(4260) production, it may R 25005 D ey e R an
indicate both Y(4260) and X(3872) area 2 ool
combination of molecular and cc. 2
* Bellell will get 4 times more data in this 8 ™ é’ng;”sets ;
region from ISR by 2024. £
« Search for flavor analogy exotic states X, -
o3 3.5 4 l 4.5 5

Ecm (GeV)
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The region between 3.9 ~4.2 GeV

Spectrum of states were observed:

S
(2 4-1)LJ

X(3823), X(3915)/Y(3940),2(3930) X(3940) - 5000

X(4160)
Challenge here is to separate exotic
candidates from quark-model states.
1. Some assignments are settled:
X(3823)>y(1D,)
Z(3930)2 x» (2P)

17.03.18

< 4750
s
o 4500
)

1]
= 4250

4000}

3750

3500

3250

3000

2750

2500

HEIPA2018

_150 3S1 3PZ 3P1 3PO 1P1 3D3 3D2 3D1 1D2 ???

a koo CC
— y(4415)
—a
= §(4360)
B s(4260)
I n ! ]
= w(4160) X(4160)
V(4040) g K319) .
X2(2P) g | ™ P(1D,) X(3940)
X(3872) i e
a " Open charm threshold v(3770)
n.zs) V(28)
I Xe2 e h-c
1 -
Xeo
— = Established
-
—l = New states
n:(1S)
— Theory

| l l | I | l | j | l | l | j ! l | l | l

0t 1 2% 1 0™ 1" 3 27 1T 2" 77 ype
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The region between 3.9 ~4.2 GeV

Spectrum of states were observed :

X(3823), X(3915)/Y(3940),2(3930) X(3940),

X(4160)
Challenge here is to separate exotic
candidates from quark-model states.
1. Some assignments are settled:

X(3823)>y(1D,)
Z(3930)2 x» (2P)
2. Others are still mysterious:
a 3s
X(3915)=2> x.o(2P)?
Search foritin B = KDD andyy - =~ °°
X - DD 7 25
= 20
% 15
£ 10
5 s
O
17.03.18 HEIPA2018

Phys. Rev. D 86 (2012) 072002

Yy =X - wf/Y i

X(3915)

Weight / (0.01 GeV/c?)

3.8 3.85 3.9' 3.95 4 4.05 4.1 4.15 4.2
m(J/yo) (GeV/c2)

IIII|IIIIIIIIIIIIIIIIIIIIIIIIIIIIII

]l | 1T Z(3930)

T

I

|

1

| = A
J[ il yy = X - DD

I

TR 44

Illlllllllllllllllllllllllll

M(DD) [GeV/ ¢?]
Phys. Rev. D 81 (2010) 092003
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The region between 3.9 ~4.2 GeV

e Spectrum of states were observed :

X(3823), X(3915)/Y(3940),Z(3930) X(3940), ete~ - |/ + DD, DD*, D*D*
X(4160) Phys. Rev. Lett. 100 (2008) 202001
* Challenge here is to separate exotic o8 D b 1of
candidates from quark-model states. > 200 + #}

1. Some assignments are settled: E # T AR L A il
X(3823)>y(1D,) S
2(3930)> x> (2P) 0

2. Others are still mysterious: N§ i Do
X(3915)=2> x.o(2P)? B S 20l
Search foritin B - KDD and yy — &
X - DD <

3. What are the X(3940) and X(4160)? o U
Observed in double charmonium %
Determine the JF¢ = 50
More production and decay mode: B § i
decay, yy fusion, ete™ annihilation... ol
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Opportunities at Bellell

Experiment Scans Y(6S) Y(55) Y (4S) Y(35) Y(25) Y(15)
fb -1 fb -1 fb-1106 fb-1 106 fb-1106 fb-1106 fb-1106

Babar 54 R, scan 433 471 30 122 14 99
Belle 100 55 36 121 711 772 3 12 25 158 6 102

If we assume Bellell follows the same data taking plan.
With 100 time larger data set than Babar, Bellell can clarify the existence
of X(3915) inyy - X - DD
With 50 time more data at Y(4S), we can get ~2500 X(3940) and ~1000

X(4160) candidates inete™ — J /4 + DD,DD*, D*D*. It will be enough to

determine their JPC,

Searching for these state with large B meson samples also will provide
essential information.
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C even exotic states in ¢pJ /1 final states

Phys. Rev. Lett. 118, 022003 (2017)

c f[Bo KX*Xi—> o] /W
_10F : ch
% 100 E i
= 100 b
= 80k
2 60
3
(’% 40 £ EL TR e (45001
0 F S8 Bl sz

0 I~ - - Fow i e
4100 4200 4300 4400 4500 4600 4700 4800

m, ., [MeV]

Entries/25 MeV/c?

 Why were they only observed in one

production process ?

* Not appeared in ete™ annihilation

Prospect at Bellell

* 4 abldata is sufficient to confirm X(4350) at
Bellell (estimated by eye, assume same bg. )
* Will have 4~8 time larger data set here at

Bellellviaete™ - y;o, . ydJ /Y
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Phys. Rev. Lett. 104 (2010) 112004

[ - X -
8 144 Iy -
- X(4350) o
°r 3.20
4 -
5 5_14140) [
L e u TRET e n = - -
0 4.2 4.4 4.6 4.8

M(0J/y) (GeV/c?)
Phys.Rev. D91 (2015) 3, 032002

5
45E ~2.3 fb! around 4.26 GeV
v o4 W eter oy
8 3.2 =
- =
S ,sb BCSII
o E
~ 2F
[2] -
c 15F .
Q E '
i L
055 . %
0:,--.'7. T A ™ VST O IS T B I
41 415 42 425 43 435 44
M(¢ JAy) (GeV/c?)
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Vector exotic states in et e~ annihilation: Y

« eTe™ annihilation is the most straightforward way to study vector
guarkonium-like states.

* Y(4260), Y(4360) and Y(4660) were observed inete™ - ntm " (nS)
* They couple to P (nS) strongly but are absent in the open charm production.
* Y(4260) is the candidate for a Hybrid state

S 2 U p i B B B ELELELE BLELELE ELELEL BLEL
J PC=1_ N %: 100 - \ &) b 4/d.0.f=1.08
Y Bl & 80 2 ‘ E L ‘H& _ j}"uﬁéﬂ;i-ﬂ abeceadl
i+ e ] VI T —
2 60F Y(4260) ] _— R
p— -
140 E BESII o~
' 1 R
[P] 4 at
5 wp : =
© O:_II_+I_—II+I+|#— :1-0- -------------
) 38 4 40 44 46 48 5 52 54 373839404.1424344454647484950
E,.(GeV) Ecm (GeV)
Phys. Rev. D 86 (2012) 051102 Phys.Lett.B660:315-319,2008
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Vector exotic states in et e~ annihilation: Y

Is Y(4260) hybrid?

* 1~ hybrid charmonium does not couple to the virtual photon very strongly. A
dip near 4260 MeV was seen in R scan.

* According to lattice QCD simulation, both the 1~ and 1+ hybrid charmonium

lie around 4.26 GeV Phys. Rev. D 79, 094504 (2009)

HEP 1207, 126 (2012 :
J 207, 126 (2012) - JPC  mass (MeV)
S 1500 ] [ -1 - —
z ] _ _ B 2 ~ 4320
>\ - . - 1++ 2++ - 1__ 4260
S _ 3+_ J—
Pl e 1~ 200
o _
: 0~ ~ 4190
1000 |

The lightest charmonium hybrid multiplets based on lattice QCD
Opportunities:

e Search for quantum number partners of Y(4260)

 Search for spin-singlet hidden-charm decay mode, because the cc pairis a
spin-singlet at initial state.
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Vector exotic states in et e~ annihilation: Y

PRL 118, 092001 (2017)

100
~ o+
Is Y(4260) one state? g wf _)F(IIZ BECSI
= b --Fi
* Recent study of exclusive process ete™ — 2 o
ntn~ J/Y, nTnw~ h, shows a fine structure T wf
near 4.2 GeV: Y(4220) and Y(4390) T of
* To solve the puzzle: ’
* More data to pin down the existence of the = ;;;:;::R“ “PRL. 118, 092002 (2017)
resonances in this region 2 20— ame ot BESTI
 Explore more exclusive final states with [ }
hidden & open charm S
* These searches are also likely to lead tothe =
discovery of new particles T S
Prospect at Bellell ""IPRL. 114, 092003
3 ) —+— Data
* With 50 ab! data at Bellell, we can reduce the F = Prase Spas

error by factor of ~2 (assume same bg.) and
have much much higher density of data points :
in this region! 20 BECTL

llllllll

17.03.18 HEIPA2018 '41?15 42 425 43 435 44 4452545
\'s (GeV)

0(e+e'—>a)xco) (pb)
8
T




» Although dozens of neutral exotic states were found, despite their
unexpected properties, one could not exclude them as conventional

Z,and Z,

quarkonium.

* Their JF¢ and flavor quantum numbers are compatible with

guarkonium.

* Belle discovered Z;(10610)/ Zbi(_10§50) , whose decay into Y *

reveals their constituents to be bbud.

* BESIII and BeIIe discovered ZX(3900)/Z% (4020), whose decay into

J/Y /h, T reveals their constituents to be ccud.

* Charged quarkonium like states are the smoking gun of exotic states

Pha/s Phys. Rev. Lett. 110 (2013) 252002
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Similarity of Z;, and Z_

They have lot of common features:

e Z}, are close to BB* and B*B* « Z.arecloseto DD* and D*D*
production threshold production threshold

¢ [6]PC(Z))= 1%1*" ¢ [6PC(Z,)= 11+

* Z}, Observed both in hidden- e Z. Observed both in hidden-
bottom modes: Y(nS)m<, charmonium modes: J /iy /h.*
h, (nP)m* and open-bottom and open-charmonium modes:
modes: BB* and B*B* DD*and D*D~

* open-bottom modes: BB* and * open-charmoium modes: DD* and
B*B* dominate Z; decay D*D* dominate Z, decay

Z/




Z, and Z . — tetra-quark or molecule?

Are they Tetra-quarks?

Tetra-quarks will fall apart into a pair of open-flavor mesons or one
qguarkonium plus light mesons very easily

Their widths are expected to be large while Z, / Z . states are quite
narrow

The higher Z;—’(10650) state was not observed in the s-wave BB* mode
The higher ZZ(4020) has not been observed in the s-wave DD* mode

Or Molecule?

Z, | Z. mass are close to B®B* and D*D*

Narrow widths of the resonances in decay into quarkonium and pion,
despite the large phase space, this implies a very small overlap of the
wave functions

X(3872) can be regarded as a 1=0 DD* molecule
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Z, and Z . — tetra-quark or molecule?

How to so|ve the puzzle? Marek Karliner DHF14

0800 —mMm@m™@8mm ¥ ———————————— ‘

In the molecule framework, there — |

should be serval missing spin L0700] ,,

partners: A . e

+  X(4014/4013) near D*D* X} and ool - | BB"
XZ near BB* and B*B* 10650 Xp (1061

* X(4014/4013) can be searched 10500 ot e
forin w]/W, DD, DD*. p] /Y 00 [ :
would be suppressed 4050 5 -

X! and X# can be searched for in g ""““§ X(4014) o
Yntn~n®, Y(nS)y and y,;mtn™ |
Yt~ would be suppressed | , ‘ | e

« SearchforZy /Z, decay into e | |
B 3800 Lo e
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Summary

Phase 1 Phase 2 Phase 3
e Bellell has the Opportunity to w/o QCS/Belle Il BEAST II, no VXD Physics run w/ VXD
60
solve the puzzles on XYZ states £ of J
L . _— 9 :
with its unique capabilities. £ a0b
. - a C
* Search for flavor-analog exotic 3= sof-
states g 20F
) £ 40 E_ 9 months/year
* Study the discovered XYZ N DR I Py
states with various production €= o0
mechanism and final states £t °F
3g AP
* The first collisions (phasell) $2 2f
. a : i
will starts next month. 16 20172018 2010 2020 2021 2022 2025 2024 2025

* The first physics result will
come soon!

Calendar Year

We are here!

Thank you for your attention!
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