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Hadrons

Quark model:

Mesons

Exotic hadrons:

= Glueball

= Hybrid

= Multiquark state
= Molecule
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Static Quark Anti-quark Potential

= Coulomb-like + linear potential

At small distance: one-gluon exchange
(c2) 4 o / dominate
T~ At large distance: confinement

Rrag = =
+ S5 Se-5ed(#) - - |
me Mass splitting A
1 [/20s b= = 4o, osf _ 3777
T m2 [( rd 5) LS+ r3 T}

[PRD 72, 054026 (2005)] o3| /
= Solve Schrodinger equation &1

Coulomb—like

(heavy quark mass, m, >> Aqcp, Non-relativistic) -+ .
—> states in the spectroscopy L

r (fm).

k is the string constant of QCD string between quark and anti-quark




Charmonium Spectroscopy

[PRD 72, 054026 (2005)]
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Charmonium Production

Direct Production Initial State Radiation
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Charmonium Production

B-meson Decays
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Experiments
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X(3872)




Discovery
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= First observation:
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= B meson decays O A e (Gevy - | = WM
(Belle, BaBar, LHCD) [PRLYS, 072001?@90 ) M
= pp(-bar) annihilation .
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Mass and Width Measurement

= Mass: 3871.69+0.17 MeV/c?

= Close to DD threshold: 3871.80+0.17 MeV/c?
“binding energy”: -0.11+£0.24 MeV/c?, large radius
= Only measurements from n*-J/p are used

Mass (MeV/c?) | Experiments | Note

3871.9£0.7+0.2 BESIII Y radiatve transition [PRL 112 092001]
3871.9510.48+0.12 LHCb pp annihilation [EPJC 73 2462]
3871.851£0.27+0.19 Belle B+,B? decay [PRL 107 091803]
3871.61+£0.16+0.19 CDFII pp-bar annihilation [PRL 103 152001]

3871.4+0.6+0.1 BaBar B* decay [PRD 77 011102]

3868.7+1.5+0.4 BaBar B decay [PRD 77 011102]

3871.8+3.1£3.0 DO pp-bar annihilation [PRL 93 162002]

= Width: <1.2 MeV [PRD 84, 052004 (2011) Belle]




Quantum Number

= Decay into yJhp: C=+ state
= CDFIl narrow itto 1** or 2+ [PRL 98,132002 (2007)]

= Use helicity-amplitude analysis, compare angular
distribution
|cosO, .| > 0.6

= LHCb: 2" rejected > 8o
[PRL 110, 222001 (2013)] 1fbo" F 4:*:._
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" T in X(3872)9ﬂ?+ﬂ3_;’/1p decay: S

= Dominant contribution: p° (CDF, Belle) {PRD 84, 052004]
= Isospin of X(3872) 0 or 1 d\
0: X(3872)->pJ/y isospin violate
1: charged partner not found, large

X(3872)~>wJdp branching fraction
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What’s X(3872) arXiv: 1411.7738

= As conventional charmonium
= JPC=1*+ 23 P, state y,(2P)

= Potential model predicted mass: 3925 MeV (NR)/ 3953 MeV
(Gl), 50~70 MeV higher

= Decay to pJ/yp isospin and OZI violating process
= As Molecule:

= Small binding energy, large radius

= Production characteristics in pp(-bar) collision similar to y(2S)

[DO: PRL 93, 162002 (2004)] [LHCb: EPJC 72, 1972 (2012)]
[CMS: JHP 1304, 154 (2013)]

= Ratio of X(3872)>yJhp to X(3872)>x*mwJ/y:

= 0.24+0.05 [BaBar: PRL 102 132001 (2009)] [PRL 107 091803
(2011)]

= Consistent with molecule calculation when D*D™ and Dg*Dg™
included [PRD 86(11) 113007 (2012)]




What’s X(3872)

= As Molecule (cont.):

= Ration of X(3872)>vJhp to X(3872)>vy(2S):
= 2.311£0.57 [BaBar: PRL 102 132001 (2009)] [LHCb: NPB 886
665 (2014)]

= Pure DD* assignment failed at this point

= As tetraquark:

= Two states in B* and B? decays [PRL99, 182003 (2007)]

= Not confirmed by Belle and BaBar [PRD 84 052004 (2011)]
[PRD 71 031501 (2005)]

= As mixture of difference configurations

= |X(3872)> = ¢,|cc> + ¢,|DD*>
[EPJC 73(3): 2351] [PTEP 9 093D01]
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Discovery

= First state - Y(4260), 3 | [FRLYB. 742001 (3905)]
discovered in ISR process at 't BT S
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= M>4 GeV above DD threshold R R i i O
g oA
= Not observed in inclusive hadron E“_,LB ggg”'tf;%‘*bv&oos)
cross section IBES
1

= Not observed in open charm pair
Cross section

= Confirmed by CLEO and Belle
= Quantum number: 1—
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Over Population 1- States

Mass / GeV
5.0

Y (4660) arxiv: 1311.7594
No more states. '
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= Above charm threshold, 5 expected, 7 observed
= No mixing with  states
= No mixing among final states
= Y(4260) only to a*mwJ/p (small hint 2.40 in wtray(2S))
= Y(4360) and Y(4660) only to "t (2S)




Luminosity (pb™)

New Information from Scan

5.5 fb' data at BESIII ' 423426 436
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What’s Y States

= As conventional charmonium
= JPC=1-

= No candidates from potential model prediction in nearby mass
= Missing from open charm production cross section
= Missing from inclusive hadron cross section

= As charmonium hybrid

= Predicted mass ~4.2 GeV [PRD78, 056003 (Guo); 094504
(Dudek)]

= Decay to DD, should be large, need experimental result
[PLB 628 215]

» Other configurations:

= Hadrocharmonium, molecule, terequark, threshold effect
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Z(4430)

= First observation: [PRL100, 142001 (2008)]
= Belle, B>Ka*(2S), 605 fb-' data at Y'(4S)
= Fit to the mass spectrum of w*(2S), 6.50

= Not confirmed by BaBar, found data can be explained by
K" reflections: [PRD79, 112001 (2009)]
= Two dimensional analysis, 413 fb-' data at Y'(4S)

= Updated Belle results: [PRD80, 031104(R) (2009)]

: . . _ [PRD88, 074026 (2013)]
= Two dimensional analysis using 45

same data as first publication 20

= Four dimensional amplitude 5
analysis, 711 fb1Y(4S), Z(4430)
favor 1*

= Larger width, higher mass
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LHCD

Confirmation of Z(4430)

| LHCb
H.0<m;, <18GeV?

251762174 BOSy'K*m, ¢ > utu
[PRL 112 , 222002] 3 fb-!
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Z(4430) in Jhy

= Belle BOSK-thy, Jp=> 1 [PRD 90, 112009 (2014)]

= 711 fb-! data at Y (4S), 29990£190+50 signal events
= Four dimensional analysis:

D=(M2 - M2, 6,, ©) = Evidence of Z(4430)*
= Z(4200)* observed = Global significance: 4.0 o
= JP=1+ = Argand diagram shows
= Global significance: 6.2 o resonance character
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Z_ States fromY s

o[ [PRL110, 252001(2013)]
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Z_ States fromY s

[PRL111, 242001 (2013)]
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Summary of Z_ States
| State | __Mass (MeVic?) | Width(Mev) | Note _____

3899.0+3.6+4.9 4641020 BESIII, w=Jhyp
3894.5+6.6+4.5 63424426 Belle, n=JAp
3886442 37+4+8 CLEO-c*, m=Jhyp
Z(3900) 0 3883.9+1.5+4.2 24.843.3+11.0 BESIII, DD* single tag
3884.3+1.2+1.5 23.842.142.6 BESIII, DD* double tag
3904+9+5 = CLEO-c*, n®Jhy
3894.8+2.3+2.7 29.6+8.2+8.2 BESIII, n®J/y
4022.9+0.8+2.7 7.942.742.6 nth,
Z (4020)*0 4026.3+2.6+2.7 24.845.6+7.7 (D*D*)t, single tag
BESII| 4023.6+2.3+3.9 - nh,
4025.5*20 , _+3 1 23.046.0+1.0 (D*D*)°, double tag
T 4485+22+28 200741 ,*26 . Belle, wy(2S)
44757415, 172+13%37 ,, LHCb, mp(2S)
Z(4200) 4196%31,,5*17 ., 370+70*70 ., Belle, wJhp
Z(4050) 4051£14+20 82+21 47, Belle, mwy,

Z(4250) 424844 , +180 177+564 ,4*316 Belle, 'y,




What’s Z_ states

= Experimental information:

= At least four quarks
= Mass close charm meson pair threshold
= Product in two pattern:

= B meson decay

= Y states: isospin triplet states (similar states in bottomonium
system, Z, states)

= No mixing between them
= Possible of Z,

= Molecule

= Tetraquark

= Threshold effect

= Hadrocharmonium




Connection between XYZ
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= /_states are produced from Y states above 4 GeV
= /. cross section vs E_ .. measurement
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Summary

= Great progress in exotic hadrons in the past decades

= Properties of X(3872) measurements: mass, quantum
number, production and decays

= Qverpopulation of 1- states above 4 GeV
= Unexplained 1* (probably) states discovered
= Building relations between exotic states

= Theoretical progress
= Better understanding of threshold structures

= Systematic analysis of various processes from difference
scenarios

THANK YOU







X(3872) Radiative Decays
» Ratio of X(3872)>yy(2S) to yJhy:

= Theoretical predictions:
=  Pure DD* molecule: (3-4)x10-3;Charmonium: 1.2-15; Mixture:
0.5-5
= Experimental measurements:
= BaBar: 3.4+1.4, 3.50 [PRL102, 132001 (2009)]
= Belle: <2.1 @ 90% C.L [PRL107, 091803 (2011)]
= LHCb: 2.46+£0.64+0.29, 4.40 [NPB 886, 665 (2014)]
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711 fb! data, 2D fit
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Z(4050) and Z(4250) -4

B> K*my., 605 fb [PRD78, 072004 (2008)]
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