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Constituent Quark Model

1964 The model was proposed independently by Gell-Mann and Zweig
Three fundamental building blocks 1960°s (p,n,A) = 1970°s (u,d,s)

mesons are bound states of a of quark and anti-quark:
7t =ud a° = %(uﬁ—dc_l) 7 =du
K'=us K'=ds K'=sd K =su

baryons are bound state of 3 quarks:

p=uud n = udd AN = uds

p=uud n=udd A=uds




QPM Superseded by QCD in the 1970s:
observed particles are color singlets

Baryons are red-blue-green triplets Mesons are color-anticolorpairs



multiquark states from diquarks & diantiquarks
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multiquark states from “molecules”
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Non-gg mesons or non-qqq baryons
predicted by QCD-motivated’ models

H-dibaryon

diquark-diantiquarks hybrids

molecules

non-qq & non-qqqg color-singlet combinations
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“The story of pentaquark shows how poorly
we understand QCD” — F. Wilczek, 2005

photo PRE
Frank Wilczek



How about the H dibaryon?

Tightly bound Hyperon-hyperon
diquark triplet molecular state

R.L. Jaffee, PRL 38, 195 (1977): JP = 0* di-hyperon with M, = 2m, — 80 MeV



long-lived
ct >3 cm!!

models predict M,=2m ,
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Figure 1: Theoretical predictions for the mass of the H-dibaryon as a function of year of prediction



Recent Lattice Q

Evidence for a Bound H-dibaryon from Lattice QCD
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Bound H-dibaryon in Flavor SU(3) Limit of Lattice QCD
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M,=2m, — “(30~40) MeV”



Production via gluons in Y(1S) decays

Need to:
produce 6 quark-antiquark pairs

(including two sS quark pairs) €Is this likely???
very close in phase space




Anti-deuteron production in Y(1S) decays

ARGUS & CLEO expts:
Y (1,2S)~> D + anything is large
Bf(Y(1,25)> D X) =~ 3 x 10°°

H. Albrecht et al (ARGUS) PRB 236, 102 (1990)
D.M. Asner et al (CLEO) PRD 75, 012009 (2007)

Belle data samples: 100x10° Y(1S) decays + 160x10° Y(2S) decays
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Residual

Events/(1MeV)

Residual
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90% CL upper limits on Y(1S,2S)2>H X
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QCD-motivated multiquark states are
not seen!

“The absence of exotics is one of the most
obvious features of QCD, R. Jaffe 2005

Robert Jaffe



What do we see?

*Baryonium?

*XYZ mesons



pp bound state in J/\y—=2>ypp?

BESII -- 10 years ago --

J/y > v pP (58M J/y events)
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2012, with 5x more data
JIW=2>vpp Partial Wave Analysis:

-JPt= 0+>6.80 better than
other assignments

- =0 FSI improves the fit
quality by ~70
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Some non-observations
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A pp bound state (baryonium)?

There is lots & lots of literature about this

possibility
attractive nuclear force attractive force?
. 3 . B
®=in P-0

loosely bound loosely bound
3-q 3-q color 3-q 3-q color
singlets with singlets with
Md = Zmp- € Mb - Zmp-5 ?




Expectation for pp bound state
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EVENTS/20MeV/c?
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J/P=2>vX(1835); X=23(ntm)?

BESIII arXiv:1305.5333

BESIII expt: J/Y—=2>y3(mtn)
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Are the pp, m*n™n’ & 3(*n”) peaks all
from the same state?

mmm—

1832%32 1333 (0.99:3)x104
T 1837%; 190'37 0*(?) (2.9+0.1)x104
3(mtm) 1842%¢ 83+17 pla (0.24+0.08)x10

Need: JP¢ measurement for the X(1842)->3(wt*n") signal
better measurements of widths & line shapes

Some of this will be done soon with BESIII’s 1.2B J/\ event data sample,



The XYZ quarkonium-like mesons



Charmonium spectrum
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XYZ charmoniumlike mesons

State m (MeV) I MeV) JPC Process (mode)
X (3872) 3871524020 13406 1+ B— K(x+n—J/¥)
(<2.2) pp— (= J/¥)+---
B — K(wJ/¥)
B — K(D*'DY)
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ete™ = eTe (0] /¥)
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G(3900) 3943 + 21 52411 1 ete~ — y(DD)
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Z1(4050)* | 4051+% 827 0*4/1—) B — K" xa(1P))
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ents for the XYZ mesons?

- the (4) charged Zs
must have a minimal
quark content of ccud

| the Y(3915) mass and
r(Y>wJ/y) are too

high for the % o(2P)
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complex story
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Y (4260) — w*mwJ/y conflrmed by Belle
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Is there a b-quark version of Y(4260)?
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“bottomonium” bb mesons
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Entries/0.005 GeV/c?
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“Y(5S)” 2n*tn"Y (1S) ?
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Summary of parameter m
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B-B* & B*-B* molecules??

Z,(106010)*

_R¥ « ” —
B-B* “molecule B*-B* “molecule”

M —(Mp+M,..) =+ 3.6 £ 1.8 MeV
Zy,(106010) (Mp+My.) MZb(106010) —2Mg. =+ 3.1 £ 1.8 MeV

Slightly unbound threshold resonances??

Belle: M=10608.1+1.7 MeV M=10653.3+x1.5 MeV
I'=15.5+2.4 MeV I'=14.0£2.8 MeV

PDG:  Mj+ M. =10604.5£0.6 MeV My, + M. =10650.2 = 1.0 MeV



Z,(10610)2>BB* & Z, (10650)>B*B*

Bf(Z,(10610)~> BB*

“Y(5S)” > n(BB*)*
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M(BB*)

“Y(55)” > (B*B*)*
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Z,(106050)*

Channel Fraction, %
Z,(10610) Z,(10650)
(15)+ 0.32 + 0.09 0.24 + 0.07
+ 4.38 +1.21 2.40 £+ 0.63

n
+

Bf(Z,(10610)>x*(bb)

T
T(25)m
T(35)m
hy(1P)m™
hy(2P)7t
B+B*0  BOp*+t
B*+B*O

=6.1+0.4

2.15+£0.56
2.81 +£1.10
4.34 +2.07
86.0 £ 3.6

1.64 £0.40
743 £2.70
14.8 +£6.22

73.4+£7.0

()

Bf(Z,(10610)>B*B*

Bf(Z,(10610)>t*(bb)

=2.810.4



Z,, &Z, “smokingguns” for
non-gqq mesons

u »>decays to Y (nS) & h,(nP) & must contain bb pair
»electrically charged & must contain ud pair




Are there c-quark versions of Z,’s

10

O [mb]

§|||||||

Y(4260) discovered
I I L , \

Is there a b-quark equivalent?

|

Yes, & it decays to Z, states

¥(29)

Are there c-quark versions of Z,'s?

II’

10



run BEPCII/BESIII as a Y(4260) factory

ete— /Y
@E__=4260 MeV

J/TP /TE+ . ’.' .\;\\

" Belle PRL99, 182004

80T ete” Vgl /YP
g : e yISR
BESIII: arXiv:1303.5949 //*:6@ : e
o(ete— wrwl/y) = (62.9+1.9+3.7) pb | H X, —>m

o AT
20 ““m |h ! {”ﬂH HH +H+ ++++ ++H+++ A W* j

A
m (GeV)




M?(*r) (GeV/c?)?

Events / 0.02 GeV/c?

Dalitz plots & 1D projections
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Y(4260)>mZ (3900)* = w*)/y

e T BESIII: arXiv:1303.5949
- c 0) |
Y (4360) .
Xe2(3%P2) to appear in PRL
| Y(4260) he(3'P+) Xc1(33P1)
4.2 -Xc (33Po)
[ X(4160) | w(23D; —— | — ~4- Data
T N - | Significance — Total it
8 335 S 5 ---- Back d fit
& 4o | [mEEIYES o] > 8oL >80 Bt
[0)
O, Y(3915) Xc2(23P2) (E i
o T e s S BT o [— o 60 /
8 |- <0(23P /Ol/:
(<,() 3.8 IWI X o 0) — = i | (]
= 2Mp (2] 40— ﬂ’ FIA ...
[v'(@s)] = - + 'F-[-‘
ne'(2S0) 5 - U
3.6 | = 20
Xe2(15P2) L -
he(11P+) | Xct(13P1) . )
34 | . 3.7 3.8 3.9 24.0
T M, (2 0/w) (GeV/c?)
3.0 established cc states
- predicted, undiscovered > Mass = (38990i36i49) MeV
J(%S1) neutral XYZ mesons > Wldth — (46i10i20) MeV
3.0 I [mi1s9)| | charged xvZ mesons | > Fraction = (21.5+3.3£7.5)%
0—+ 1-— 1+- O++ 1++ 2++



Z.(3900) confirmed by Belle

Significance

>5.20
60 -
50 -
40
30
1013/

- ca Couples to cc
— Fit

__ Background Has electric charge
At least 4-quarks
What is its nature?

-.......|....|....|......' @‘
057 38 39 4 41 42 O@

M. (mJAy) (GeVic?)

Events / 0.02 GeV/c?

Belle arXiv: 1304.0121
to appear in PRL

» Mass = (3894.5 £ 6.6 £ 4.5) MeV
> Width = (63 = 24 + 26) MeV
» Fraction = (29.0 = 8.9)% (stat. error only)



Summary

€ QCD “exotics” most favored by theorists do not seem to exist
- evidence for Pentaquarks has disappeared
- H-dibaryon with mass near 2m, is excluded at stringent levels

€ Numerous non-gg mesons not specific to QCD have been found
- Baryonium in J/y->ypp at BESII and BESII|
- XYZ mesons containing cc and bb pairs

@ The JP°=1-- Y(4260) and “Y(5S)” have no compelling interpretation
- strong couplings to sttt/ (t*” Y(nS))
- strong sources of charged Z_ (Z,) states with M near my+mp« (Mgx+Mgs)



Y(4360)




Back-up slides



The “Nagara” SHe event

! AHe

1T0um

H. Takahashi et al, PRL 87, 215502 (1977): MH > ZmA'7.7 MEV



X(1835) confirmed at BESII|

(+ two new structures with M>2GeV)

X( 835) X(1835) consistent with 0
BESIII PRL 106, 072002 (2011) — YT ,,
§ 500: 0 S|
e e — © i
J/IP%YT] | A1 S 400]
! o S annl
—>
N 7NN ¢ (1510)
n ,eyn+n_ [_E LUV --:
0oL o BESIII |
Q&=

1A16182D22242628 : :
- (GeVIc) |cos0, |

X(1835): same mass and J"¢ as the pp peak, but larger width

Resonance M( MeV/c?) I'( MeV/c?) Stat.Sig.
X(1835) 1836.5+3.06,,  190.1£9.0%38 . >200
X(2120)  2122.4:6.7*47_,, 8316 owtt 7-20
X(2370) 2376.3:8732,, 83«17, 6.40




ro Mg

12 |

10 |

What are these new structures?

way above threshold, but narrowl!

PRD73,014516(2006) Y.Chen et al

0" m—

OF — —

P ===

. ) 1 e

3 oo 3+ g
oy ——— g

0-+_

C 0 — \

O — 0+: 2560(35)(120)
2++: 2390(30)(120)

+F -+ +-

v’ first distinct resonant structures
observed above 2 GeV:

-LQCD predicts that the lowest —lying
pseudoscalar glueball: around 2.3 GeV

-JAp=2>yn’wtr 1s a good decay channel
for finding 0" glueballs.

= v X(2120)/X(2370) possibilities:

-pseudoscalar & tensor

glueball ?
-n/m’" excited states?

g (GeV)

v" Need spin-parity analyses

PRDS82,074026,2010 J.F. Liu, G.J. Ding and M.L.Yan
PRD83:114007,2011 (J.S. Yu, Z.-F. Sun, X. Liu, Q. Zhao)



Event in the Belle Detector




*Mass is too high?
*3872 vs 383

—p’ J 1)

27t cC assignment?

FT’L‘Z - }IJ/?’/J)

Y. Jiaet al arXiv:0107.4541

=1(n,, = p’J 1) = 30keV

*B—>Ky,, barely seen

\|
\(\(\ 110 N\e
Q Il /3 % N\
W 2%l
. '\\?’L mass (GeV)
m'/ A -
eV 4'4 ------
4.2
3412 I
Mo tme* D
use theory: Ty, =1/y)=~%keV Pl
36 | T
c.f.: T(y'>n%/)=0.4 keV 34
*Theor: B>Kn)_, violates factorization ~ ** v
*B->Kh_ not seen 30 t M
28 L= 0 0 1

ncz?

PDG
raimia Godfrey—Isqur

1 1 2 2 2 2

Je= 0" 17 17

*Theor: 1., > DD* expected to be tiny

Y. Kalasnikovaet al arXiv:1008.2895

*Belle & BaBar::
I‘(X%Dﬁ*)/F (X2>mt ) /y)=9.5+3.1

o* 1™ 2% 27" 17 27 3T

N2 Yh (1S) & it modes expected to dominate



“Y(5S)” is very different from other Y states

Anomalous production of Y(nS) v

Belle PRL 100, 112001 (2008) I'(MeV)
23.6 fb!

Y(55) — Y(1S)7T7~ 0.59 £ 0.04 4 0.09

Y(55) — Y (29)r 7~ 0.85+0.07+0.16

T(55) — Y(B3S)rtn~  0.527932 £0.10 102
Y(2S) — Y(1S)mt 7™ 0.0060

Y(3S) — Y(1S)mtm™ 0.0009

Y(4S) — Y(1S)rt 7™ 0.0019

Bf(Y(4S) =" Y(15)) = (0.008 = 0.0003)%
Bf(Y(5S) = n"Y(1S)) = (0.53£0.06)%

Recall Y(4260) with anomalous I'(J/y mt*m)
=> Is there a Y|, equivalent close to Y(5S)



The “XYZ” mesons

State
Ys(2175)

—X(3872)

X(3915)
7(3930)

X (3940)
Y (3940)
Y (4008)
X (4160)
Y (4260)
Y (4350)
X (4630)
Y (4660)
7(4050)

7(4250)
Z(4430)
Y},(10890)

—>Z7,,(10610)
—>Z,,(10650)

M (MeV)
2175+ 8

3871.4 £ 0.6

3914 = 4
3920 +5

3942 + 9

3943 + 17
+82
4008782
4156 + 29
4264 + 12

4361 = 13

49
4634_11

4664 :5412
+
20T
—45
4433 + 5
10,890 £+ 3

10,607+2
10,653+2

I (MeV)
58 £ 26

< 2.3

23+ 9
29 +10

37 £ 17

87 + 34

+97
22697

+113
1391
83 + 22

74 + 18
41

92_32

48 £+ 15

451
8212:?20
1715572
45T 18

55+ 9

18+2
12+2

JPC

1——
1++

O/2++
2++

ol+
??+
11—
07+
1——
=
11—
=

Decay Modes

$1p(980)
7r+7r-J/1/),
~vJ/¢¥,DD*

wJ /P

DD

DD* (not DD
or wl /)
wJ /1 (not DD*)
wtw—J /¢
D*D* (not DD)
ntw—J /¢

nt T’
NEAS
atT

"T:tXcl

71':*:Xcl

Wj:'l,bl
mtT—T(1, 2, 3S5)

Production Modes

ete~ (ISR)
J/ — nYs(2175)

B — KX(3872), pp

¥y — X(3915)

vy — Z(3940)

ete™ — J/1X(3940)
B — KY(3940)

et e (ISR)

ete™ — J/X(4160)
et e (ISR)

et e (ISR)

et e (ISR)

et e (ISR)

B — KZ=(4050)

B — KZ=(4250)

B — KZ=(4430)

L

ee” — Y

7Y(1,2,35)/h,(1,25); BB* “Y(5S) Dn*Z,,
7Y(1,2,35)/h,(1,25);B*B* “Y(5S) Dz,



