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Hadrons: normal & exotic

In the quark model, hadrons are
dominantly bound states of qqbar
(mesons) or qqq (baryons)

]33ut QCD allows hadrons with Nquarks;ez,
- Glueball:Nquarks =0 (gga gee, .. ) & ud
— Hybrid: N, = 2 + excited gluon ugs
— Multiquark state: N> 3 _
— Molecule: bound state of 2 or more dibaryon

hadrons

It 1s a long history of searches for
these exotic hadrons, however, no
solid experimental evidence was
found until recent breakthroughs in
the charmonium region.
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Charmonium spectroscopy
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There are lots of XYZ states

44 E% A number of new states above
c2(3°Pz)
E mee™ | open-charm threshold.
42 | . .
YD) Charmonium in the final state,
10 | o i but not an obvious charmonium
weey] [P gtate (charmoniumlike or XYZ)
38 | —
'“;(‘;:; What are they?
36 | @S0 — Charmonium?
- — Tetraquark?
34 L -xeo 3P
— Molecule?
32 - predicted, discovered - Hybrld‘7
predicted, undiscovered — Hadrocharmonium?
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XYZ and Experiments

* X: neutral, in B decays and hadron machines.
* Y: neutral, vectors in e"e” colliders.

* Z* charged quarkonium-like +CLEO-¢, CDF, CMS
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What is the X(3872)?

BELLE [PRL 91, 26 (2003)] * First observed charmonium-like
a5 exotic state 1s X(3872).
% 30 * Observed at Belle in 2003 1n the
) mode wtwJ/Ap, confirmed by CDF,
3% DO, BaBar, CMS and LHCb.
S 20 « Mass: Very close to DD *?
10 threshold.
g 10 * Width: Very narrow (< 1.2 MeV).
w 5 ; * Mass and decay modes are in
Ol Lo b ol disagreement with charmonium.
3.82 3.84 3.86 3.88 3.9 3.92 .
M(J/vy nrt) (GeV) * Produced in
D- or P-wave charmonium? — pp collision
Molecular state? — B decay (BKX)
Tetraquark? y

Molecule + charmonium mixture? — Y(4260) 2yX(3872) ? °



Determination of the X(3872)

quantum numbers.

CDF measurement [PRL 98 132002 (2007)]
excluded all JP€ except 2-* and 17,

LHCb measurement [PRL 110, 222001 (2013)],
established JPC =1+,
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Radiative decays of X(3872)

o aBar 2009

Belle 2011
-
LHCb .
— =M D-wave-charmonium?
predictions for pure cc state molecular-state?
Tetraquark?

., prediction for pure DD* model Molecule + charmonium mixture?

predictions for admixture of cc and DD*
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LHCb result [NPB886, 665 (2014)] R
B(X(3872) — W(2S)y)

A

_ = 246+ 0.64 £ 0.2 :
BaBar result [PRL102 132001 (2009)] 5 _ B(X(3872) = 74(25)) _, 00\ (=
R, =344 B(X (3872) — 7J /)

Belle did not see signal [PRL107, 091803 (2011)]
R, <2.1 @ 90%CL
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Y-family states

BaBar: [PRL95, 142001]
273fb-1
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A family of vectors (JP®=1-) observed in e*e" colliders.

In the process e"e™ 2yt 7w J/ir , the BaBar experiment observed the Y(4260), then
confirmed by CLEO and Belle.

Properties are different from 1-- charmonium: strong coupling to sz7zJ/, no significant
enhancement in open charm production.

Belle [PRL99, 182004 (2005)]
5481b-1

i Y(4260) 2xa ' J/y
(Y(4008) also reported) .

------- Solution One -

------- Solution Two

7Ry S 5.5

M(r* 't JAy) (GeV/c )



Y-family states

BaBar [PRL9S5, 142001(2005)] 273fb"!

i Y(4360) > mp(2S)
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Several Y states were observed by Belle and
BaBar in 7#*'wJ/y, w'wy(2S) and A.A, after
the discovery of Y(4260).

Y(4008) (Belle)

Y(4260) (BaBar, Belle, CLEQO)
Y(4360) (BaBar, Belle)
Y(4660) (Belle, BaBar)
Y(4630) (Belle)
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Belle [PRL 99, 142002 (2007)] 673b"!
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Y-family states

With larger data samples
Y(4260), Y(4360) and

Y(4660) were confirmed by

Belle and BaBar in ISR
process.

BaBar [PRD 89, 111103 (2014)]

(Belle [PRL 99, 142002 (2007)])
20 T

ABAR
112 events (520 fb')

]Belle

Events /50 MeV/c?

110 events (673 fb™)
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BaBar [PRL 98, 212001 (2007)] 298 fb'!
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Belle [PRL110,252002 (2013)], 967 fb’!
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List of Y-family states

State Mass (MeV/c?) | Width (MeV/c?) | Decay mode Experiment
¥(4008) 4008+121_, 226+97 Iy Belle
¥(4260) 42509 108+12 7w/ BaBar
0r0J/y CLEO
KK-J/y Belle
Y(4360) 4361x13 74+18 7 wY2S) Belle
BaBar
¥(4630) 4634*,, 92+41 A*A: Belle
Y(4660) 4664+12 48x15 T P(28S) Belle
BaBar
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What do we know about Y?

= - -
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43007 y(a260) i
\ W(4160)
4100~ °\ ¥(4040)4
© Y(4008) y: . (2P)
% 3900 - ~ S T W
S - = v (3770)
3700 =T 'Sy —— sy T T 3
1 X2 (13F’2)
3500 - he (1°P4) 2 (TP,
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3300
3
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0t 1 , G Jr>

C. Z. Yuan @ LP2013

T+ Between 4 and 4.7 GeV,
at most 5 1 states
expected in charmonium
family (3S, 2D, 48, 3D,
5S), but 7 particles are
observed.

* Hybrids? Molecular
states?
Hadrocharmonium?

Threshold effect? FSI?

* Y(4260), Y(4360) and
Y(4660) are similar and
narrow.



Cross sections around Y-states region

g ¥ ee-mnl/yw @BESII
e'e -t hc @BESIII
e'e-mtmly @Belle

e‘“e’—m*n‘hc @CLEOc

- ﬁ_ * M“ 094 ¢¢¢¢¢ 6

Y |
Ecm (G eV) Olga Bondarenko (@ Vietnam2014

* Different decay modes have similar cross sections.

* The line shapes seem to be different.
* Correlation with Y(4260) or Y(4360) 1s unclear. 14



Cross sections around Y-states region

BESIII preliminary
100
B .
n ete 22w
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154z 425 43 435 44 445 45
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e*e 2wy, are observed at 4230 MeV and 4260
MeV. Signal does not arise from the decays of the
Y(4260). 15



Cross sections of e*e-2yX(3872)

BESIII [PRL 112, 092001 (2014)]

0.6 C 15 | ' ' ’ ! I T T 7 T T T T T T ]

- O(e*e2yX(3872)) -+ data - ~ Data
0.5 — Y(4260) NQ [ — Total fit

- Phase Space > i ]
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M?Eimu/\p) (GeV/cd)
BESIII observed e+e-=2yX(3872).

It seems that X(3872) is from Y(4260).

R(B(ete2yX(3872))/B(e*e 2m mwJ/y)) ~ 11%, large transition rate.
Together with ¥(4260) = 2Z_(3900), indicates commonality in the
nature of the exotics states X(3872), ¥(4260), and Z (3900). ‘



Z *: charged charmonium-like states

Z* decay to charmonium demonstrates a ccbar pairr.
Electric charge demonstrates two or more light quarks:
Nquark =4

A clear signature for an exotic hadronic state!

Search 1n final states m@//y, wh,, 7yY(2S) mx,,...



Observation of Z,(3900)* in

ete = - J/ Y

Belle PRL 110 252002 (2013) BESIIII
BESIII[PRL 110 252001 (2013)] ;
525pb-1 @ 4.26GeV 967fb-1, in ete-Dygpm+m-J/y M = 3899.0+3.6+4.9 MeV
o ~+-Data 70F data =46+10+20 MeV 307+48
o 100 : Zc éﬂtJ/'l/} S, NQ 60 E_Zc éﬂtJ/’lp i - r 46 10 CV 7
% 80 C ---= Background fit E 50 ;_ — Background eVentS, >80
© cof S 4of Belle
o o
s | @ M = 3894.5+6.6+4.5 MeV
2 4o | g 2y I'=63+24x26 MeV
2 200 oE- pishiny 159 = 49 events, >5.20
[/ : 3.7 3.8 3.9 4 4.1 4.2
0 Emmses — o i 3 Moo (/) (GeV/c?) CLEO-c data
. Mmax.(ni‘-]/\l!) (Gev/c2) . M = 3886+4+2 MeV

I'=37+4+8 MeV
CLEO-c data [PLB 727 366-370 (2013) |
S8gpin1 @ 1.17Ge1 . Z.(3900) first 81216 events, >S50
3

> F fi d charged
O - | Data . a coniirmea ¢ g
S 3 - Phiage Space Z2nJy (@) charmonium-like states ° I(i"“l’ie to FCbl‘;‘r-
% 25 = Jnp Sidebands observed in z*mJ/y by as electric charge.
2 205 v BESIIL. Belle and *  Atleast 4 quarks.
3 ¢ i e. ca *  Mass close to DD*
O 15- confirmed in CLEO-c threshold.
10F data (NWU group). *  Molecular state?
: i kil } : } _____ ? Tetraquark?
511 BRE L$ Hadrocharmonium?
- ; Threshold effect? ...
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Z (3900) in ete—n’n"J/y

_ BESIII preliminary, 2809 pb! e
S 4260 MeV S 4360 MeV S 4230 MeV
S 3 Z VI S S 50
E‘ 25 E‘ E‘ 40
15
10 20
5 10
0 . e . 0 . e b
3.8 4.0 4.2 X X X 38 4.0 4.2
M(7°J/y) (GeVich) M(7°J/y) (GeV/cd) M(7°J/y) (GeV/c?)
* Z.(3900) is observed clearly at E__=4230, 4260,
CLEO-c data[PLB 727, 366-370 (2013)] ¢ cm
_ 54§Pb-1 @ 4.17GeV 4360MeV by BESIII.
© - [ Data . .
% 10f — Phase Space (a) * BESIII preliminary result:
Tg 8 = JIv Sidebands e M=3894.842.3 MeV
3 o « I'=29.6+8.2 MeV

* Significance =104 o

* Interpretation: neutral isospin partner, Z_ (3900)°

8600 3700 3800 3300 4000 19
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ete—=a*(DD*)* @ 4.26 GeV

Events / 4 MeV/c?
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:Z (3900)
| BESHI[PRLI112, 022001 (2014)]
| S25phT @4.26GeV
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lcos 6]
M[Z (3885)] = 3883.9+1.5+4.2MeV

I'|Z(3885)] = 24.8+3.3+11.0MeV
20/1c below those of Z.(3900)

Assuming Z,(3885) is Z,(3900):
T(DD*)/T(l/y) = 6.2+2.9

Large non-DDbar coupling 0



Observation of Z_(4020)* in

ete—m' 7w h (1P)

BESIII [PRL 111 242001 (2013)] BESIII [PRL112, 132001 (2014)]
< 1200 827pb! @ 4.26GeV
’> - 80 —4— data — — Z_(4025)
:;3; 1001~ < 70F S— tottal fit - comb. BKG
= i O - - PHSP signal
£ 60? { , o “°F ete I2mt(D*D*)*
;: _ +T ¢ A '"",,, C\i 40 ;_ F
40:{, ft S 3‘11.'2‘((;&‘?/8) E 30E
205 My eteda'mh, = oof
= E
LT R e A PR T L 101
95 200 405 410 415 420 425 R e
M, 4, (GeV/e?) 402 4.04 406 4.
Narrow 7z#h,_ structure observed RM(@T) (GeV/c?)
*M = 4022.9+0.8+2.7 MeV, Deviation from phase space decay
T=79:2.7£2.6 MeV | JA(AS) cc 11 | *M=4026.3+2.6:3.7 MeV
*Significance : 8.90 h(1P) cctl T = 24.8+5.6+7.7 MeV
Hint for Z (3900) ?7*h 2 | ¢ *Significance : 100
*Significance is only 2.10 | Assuming Z,(4025) is Z,(4020)
o(ete™ = n*Z,(3900)F — nt7x~h,) < 11 pb ‘ L(DD*)/X(7h,) = 1245

o(ete™ = 7% 2Z:(3900)F — ntn~J/¢p) =13+ 5 pb o



Neutral partner of Z.(4020) in

e*e 2n’n’h,

BESIII Preliminary

E 90E

~ 80 —e— o(e*e->n*h,)

= C

,g 705 —e— o(e*e->n*h,)

Q -

2 60

2 E

g 50;

g 405—

=] 30;—
205 I
10 [
0:.|I...1,|....|,...|....|..

4.0 4.1 4.2 4.3 44

Ecy(GeV)

X-sec of #’a’h_ is about half of
charged process, agree with
expectation of isospin symmetry

Z.(4020) >n’h,

Events/(0.01GeV/c?)

S5 39 395 4 405 41 415
grecoil X T/
MEH  (GeV/cY)

BESIII preliminary Result :
M|[Zc(4020)°] = 4023.6+2.2+3.9 MeV -
M|[Z.c(4020)*] = 4022.9+0.8+2.7 MeV]
-Width fixed to charged Z (4020)
Significance >50
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(Events/5 MeV/cz)

Z,(10610)* and Z,(10650)*

Belle [PRL108,122001 (2012)] 121.4 fb-!

ete > r(ss) DTt Y'(nS) ete > T (5S) 97’*77"1;(’”1))
100 —————————————————————————— ) ~ :
Z,(10610)>7 I'(2S) i § 12000 Z,(10610)>7h,(1P)
g0 L Z»(10650)>7 Y'(2S) _ % 1000 of— Z,(10650)> 7zh,,(1P)
o0 | H _ E 8000 f
S 6000}
. >
40 I 1 Y 4000}
s E 2000 F + 'h_
20 [
E L E O _IT‘[ l llJ.T lT
[ B R SRV R O AP it v s t ] Tﬂ l ll T +
%04 1045 105 1055 106 10.65 107 10.75 -zoooi T
M(Y(28)m) ., (Gev/c?) 104 105 106 107
2
Z,(10610) M =10607.2+2.0 MeV/c? H fl ) Mm‘ssénz)’ fewc
[ = 18.4+2.4 MeV eavy flavor p:ur ners of Z_.
P =1 Z . 2nJ/y, (DD)
Z.>nh, (1P), (D'D’)
Z,(10650) M =10652.2x1.5 MeV/c® Z,2r Y (nS), wh,(mP), (BB*)
[ =11.5+2.2 MeV Z,’2x Y (nS), wh,(mP), (B"B") -

JF=1"



Z(4430)* in B'—y(2S)Kn

Seen by Belle Not seen by BaBar
[PRL100, 142001 (2008)] 605fb-! [PRD 79, 112001 (2009)] 4131b-1
[ Z(4430) Dmyp(2S) 20:_' B y2S)Ky (0]
%W 1 % % E
| i,
% ‘9 i [ ] i 0 o + d .
: % ol BDa JyTK i(b)_; sof B WESMK" )
2 1s50f EIAEtzideband LS G @W ]
1 20 m@%ﬁ i % }W tot 4 .
38 R I 48 35 4 45 3§ 4 42 44 46 48

my,. (GeV/c?) m,, 6 (GeV/c?)

Belle updated results confirmed its
existence, JP = 1+1s favored
[PRD 88, 074026 (2013)] 711{b"!

Belle Z(4430) was the first evidence of a
fourquark state in the charmonium sector.
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Z(4430)* in B'—y(2S)Kn

LHCb [PRL112, 222002 (2014)] 3fb-!

R
= F | | T 7 T =
> - ] ~0.2 .
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= 9% 4 42 4.4 4.6 438
m,,.- [GeV] i |
_06 1 1 1 | | 1 1 | 1 1 1 I 1 1 1 | 1
— 15 2 -0.6 -0.4 -0.2 0 0.2
M = 447575 MeVic | RoAZ
25 Argand diagram e

I = 172i13+3?_34 MeV

JF=1* Measured for the first time Fitted values of the 2(4430)
amplitude in six m?(1’n") bins.
LHCDb confirmed Belle results and determined Argand diagram i1s consistent with the

Z(4430) J? unambiguously. behavior of resonance. -



Z (4200)* in B"—J/yKn

Belle preliminary [arXiv:1408.6457 (2014)], 711 fb"!

1.2 GeVi/c* < M¥(Kx) < 1.432% GeV?/c* 1.4322 GeV?/c* < MA(K,m) < 3.2 GeV?/c* MZ(K,::) > 3.2 GeV?/c*
K Yo 120F o _f
21807 (4200) 2N Z.(4200) ]l < 50tZ.(4200)
$ 160 $ 1000 \l R
(0} o 100 (0}
otz S 100-Z(4430) S Z(4430)
& N ant & f
S 120 c 80F s
= > @ 30
g 100 % 60_— % E
L% 80 @ L o 20:
60F| 401 I
40 20-_ 10:
20 [ L I :
o) I R R T T e I oL - P EETLL P B T N I ok P S T S . T
12 14 16 18 20 22 12 14 16 18 20 22 12 14 16 18 20 22

M(JAp,), GeV2/c? M(JAp,x), GeVarc? M(JAp,), GeV2/c?

Belle observed a new charged charmonium-like state Z.(4200) * in &J/y with a
significance of 6.2 sigma.

M = 419673511% MeV/c?,

I = 37077079, MeV.
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List of confirmed Z_ states

State Mass Width Decay mode | J¥C Experiment
(MeV/c?) MeV/c?)
Z(3900)=° 3888.6+2.7 34.7+6.6 a=J/y (DDY) | 1* BESIII,
Belle
CLEO-c data
Z (4020) =0 4023.8+2.1 7.9+3.8 mth, (D*D") I BESIII
Z(4430)* 447821 181+33 T=YP(2S) 1* Belle
LHCb
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* Exotic particles, XYZ, are found both in
charmonium and bottomonium sectors 1n the last
decade. They don’t fit into the expected
charmonium spectrum.

« JPC of X(3872) has been determined to be 1.

* Y-states: Y(4260),Y(4360) and Y(4660) are
confirmed.

* Four quark states are observed with certainty:
Z.(3900), Z.(4020), Z(4430), Z,(10610)* and
Z,(10650)...
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Thank you!



