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Hadrons: normal & exotic

* Quark model: hadrons are composed from 2 (meson)
quarks or 3 (baryon) quarks

s U d u d J
Normal g * 10 ,
dibaryon pentaquark glueball
VS- @
° (@ \ T
Exotic u B
diquark + di-antiquark dimeson molecule q q g hybrid
* QCD does not forbid hadrons with N, %2, 3
— Glueball : Nouarks = 0 (99, 999, ...)
— Hybrid : Nyuarks = 2 (Or more) + excited gluon

— Multiquark state : N 4> 3
— Molecule : bound state of more than 2 hadrons
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Why heavy quarkonium?

 Below threshold: understood.

GeV A _
* Above threshold: challenging!
4.80 « Continuously search in experiment.
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XYZ particles

XYZ or charmonium-like particles

GeV _ _
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Leptonic machines
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The vector Y-family
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Entries/20 MeV/c®
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Events/(0.005 GeV/c?)

Events/(0.005 GeV/c?)
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* Using scan data over 4.21 and 4.42 GeV, e+e-2>wy_, are significant

@ E__=4.23 & 4.26 GeV.

* Cross section peak near 4.23 GeV, fit with BW vyields
Mass=(4230+816) MeV, Width=(38+12+2) MeV.
A new structure? Tetraquark (arXiv:1412.7196)? Threshold effect?
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BESIII: structure near 4.23 GeV? More data is needed! 11



The exotic X states



Evidence of X(3823) at Belle

PRL 111, 032001 (2013) 772 M B mesons

B%K(YXcl)

Mass agree with
potential model
predicted y(1°D,)
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Also in its dominant

3.6 3.7 3.8 '\\ 3.9 decay channel yy_,
M, ,(GeVic?)
cl

-

\ Good candidate!

B . PDG
My (3823) = Myagyy) — My + M ; '

= 3823.1 = 1.8 £ 0.7 MeV.

', A narrow resonance X(3823)
with 3.80 significance.
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etfe 2wt X(3823) 2wy,
Using 4.67 fb! data, BESIII search for X(3823) at different E_,
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39 L M A S 2 T L A _l e LA I-_I hd L\l v l_
. ' \ \ ' o | \
o (a) ' e | - (b) ' X : ] (c) ' :
13} ' i " o ' -
- abadandand ARAcablilcacsasaa hoassadheacscscasaadana b - S ocsadbaccagna dow P L. % s ie & =
>38 o . ' ' L ' ' v -::‘- hd ' e .. .:
R S 4 : ; ! : ; - i ; .. : ]
o ™ - . L ] L
—_— - ‘l L ¢ g | [ ' | :. 1L L ] ' ° :
~~ - —1°0 r $egrorefiecccnpeqeaccna L i bttt | el B | DR 1 ¥ S
3.7 . " L ~~|| Bee | - ' . P F 10U ‘ *l: L " =
Folg.-t A3 Sl E e o e S A $----- ) | R e F e S 3
5 ' ‘o' 13 eod} ' Y O] ' e 4L e ' o 4
- 1 .I . 1 8 ' ] ' 4 1 l. -
R ' * e - " ' = | = | ' -
336 | .1 o .. [ s ‘e I .
1 [ " ' [ " ' (N
= . ® ¢ ' ' i » ' |
35 1 [ ; ° ' ' - | . ' ' -
Al AL i 1 A 1 A 1

o w
o o} w
T
—_
Q.
~—
.
.
.
1
A‘
(3]
—
.
1
L)
—
=
L)
[ ]
L
L
.
4

M, i ) (GeV/ic?)
()
e
T

o
N
‘.
IO
*
L o
L
L)
‘Q
L
.l
L ]
<
N
w
.
.
<
-,
.l
‘°P
”
»
;0
k.
v
L
[ iy

345 35 356 36 345 35 355 36 345 35 355 38
My, Jiv) (GeVic?) My Jiy) (GeVic?) My, Ji) (GeVic?)

E.n=4.42 GeV E.,=4.60 GeV The sum 14

@
(3
—




Events / 5 MeV/c?

BGS]]I arXiv: 1503.08203 (PRL in press)

Observation of X(3823) at BESII|

—+— Data C\é —+— Data
40F — Fit > 40F — Fit
T | Background S e Background
30; Sideband lo) 30; Sideband
20 X(3823)
10}
g.6 3.7 3.8 3.9 8.6 3.7 3.8 3.9
M, (') (GeV/c?) M, (1) (GeV/c?)

Simultaneous fit to data sets at different central-of-mass energies.
M[X(3823)]=3821.7+£1.3+0.7 MeV (calibrate by y(2S)).

Statistical significance: 6.20 (>5.90 including sys.), observation!
Good candidate of ¢(1°D,), confirms X(3872)=y(1°D,)

15



B'GS]]I Production mechanics of X(3823)

2.5

arXiv: 1503.08203 4 (gata
PRL in press

Whether from Y(4360) or

o)
e i
< 2f —Y(4360) | W(4415) decay
R : .. ---y(4415)
i 15F Favor the Y(4360) [M. B.
Qb Voloshin, arXiv:1504.02973]
w -
™ i
X o0sF | Y(4360)>mwX(3823)? A
B i new decay model of Y(4360)?
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4.230 1092 0.7757 (< 3.7) 0.168 0.755 1.056 0.127075 £0.02 (< 0.73) - 34.1+81447
4.260 826 11718 (<4.5) 0.178 0.751 1.054 0.23793% +0.04 (< 1.11) - 25.9+8.1+3.6
4.360 540  3.97%3(<7.9) 0.196 0.795 1.051 1.1079%% +£0.15 (< 2.54) (< 2.05) 58.6+14.2+8.1 0.207913
4.420 1074  7.5738 (< 12.9) 0.145 0.967 1.053 1.2370:32 +0.17 (< 2.45) (< 0.60) 33.4+7.8+4.6 039732
4.600 567 1.9717(<5.2) 0.157 1.075 1.055 0.477077 +0.07 (< 1.48) - 104752 4+1.5




Understand the X(3872)

* Mass: Very close to D°D®* mass threshold.

 Width: Narrow, <1.2 MeV @ 90% C L PRL 91, 262001 (2003)
. JPezqn T _-
Wy -

B BELLE 15% M BB

* Nature (very exotic)

200

Events/0.010 GeV

< D°D%* bound state (molecule) F |IX(3872)
< Tetraquark 3 JM
< Mixture of x_,(2P)+molecule T oy

* Decay rate: open charm dominant, charmonium ~o(%).

* Production: (Belle + BESIII)

<> B>KX(3872) decay similar to (cc), K*X(3872) smaller than (cc)
< Y(4260)->vX(3872) is unique !
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PRL 112, 092001 (2014).
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Analyze ~2.9 fb-' data at 4.009, 4.23, 4.26, 4.36 GeV

X(3872) was observed with 6.30 significance.

M[X(3872)]=3871.9+0.71£0.2 MeV, I'<2.4 MeV @ 90% C.L.
Agree with PDG, another independent measurement.
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gt 98
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Fit with different shapes

Y(4260): 12/ndf=0.49/3
E1 PHSP: %2/ndf=8.7/3
Linear: x?/ndf=5.5/2

For the first time,
oring connections
netween exotic

nadrons (X and Y) |

e Central-of-mass energy dependent cross section peaks at 4.26 GeV
* Strongly suggest the decay Y(4260)—>vX(3872)
* The ratio of B[Y(4260)—2>vX(3872)]~10%.
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Events / 20 MeV/c?

Search X(4140)=2>¢J/y

PRD91, 012003(2015)

B>KopJ/p 422.5 fb!
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The X(4140) was reported by CDF with Mass=(4143.0+£2.9+1.2)
MeV and Width=11.7*%3 . 3.7 MeV

Controversial: CMS (Yes), Belle (No), LHCb (No)

BABAR: 1.60 significance, ratio [B2KX*X=2>¢J/y]/[B=2>KdJ/

P ]<0.133 @ 90%; CDF=(0.149+0.039+0.024); LHCb<0.07 @ 90%
BESIII: no signal, cross section yX(4140)/yX(3872)<10%. 20



The Z_states



Events /0.01 GeV/c?

Events / 0.02 GeV/c?

Discovery: ete2>n*Z_(3900)2> ')/ @4.26 GeV
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0L pLB 727(2013) 366
251 Signal:>5.20
| J
102— i 0 {
sz-i-ﬁlT -
PP S B SR .
%600 3700 3800 3900 4000
Muax(mJ/y) (MeV)
BESIII: M=(3899.0+3.614.9) MeV;
I'=(46+10+20)MeV
Belle: M=(3894.5+6.614.5) MeV;,

I'=(63+24+26) MeV.

CLEQO’s data: M=3886%6+4 MeV,
['=33+6+7 MeV.

At least four quarks inside!



Neutral isospin partner: Z_(3900)°
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ete 2 (DD*)*mw +c.c. ?

BESHI PRL 112, 022001 (2014)
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M(D'D*?) Z_(3900) vs. Z (3885) > Same resonance ?!



PRL111,242001(2013)

T 120 g
% - -g E g 350
O 100 %, = Esoo
S ~ < g
= =t : =™
§ N %2 W |-- 5 % i:z
= 60&- + - §1 g

40_+ F """ =3 ‘M:.? LGe:’./lc’) 50 3; 35 356 358 360 e sﬁzg;gﬂ ceviey

: ~~. wrwh, O 0rt0h
20 h\\ C
Lo B miwcdiadl \\\ T

P95 400 405 410 405 420 425 Charged Z.(4020)
PRL 113,212002(2014) M"‘“gf:;; ih - Mass=(4022.9+0.812.7) MeV

45 ass near resno .

= + +
~ Y Partner of Z(3900)? Wldth (7.9£2.7£2.6) MeV
S 3 Molecules? Tetraquark? | Significance: >8.90
S ¥ - :
S 25 An spin triplet is established !
g 20 b~
g s ~~ Neutral Z_(4020)°
= ; Mass=(4023.9+2.2+3.8) MeV
. Width: fixed to charged partner
03. 39 395 4 405 4.1 . 4.2 4.25
Ml (GeV/e?) Significance: 50



BCSII e*e 2> (D*D*)*/=n%(D*D*)%+c.c.
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Charged Z_(4025):
M=(4026.3+2.6+3.7) MeV
['=(24.8+£5.6+£7.7) MeV
Significance: >100
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Neutral Z_(4025)":
M=(4025.5"29 , .+3.1) MeV
['=(23.0+£6.0+1.0) MeV
Significance: 7.4c

New isospin triplet?

Z.(4025) and Z_(4020) have similar mass, but different width. -



VA (4050)+ & Z_(4200)* by Belle

Entries/20 MeV/c?
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Nature of Z_states

ﬁDecay to charmonium =2 contains charm & anti-charm quarks \
» Charged feature = can not be pure cc bound state

» Minimal combination =2 Four quarks inside !

» Lattice: diquark-antidiquark operator (arxiv:1405.7623)

» Hadron Molecule?
Phys. Rev. Lett. 111, 132003 (2013); Phys. Rev. D 89, 094026 (2014)
Phys. Rev. D 89, 074029 (2014); Phys. Rev. D 88, 074506 (2013); ...

» Tetraquark?
\P\hys. Rev. D 87,125018(2013); Phys. Rev. D 88, 074506(2013);
Ph

ys. Rev. D 89,054019(2014); Phys. Rev. D 90,054009(2014); .

/Outlook D

<> Belle Il is coming, and will
accumulate 50 ab! data by 2024.




Summary

Leptonic machines make big progresses in the
study of exotic hadrons.

X & Y states are difficult to distinguish from
normal meson, charged Z_ states provide solid
evidence.

Quark composition is still puzzling...

More results are coming, we would finally
understand them.

Thank you (5i) ! .
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No significant signal observed with current BESIII data !
Can not provide effective constraint to models...

Vs (GeV) £ (pb™Y) (146" (146°) (e°Bre® + e#Briir) (%) N°bs NV Nup gBorn (pb)

4.009 182 0838 L1044y  21+0.1(sys.) 5 1 598.1 36
4.230 1007 0844\ (1\0%3 2.2 +0.1(sys.) 12 11 5929 1.7
4.260 OQ&Q 1.054 2.2 +0.1(sys.) 12 8 6541 24
4.360 X 0.942 1.051 2.2 +0.1(sys.) 5 4 2832 14
4.420 ‘31 3 0951 1.053 2.3 +0.1(sys.) 5 6 3427 0.9
4.600 567 0.965 1.055 2.4 + 0.1(sys.) 6 3 4184 1.9 0




