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Classification of cc and bb levels is the same as in positronium: L, S, n, :
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Charmonium table
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Multiquark states conceived already at the birth of the Quark Model
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A simpler and more elegant scheme can be

constructed if we allow non-integral values for the L e - 2
charges. We can dispense entirely with the basic Version 1 i1g OBRN preprint A182/9H,401, Jan. 17, 1964,
baryon b if we assign to the triplet t the follow'mg 3753
properties: spin 3, z = -}, and baryon number } 3
We then refer to the members u’ d"a, and s~ ’ of &) In general, we would expect that baryons are built not only from the product

of throc mcea, AMA, but siso from Z\MA, EM..\M. ate,, wherae -A.
denotea an anti-sce, Slmilurly, mesons could be forded fron Zl, :.—.uu

the triplet as “quarks" 6) q and the members of the
ol as apti-quarks . Baryons can now be
constructed from quarks by using the combinations
(qqq), (qqqqq) ete. 3 while mesons are made out ote, PFor the low maas pesena and baryons we will sasuwe the sdmplest
of (g q), (qqqq) etc. It is assuming that the lowest pogsibilities, AA and AR, thet is, "deuces and treya",
igurdtion (gqq) gives just the represen-
tauons I, 8, and 10 that have been observed, while




Conventional and “exotic” hadrons

Conventional

Strong binding.
Compact systems.

@%@

(S')
K meson
(u(ud)) (u(dd))
@ deutron
((sd)u)
A baryon

Weak binding. Large systems.

“Exotic”
Strong binding. Compact systems.

D

(u(ud)) (su)) ((@(sa))(aa)) (s9)
KN molecule pentaquark Hybrid meson

Meson and baryons (sq) (99)
, _(sq) (sq) ((sq)(sa))
motivated Qt;ark Model KK molecule tetraquark Dluctal
SED . Are molecular forces in such ~ QCD predicts attractive forces in Firmly
Baryonlc. systems strong enough to some of such configurations. expected
molecules exist create bound states, or Do they live long enough to produce i, nop

pronounced effects? observable states/effects ?
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Heavy quark structure in Z,

A.B.,A.Garmash,A.Milstein,R.Mizuk,M.Voloshin PRD84 054010 (arX|v 1105 4473)
Wave func. at large dlstance B(*)B*
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 Why hyntrt is unsuppressed relative to Yt

- Relative phase ~0 for Y and ~180° for hy,

» Production rates of Z,,(10610) and Z,,(10650) are similar
« Dominant decays to B(*)B*

 Similar structures in Yr and h_w

Other Possible Explanations

« Coupled channel resonances (l.V.Danilkin et al, arXiv:1106.1552)
« Cusp (D.Bugg Europhys.Lett.96 (2011),arXiv:1105.5492)
» Tetraquark (M.Karliner, H.Lipkin, arXiv:0802.0649)
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Charm vs Beauty: |

What is in common?
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Charm vs Beauty:
What is different?

*Both Z,(10610) and Z,(10650) * Only Z (3900) is observed in the J/{n
isotriplets are observed in the Y(nS)m, while both Z(3900) and Z_(4020) are
(n=1,2,3) and h,rt final states. observed in the h_rt final state. None

of them is observed in the Y(2S)n final
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(Events/5 MeV/c?)

Results: Y(3S)attor
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o Amplitude Analysis of Y(nS)st*s

116 '
~° e
~ 115 o
3 ]
LI -
= -,
i . S & N 5
| B R T
? E 114 A A ..._{_-‘\.
-~ — '; : "’ "\‘..‘.‘v""
v n - ( L XN ¥
s g s\ R Y s
E c‘.;2,,_-,_ o -..'_,,_ o1
&5 RN Thie
Py \,::),, -. /..“. 'ﬂ
: i ®:
N 112 s y—pihey g5 5 3. 1
08 0 0.4 0.2 03

M (n'n), Gevi/e!

Photon conversions Flatte: m=950 MeV/c®; g _=0.23; £5=0.73
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. N

S(s1,82) =|Az,, + Az, + ANk + Apy980) + Ap1275)|°
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2 M.RB. Voloshin, Prog. Part. Nucl. Phys. 61:455, 2008.
S = M mT M.B. Voloshin, Phys. Rev. D74:054022, 2006.

Combinatorial background is parameterized as a constant.

Unbinned ML fit to signal Dalitz plots
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First observed by BaBarin 2005 Anomalous 1" states above open charm threshold
—rT BESIII PRL118 092001 (2017
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o(e’e —mtm/y) (pb)

New precise measurements of ete™ »a*a~ J/y
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PRL118 092001 (2017)
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ete” —»a*~ J/y cross section is inconsistent with a single pick of Y (4260)
Two peaks are favored over one peak by 7.6 ¢

M, GeV/c? I, MeV Decay mode
X(4260), PDG 423048 55+19 atn Iy
Y (4220), BESIII 4222.0+3.1+1.4 44.1+4.3+£2.0 atn Jly
X(4360), PDG 4341+8 102+9 ntn y(2S)
Y (4360), BESIII 4320.0+10.4+7.0 101.4%253_ 4 +10.2 atn_ Jwy
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New precise measurements of e*e™ —»a*n~ y(2S), w*a~ h,
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BESIII confirms line shape in ete"—a*nwy(2S)
M, GeV/c2 I, MeV Decay mode
Y (4220) 4209.5+7.4+1.4 | 80.1£24.6+2.9 ' w(2S)
Y (4220) 4218.4*55_, +0.9 | 66.0*123 , ,+0.4 nn h,
Y (4390) 4383.8+4.2+0.8 | 84.2+12.5+2.1 nn w(2S)
Y (4390) 4391.5%63 ( +0.9 | 139.5*162_, +0.6 nah,
X(4360), PDG 43418 1029 nnw(2S
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BESIII: ete— DD*=x*

Belle: ete™— DDt
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Parameters of the Peaks in e'e Cross Sections
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Ryan Mitchell (Indiana Unmiversity), Spectroscopy af the BESIIIT Experiment, Febmary 9, 2018



Anomalous behavior of 1- states
above open bottom threshold

8 4| h(1P) ' %

However, Y(5S), Y(6S)
-5Y(15,25,3S) n'n~
widths are 100 larger
than Y(3S), Y(2S) —»
Y(1S) ntn~

OZl-rule violation

a®(h (1P)x') (pb)
o

/

"—000—4

\.\_

o
=t
/

Also widths for Y(5S), Y(6S)
— hy(1P), h,(2P) n*n~

are comparable, but require
| heavy quark spin flip

HQSS violation

a®(h,(2P)x'x) (pb)
N R
A l
-
=
»—-tzyzél—'

PRL117,142001(2016)
PRD93,011101(2016)

e*e™ - Y(15,25,35) 11" and hy(IP2P) nin £ 1
proceed via Y(5S), Y(6S)

Unlike in charmonium!

Like in charmonium!

10.6 10.65 10,7 10.75 10.8 10,85 10.9 10.95 11 11.05
18 (GeV)
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« Need more data to settle the phenomenological
disputes
. ing!
More data are forthcoming! R
Upgraded LHCb CEETRETETT W —

TOP

Wit iRt ae !
PXD+5SVD /
&

PRI RS
CbC

ATLAS

and other...
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Quarkonium Basics

¢, b -quarks are heavy: velocities are small:
m_~1.5GeV~1.6m_; v/c~1/4 (for b b, v/c~0.1)
m, ~ 4.5 GeV~4.8 m_; non-relativistic QM applies
T 2
S —— VYV ()Y = EY
@ e
T v(r)

linear “confining” —_
long distance component

1/r “coulombic”
short distance cumpnnent\y/ ]
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e- gun

- Polarized

Damping e- gun
ring

Detector

Super C-Tau factory is necessary
iInstrument for future studies of the
highly excited quarkonium
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Tetraquarks vs meson-meson molecules
» The same quark content can, in principle, create a meson-meson molecule or a tetraquark

» However, mass spectrum from these two types of bindings are very different

((Ga)(qq)) (99)-(q)
tetraquark meson-meson molecule

We don't know if either one exist (“exotic hadron”)

V(r) Typically expect only one state
:' ;T}*"f Very rich mass n=1,1=0.

o |
¥ o - spectrum expected! o . Fall apart prevented by spatial
‘= | i - separation — long-lived states if
1| - However, states can Cmomma e o0 threshold
24 ' be undetectable if apout - s Moy '
il  extremely broad. i3

Mass and JF fairly constrained
r from the constituents.
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Beginning of the XYZ saga

The X(3872) & other charmonium puzzles
®
Stephen Lars Olsen 1b§ Institute for Basic Science Daejeon, KOREA

Warkshop on Exotic Hadrons at &Y [nternational Conference on New Frontiers in Physics, Kolymbari, Greece, Aug. 21-23, 2017

Phys.Rev.Lett. 91 (2003) 262001
The most cited Belle paper (1470 citations)

Observation of a narrow charmonium-like state in exclusive
B* — K*zt7~J )Y decays strong DD*

coupling

S-K. Choi.}[S. L. Olsen’ [K. Abe,” T. Abe.” I. Adachi.” Byoung Sup Al ™
H. Aihara® K. Aka1 ™ M. Akatsu,® M. Akemoto,” Y. Asano ¥ T. Aso V" V. Aulchenko,! ..

F———fr— T O L aareel | VETY NAMTOW
- v(28) DD Belle rx(3872) <1.2 MeV
| | ' Molecule?
200 DD I 15 N !
I -
100 IX(3872) G BV
I\/*) O — JPC=1++
Lt PP D A | A
2 0.40 0.80 1.20 3820 3560 3900
M{r et |-M(Et]) (Gov) M{xx=Jry) (MeVic?)
Molecule?

Preference for yy’
over yJ/y points to
23P, component
'Y Large isospin
ket violation in these
§ & decays,
¢t
due to
m(D°%)-m(D")?
Molecule?

Huge fall-apart
mode from the
resonance tail
above the D°D*0
threshold

Molecule?
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W (¥(28)x),,,, Gev'/c'

- Y(5S)->Y(2S)n*n—: J° Results
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FVENTS /0.02 GeV/c®

BESIII ete” »ata~ J/y at 4260 MeV
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T

LHCb PRL 111, 180001 (2017) '
E The lightest 1* state

Doubly heavy systems u tetraquark
baryon

o .
)

2 I80F | HCh 13 TeV.
g 160 F

C ] _ above threshold but v, narrow
o T o - g s,
&120F . Signal ] = Seen 1 v 7134 MeV
2 100F -+ Background g e
< o 2
S 80F : S Karliner,Rosner arXiv:1707.07666
& ook ; the same toolkit i
40 } L :) é’
3 B E Stable tetraquark,
JE PR AV VPR 1 ; 3 -200f / N\
Uy 3600 60 i will decay weakly [ |
My (Zec) [MeVie?] be 10389 Mekj
Karliner,Rosner PRDY0,094007.(2014) 1000 1500 2000 2500
State Quark content M(J=1/2) M(J=3/2) Ham(QQ)  (MeV)
2 ceq 3690 £ 12 Consistent results predicted by
B blcq] 6914 + 13 6969 + 14 LQCD:
2 b(cq) 6933+ 12 y ; R
=l bbq 0162412 10184+ 12 Francis,Hudspith,Lewis,Maltman
LHCb: 3621 + 1 PRL 1118,142001 (2017)

38



Mass [MeV]

3800

3600F™

3400

Summary |
Old narrative (before 2003)

\ Xod2P) D*D*
- _— A \ l)n y

WIS, DD

I ™ o 1T 27 27 &other

Mesons are (gq) bound states.

New narrative

= X(4700)

¢
— (a2 45007
. - p(4450)
l’ — ET(2380)
T X(4279) i i
—X(11401)
w7 300 DETY*
i X2P) D*D
= X(3872) v (ID) DD*
pUA(‘.) (1 e
: 1))
x(;[lP'l

= Y 4 gt 9F

have not yet understood them.

(from: arXiv:1708.04012)

2" & other

Mesons are predominantly (¢g) bound
states below the open flavor threshold. They
are more complex structures above it, and we

39



Mesons from quarks & antiquarks in QCD
color octet

color color c;olor
triplet  antitriplet singlet

quark antiquark i active color force

q 9 (qq) meson

Color flux tube
stretched between
quark and antiquark
with attractive
potential

repulsive color force

quarks will pull apart in any
octet configuration

gluons happen to belong
to the color octet
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(Colored) diquarks in QCD

color

(antlscyorlr;rpetnc) b
antitriplet (symmetric)

color color
triplet triplet

quark quark

q g ,
repulsive color force
quarks will pull apart in any
attractive color force sextet configuration
(half as strong as in the meson)
Color flux tube (qq) diquark

stretched between . .
the quarks and ® ® Not a particle, just a
extending to other o building block in
color partners QCD
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Diaquarks can make tetraquarks!
color

color color singlet
triplet antitriplet

However, it is not clear if

_ an efficient mechanisms
to suppress the fall-apart
mode to two mesons
exists, especially when
all quarks are light.

attractive color force
Color flux tube

stretched between ((G9)(qq)) tetraquark

the diquark and
diantiquark

attractive color force attractive color force

(qq) diantiquark (99) dlquark

I

q
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SuperKEKB

Belle Il

New IR |
&~ New superconducting
/permanent final
focusing quads near the
IP

New beam pipe
& bellows

Replace short dipoleit
with longer ones (LER)

HHHHHHHH
s
HHHHAHHH G emionee

positrons to inject

Redesign the lattices of HER —
& LER to squeeze the Damping ring ” N4

emittance _'u«

Add [ modify RF system
for higher beam current

Positron source

Low emittance gun

[NEG Pump)
Low emittance

electrons to inject New positron target /

capture section

(SR Channal)
[Beaam Channel]

TiN-coated beam pipe with antechambers To aim x40 |uminOSity
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: h, reconstruction "
b i Y(55) .
| >
Missing mass to nr system p —
R —— -
— \/ 2 Pbeam
Mibinp) =V ( Pyss)y = Prir)® = MM(nttm-)
WP @R
Simple select_ion L - x103 Y(1S) Y(2S) Y(3S)
't : good quality, positively identified «, - — ‘
[6)) L
Suppression of continuum events E 1200 |
FW R2<0.3 * E
S 1000}
i :
= Search for h,(nP) peaks S
In MM(wt*n") spectrum 600 b |
; 1
400 F 121.4 fb 5
200 |
011111

95 975 10 1025 105
MM(r*r), GeV/c®



<D Observation of h,(1P,2P)

Events / 5 MeV/c’

e‘e" > Y(5S) —» hb(nreconstructed, use M ics(m' )

\/(Pe+e- — Pn+n-)2

Y(11020)
11.00 —
Y(10860)
PRL108,032001(2012) B \
distributi res) Z] 10.79 T
40000 r : H :
raw distripution i - I{is_) e
—
30000 |- Y(1S) . 10.50 ras
- i ) Np(3S) L3S
20000 | residuals hb(]_P);% g b (2P) 14(2P)
| | jz 10.25 R o$lo - =
10000 |
| ool M2 2
' T o/ @P)xedP
: ' & =
[ i N
Mpe(Gevsc?) 9T Y V'S\Q
AM,(1P) = +0.8 + 1.1 MeVconsistent with zero, o5 (15) D)
AM(2P) = +0.5 £ 1.2 MeVas expected JPc=0~+ 1 1+(0,1,2)*

Large h,(1,2P) production rates

c.f. CLEO e*e > y(4170) > h.n*n=  h,(nP) decays are a source of n,(mS)
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= Observation of h,(1P,2P)

Events / 5 MeV/c’

e'e" — Y(3S) —» reconstructed, use Miss(n' )

\/(Pe+e- — Pn+n-)2

11.00~

Y(11020)
Y/(10860)
W

PRL108,032001(2012) |
o _ res) Z] 10.79 T
40000 | raw distribution g - :

30000 | 10.50

1(1S)

20000 -

residuals | h,(1P)=

10.25~ —_—

I

10000 |

10.00:—  — 1_"hb(lp) Yp(1P

~—

9.75

M s (GeV/C?)

o

I
=
=
2

AM,(1P) = +0.8 + 1.1 MeV consistent with zero, - Np(1S) =
AM,(2P) = +0.5 + 1.2 MeV as expected JPC=0™ 1 r*(0,1.2)"

¥

Large h,(1,2P) production rates

c.f. CLEO e*e —» y(4170) - h, n*r
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< Anomalies in Y(55)—(bb)n*m~ transitions

ool Y(11020) Belle: PRL100, 112001 (2008) _4q
ot Y(10860) T[Y(55) —>Y(1,2,3S) n*n] >> [[Y(4,3,25) —>Y(1S) 7]
[ . ¥
10.75: - iy Y(5S) —» h,(1,2P) n*n~ are not suppressed
v  peme_ _(ES) oo
% 10.50— | Belle: PRL108, 032001 (2012)
(UD). ED) hb(ZPT)c ’Qg\\Q % expect suppression ~Aqcp/My,
g 1020 @ @R‘ @ HWetry
ool Mb(2S) 1(23) _
: Np(1P) < Rescattering of on-shell B®B® ?
0.75/ / ® Y(25)/h,(2P)
partial I'(ke "
9.50— Y(18) r T
- Mp(1S)
L ’/T_
J¢¢ = 0t 1— 1t

h, production mechanism? Y(5S) — h,(1,2P) n*z~ are not suppressed

due to Z, intermediate states! But it’s not enough for Y(nS) n*n- . 47



Voloshin PRD D84 (2011) 031502,arXiv:1105.5829 12GeV=—=)

2,)=50,2L, 5180,

2,)= 50.0L, 751a205

0
Wb0> = %O;b ® OQq + glbb ®1Qq
WbI1> = (]_;b ®£q)3:1
Wb2> = (l;b ®£q)J—2
T
mem (YT EEE

11.5GeV

Mp®  MpP NpN P 7
I o0/ pummemeias
amEE Y AN ll Yp BB*
L IY(D
---------- _ BB
Z, """ Wy, Xy W Wy,

0(1*) 1*(1*) 0*0%) 1-(0*) 0*(1%) 1-(1Y) 0*@2%) 1(2*) 0(1) I°(37)48



M~ 10.2 -10.3 GeV

M~ 10.5-10.8 GeV

M~9.4, 11 GeV

Tetraquark?

Ying Cui, Xiao-lin Chen, Wei-Zhen Deng,

Shi-Lin Zhu, High Energy Phys.Nucl.Phys.31:7-13, 2007
(hep-ph/0607226)

Tao Guo, Lu Cao, Ming-Zhen Zhou, Hong Chen, (1106.2284)

M.Karliner, H.Lipkin, (0802.0649)
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Amplitude

Cusp?

D.Bugg Europhys.Lett.96 (2011) (arXiv:1105.5492)

T(5S)

Not a resonance

ImT

1

0.5

o7e 10804

(a)

l |
0 1
Re T

I}J? T

10.53—

Line-shape
(a) -
1
0.5 [ ReT
_,Hfj}ﬁf
o
—05 i I | l
10.58 10.605
Mass ‘((__T{J'p’)
(b)

0.5

|
10.66
Mass (Gel’)
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M(u'w), GeV/c®

Exclusive Y(5S) ->Y(nS) nt'r -

Y(5S) — Y(nS) n+n-
Y(n S) — utu-

106k i S/
104

10.2 - (2S) / /
10 F ;
98f /
woh

(n=1,2,3)

9.4F §/ §
9.2 d reflections
:
g L 1

Loy gy PRREY SN W TP ) RO SE X S M sy V] |
9 9.5 10 10.5
MM(x*n), GeV/c®
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(Events/5 MeV/cﬂ

Ly >
&2 Results: Y(2S)x*
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(fb1)

1200 ———
[ —KEKB
1000 |
aou:
sou:

400 |

200 |

Integrated Luminosity at B-factories

asymmetric e*e” collisions

ot

ey

|

Bs y(4s): 711 fo?

Vel

7

//

7.

=

> 1 abt!
On resonance:

Y(3S): 3 fb-?
Y(2S): 24 fol
Y(1S): 6 fb-?

Off reson./scan :

~100 fb-1

530 fb-!
On resonance:
Y (4S): 433 fb!
Y (3S): 30 fb!
Y (2S): 14 bl

Off reson./scan :

~54 fb-1

199871 2000/1 2002/1 2004/1 2006/1 2008/1 2010/1 2012/1
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Belle Detector

ECL KLM SCALE
coe ~_| B M W PR
7 / ' TRF
sv;\\\\\\~ -~ ACC
| L~ EFE
N
=3 } i\[ ot = ‘ -
8.0GeY 7 35 eV

O] g

244 4 /Q’V/WWWW




Heavy quarkonium — approximately a non-relativistic system.

Ground triplet state
System (v/c)?
Name | Mass, MeV I', MeV
POSITRONIUM
ete Ortho- 1 5101 ~0.0001
QUARKONIUM
uu,dd P 800 150 ~1.0
SS ) 1000 4 ~0.8
cC \ 3100 0.09 ~0.25
bb Y 9500 0.05 ~0.08

Good approximation for heavy quarkonium — potential models.
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Puzzles of Y(5S) decays

Anomalous production of Y(nS) n*r-with 21.7 fb-!

PRD82,091106R(2010)
PRL100,112001(2008) ['(MeV) 7 002
T(558) — Y(1S)7T7n~ 0.59+0.04 £+ 0.09 % 0010[ § y(19 :
Y(55) — Y(28)rt7~ 0.85+0.07 +0.16 g”-”“"‘ﬂg:ﬁ i |
4 . 5 . c 0.006 - e .
T(58) —» T(3S)rtw~ 0.5212:22 +0.10 0z -
- o U = A
YT(28) = Y(1S)ntn~ 0.0060 O I B ', & \\ - :
T(3S) —» T(1S)mtm™ 0.0009 il = S
T(4S) — T(18)r+n- 00019 B ——
B (@) ;
o5k :
g E
Dedicated energy scan = & 03l —% ;
shapes of R, and o(Y=n) different paf m—— s T s
0.1
1075 108 1085 108 1085 11  11.05

\'s (GeV)

Y(5S) is very Iinteresting and not yet understood
Finally Belle recorded 121.4fb! data set at Y(5S)
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