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Quark  Model
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1964

Ø Baryon	  (qqq)	  &	  meson	  (q𝑞#)

Ø (qq𝑞𝑞)	  &	  (qqq𝑞𝑞#)	  etc.	  à
Tetraquark&	  Pentaquark



Successful  &  Powerful
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PRL 119, 112001 (2017)

• Predicted  the  missing  Ω− baryon  with  m=1676  MeV,  BNL  discovered  it  (1964)

• In	  2017,	  LHCb observed	  Ξcc
++ with	  m=(3621.24±0.65±0.31)	  MeV,	  and	  life	  time	  

τ=(256+24-‐22±14)	  fs
• Consistent	  with	  Quark	  Model	  Jp=1/2+ baryon	  (ucc)



Exotic  Hadron  States
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Ø The	  fundamental	  theory	  for	  strong	  interaction	  is	  QCD	  
Ø In	  QCD,	  hadrons	  beyond	  the	  (qqq)	  baryon	  and	  (q𝑞#)	  meson	  exist!
ØDifficulties,	  i.e.	  do	  not	  know	  how	  to	  calculate	  a	  confinement	  problem



Experimental  Search
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PPNP 107 (2019) 237–320

Ø In	  early	  years,	  Lattice	  QCD	  predicted	  lightest	  0++ glueball mass	  1.5	  – 1.7	  GeV

Ø Serious	  mixing	  with	  normal	  hadrons	  à Very	  challenging	  to	  identify	  them

Ø X(3872)	  in	  2003	  à Heavy	  quarkoniumsystem	  is	  relatively	  easier	  to	  solve

Glueball candidates	   Charmoniumlike



Charmonium System
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Nonrelativistic  Potential
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Ø Coulomb	  +	  linear	  confinement

Ø Solve	  Schrödinger	  equation
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Godfrey & Isgur, PRD32, 189 (1985)

Notation:
n2s+1LJ
JPC
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Charmonium Spectrum
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Ø Below	  threshold	  àWell	  established

predicted,	  discoveredηc(1S)

J/ψ

ηc(2S)
ψ(2S)

hc(1P)
χc0(1P)

χc1(1P)
χc2(1P)

2005

1974	  Ting	  &	  Richter	  (Nobel	  Prize	  1976)	  

Godfrey	  &	  Isgur,	  PRD32,	  189	  (1985)Zhiqing Liu | Shandong University, Qingdao 10
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predicted,	  discoveredηc(1S)

J/ψ

ηc(2S)
ψ(2S)
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1974

Godfrey	  &	  Isgur,	  PRD32,	  189	  (1985)

ψ(3770)

ψ(4040)
ψ(4160)

ψ(4415)

Ø Above	  threshold	  à Still	  in	  progress

χc2(2P) 2015
ψ(13D2)

Zhiqing Liu | Shandong University, Qingdao

ψ(13D3)
2019χc0(2P)



D-wave State  ψ(13D2)	  &	  ψ(13D3)
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BESIII Collaboration,  PRL115, 011803 (2015)

Ø Belle	  report	  evidence	  (PRL 111, 032001)
Ø BESIII	  study	  e+e−àπ+π−X(3823)àπ+π−γχc1
Ø M=(3821.7±1.3±0.7)	  MeV,	  Γ is	  small

X(3823)>5σ

Zhiqing Liu | Shandong University, Qingdao

ψ(2S)

LHCb Collaboration,	  JHEP07(2019)035

• X(3842)àD𝐷&
• M=3842.71±0.16±0.12	  MeV,	  

Γ=2.79±0.51±0.35	  MeV

X(3842)>7σ

The	  X(3823)	  &	  X(3842)	  agree	  with	  predicted	  ψ(13D2)	  &	  ψ(13D3)	  well.
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ψ(13D3)
2015 2019

Charmonium Spectrum

Potential	  model	  still	  works	  above	  D𝐷& threshold

χc0(2P)
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Zhiqing Liu | Shandong University, Qingdao

2015 2019
ψ(13D3)

Zc(3900) ±

Charmonium Spectrum

Ø What	  are	  these	  new	  XYZ	  particles???

χc0(2P)
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Ø Exotic	  hadrons	  à e.g.	  multi-‐quark	  …?

unpredicted,	  discovered

Zhiqing Liu | Shandong University, Qingdao

2015 2019
ψ(13D3)

Charmonium Spectrum

Zc(3900) ±χc0(2P)



XYZ	  particles
fresh	  vista	  on	  new	  matter
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X(3872)
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Confirmed	  by	  7	  independent	  experiments	  
(BaBar,	  LHCb,	  CDF,	  D0,	  CMS,	  ATLAS,	  BESIII)

Solid	  signal	  !	  

BàKX(3872)

2003X(3872)

PRL 91, 262001 (2003)

Zhiqing Liu | Shandong University, Qingdao

KEK,	  Japan
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Mass  and  Quantum  number
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JPC=1++

PRD	  84,	  052004	  (2011)

Belle
ρ0 dominant

Ø 1++	   χc1(2P)	  àM~3960	  MeV,	  Γ~165	  MeV
àVery	  different	  from	  X(3872)

Ø Isospin I=0	  state,	  decay	  to	  ρJ/ψ, π0χc1(I=1)
àB[XàρJ/ψ]/B[XàωJ/ψ]=1.6+0.4-‐0.3±0.2 (BESIII)
Isospin violation	  effect	  !
à 10	  times	  larger	  than	  typical	  charmonium,	   e.g. ψ(2S)

Ø m(𝐷')+m(𝐷∗')=3871.684±0.08	  MeV
àΔ(E)~(0.0±0.28)	  MeV,	  bound	   state?

M=3871.69±0.17	  MeV	  (World	  average)
Γ[X(3872)]<1.2	  MeV	  @	  90%	  CL.

Zhiqing Liu | Shandong University, Qingdao

PRL 110, 222001 (2013)
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No	  position	  in	  the	  potential	  model…

[PRL 122, 232002 (2019)]

Very	  Exotic	  !
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π, σ…

N N

Interpretation  (I)
D0

D*0
D0 – D*0 “molecule”

Zhiqing Liu | Shandong University, Qingdao

Molecule-‐like	  bound	  stateà “Hadron	  Molecule”

Ø Long-‐range	  (π, σ…)	  exchange	  nuclear	  force
Ø Deuteron	  (p,	  n)	  à ΔE=	  2.225	  MeV
Ø X(3872)	  à Δ(E)=	  (0.0±0.28)	  MeV,	  loose	  (size	  ~8	  fm)	  

Ø Explains:
Large	  decay	  width	  to	  𝐷'𝐷∗' (~50%);	  isospin violation…

Ø Challenge:	  high	  production	  rate	  in	  p�̅� collision	  @	  1.96	  TeV
Mixture:	  5%|𝑐𝑐̅ > +	  95%|𝐷'𝐷∗'>	  ?	  Wave	  overlap	  small?

Ø Controversies:
B[Xàγψ(2S)]/B[XàγJ/ψ]~2.4	  (BaBar,	  LHCb)	  à not	  welcome

<0.59	  (BESIII	  preliminary,	  Belle)

PTEP(2013),093D01

PRL 103, 162001

NPB 886(665)



Interpretation  (II)
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Tetraquark -‐ compact	  state

Ø Four	  quarks	  confined	  in	  a	  “bag”

Ø Diquark&	  diantiquark can	  be	  colored

Ø Explains:	  isospin violation	  …

Ø Prediction:	  partner	  particles

L.	  MAIANI	  et	  al. PRD 71, 014028 (2005)

Partners	  not	  well	  established!

CMI	  Phenomenological	   model
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Zhiqing Liu | Shandong University, Qingdao



Vector	  Y(4260)
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JPC=1− −Initial-‐State-‐Radiation	  (ISR)

Ø Mass	  ~4.26	  GeV
à Above	  𝐷∗𝐷∗ threshold

Ø Potential	  model	  prediction
à Large	  decay	  width	  to	  𝐷∗𝐷∗ for	  

vector	  charmoniumstate

Ø Y(4260)à𝐷∗𝐷∗
à NOT	  seen,	  puzzling
à Instead,	  tend	  to	  decay	  to	  hidden	  

charmonium (J/ψ+ππ)

Confirmed	  by	  Belle,	  CLEO	  and	  BESIII

Y(4260)  resonance  
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Zhiqing Liu | Shandong University, Qingdao

BaBar
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Vector Y-family
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PRD89, 111103
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Zhiqing Liu | Shandong University, Qingdao

PRL118, 092001

PRL110, 252002

BaBar

Y(4260)

Y(4360)
Y(4660)
…

23

Y(4260)

Y(4260)

Y(4360)

Y(4660)

Y(4660)Y(4360)



BESIII  high  luminosity  scan

Zhiqing Liu | Shandong University, Qingdao 24

• An	  symmetric	  e+e-‐ machine	  
in	  Beijing,	  China

• 𝑠 =	  2	  – 4.9	  GeV

• Design	  L=1×1033 cm-‐1	  s-‐1

0.5	  fb-‐1/10	  MeV	  scan	  from	  4	  – 4.6	  GeV is	  ongoing

~12	  fb-‐1



BESIII  high  luminosity  scan

Zhiqing Liu | Shandong University, Qingdao 25

PRD 99, 091103

PRL122, 102002

• Y(4260)	  mass	  lower	  to	  4.22	  GeV

• More	  vector	  states	  could	  exist

• Still	  need	  more	  efforts…

e+e-‐àωχc0
e+e-‐àππψ(2S)

e+e-‐àπ+π−hc

PRL 118,092002

PRD 96, 032004

e+e-‐àπ+𝐷'𝐷∗/

Y(4220)

Y(4260)
by	  Ryan	  Mitchell
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χc2(2P) 2015
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unpredicted,	  discovered

Ø All	  vector	  charmonium	  states	  
are	  well	  established
à agree	  with	  prediction

Ø Y-‐states	  cause	  overpopulation	  
à new	  state?

Zhiqing Liu | Shandong University, Qingdao

Overpopulation	  of	  vectors
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(3.85)3D31

(4.22)3D32

(4.09)3F11 (4.10)3F31 (4.09)4F31

predicted,	  discovered
J/ψ

ψ(2S)

hc(1P)
χc0(1P)

χc1(1P)
χc2(1P)

2005

Godfrey	  &	  Isgur,	  PRD32,	  189	  (1985)

ψ(3770)

ψ(4040)
ψ(4160)

ψ(4415)

χc2(2P) 2015
ψ(13D2)X(3872)

Y(4260)
Y(4360)

Y(4660)

unpredicted,	  discovered

Overpopulation	  of	  vectors

NOT	  ruled	  out

D0

D1

D0 – D1 “molecule”
JHEP 07 (2012) 126

Lattice	  Hybrid:
MH(1−−)	  ~	  4285	  MeV

Zhiqing Liu | Shandong University, Qingdao



Y(4260)  &  X(3872)
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Charmonium
Excited	  state	  àGround	  stateRadiative	  transition

Crystal	  Ball

Zhiqing Liu | Shandong University, Qingdao

ψ(2S)àγχc0,c1,c2/γηc

χc0,c1,c2àγJ/ψ
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Ø e+e−àγX(3872)	   cross	  section	  by	  BESIII
Ø M=4200.6+7.9-‐13.3±3.0	  MeV,	  Γ=115+38-‐26±12	  MeV
Ø Agree	  with	  the	  Y(4260)	  resonance

Y(4260)  &  X(3872)

Zhiqing Liu | Shandong University, Qingdao

PRL 122, 232002 (2019)

X(3872)

Commonality	  between	  Y	  &	  X?



Zc± states
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If	  the	  neutral	  state	  is	  too	  ambiguous,	  
a	  charged	  one	  should	  be	  NOT



Study  Y(4260)  at  BESIII
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Mark-‐I	  (1977)
e+e-‐àψ(2S)àπ+π−J/ψ
at	  √s=3.686	  GeV

BESIII	  (2013)
e+e-‐àπ+π−J/ψ
at	  √s=4.26	  GeV

e+e−àY(4260)àπ+ π−J/ψ

ψ(2S)
Y(4260)Richter

Zhiqing Liu | Shandong University, Qingdao

My	  PhD	  thesis	  



Zc(3900)±
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M=(3899.0±3.6±4.9)	  MeV
Γ=(46±10±20)MeV
Significance	  >	  8σ,	  discovery	  !

Zhiqing Liu | Shandong University, Qingdao
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Significance	  >	  8σ,	  discovery	  !

M=(3894.5±6.6±4.5)	  MeV
Γ=(63±24±26)	  MeV
Significance	  5.2σ

M.	  Ablikim et	  al.,	  Phys.	  Rev.	  Lett.	  110,	  252001	  (2013);
Z.	  Q.	  Liu	  et	  al.,	  	  	  	  	  	  Phys.	  Rev.	  Lett.	  110,	  252002	  (2013).

Zhiqing Liu | Shandong University, Qingdao



Zc(3900)± confirmed
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Data
Phase Space
Fit

 SidebandsψJ/

(a)

3600 3700 3800 3900 4000

CLEO-‐c	  data

M=(3886±4±2)	  MeV	  
Γ=(33±6±7)	  MeV
Significance	  5.1σ

PLB 727 (2013) 366

Zhiqing Liu | Shandong University, Qingdao

PRD 100, 012005 (2019)

M=(3902.6+5.2-‐5.0+3.3-‐1.4)	  MeV	  
Γ=(32+28-‐21+26-‐7)	  MeV
Significance	  5.4σ



Zc(3900)  Structure

35Zhiqing Liu | Shandong University, Qingdao

PRL 119, 072001 (2017) Charged	  
state

Mass	  
(MeV)

Observation

Zc(3900)(±,0) 3888.7 BESIII/Belle/
CLEO-‐c/D0

Zc(4020)(±,0) 4023.9 BESIII
Zc(4050)± 4051 Belle
Zc(4100)± 4096 LHCb
Zc(4200)± 4196 Belle
Zc(4240)± 4239 LHCb
Zc(4250)± 4248 Belle
Zc(4430)± 4478 Belle/LHCb

• Zc(3900)	  Spin	  Parity	  JP=1+
• Mass	  near	  𝐷𝐷∗ threshold
• Molecule	  ?
• Tetraquark ?



36Zhiqing Liu | Shandong University, Qingdao

Pentaquark

JP (3/2+,	  5/2−)	  or	  (5/2+,	  3/2−)	  Pc(4380)/Pc(4450)àpJ/ψ



37Zhiqing Liu | Shandong University, Qingdao

Pentaquark
Updated	  with	  10×statistics	  in	  2019

PRL 122, 222001 (2019)

• Near	  threshold	  resonance
• Molecule?	  Pentaquark?
• Other	  special	  mechanics?	  



Challenges  &  Perspective

38Zhiqing Liu | Shandong University, Qingdao

Ø A	  dozen	  of	  XYZ	  particles,	  but	  do	  not	  understand	  what	  they	  are.
Ø Currently	  depend	  on	  phenomenology	  models	  (QCD	  is	  difficult,	  lattice	  QCD?)
Ø Improvement	  from	  experiments	  still	  need	  (confirmation,	  precision…)

BESIII
• Upgrade
• continue	  >5	  years?

Belle	  II
• Started	  in	  2019
• Already	  ~6.5	  fb-‐1

• 50	  ab-‐1 final

PANDA
• Start	  2025
• Precise	  scan

LHCb
• Upgrade	  now
• HL	  LHC	  
• 20	  – 50	  fb-‐1



Summary

39Zhiqing Liu | Shandong University, Qingdao

ØQuark	  Model	  is	  a	  successful	  story	  for	  describe	  hadrons.

Ø The	  discovery	  of	  XYZ	  particles	  bring	  us	  new	  insight	  for	  
hadronic matter	  (tetraquark,	  pentaquark,	  molecule…).

Ø To	  understand	  their	  structure	  is	  difficult,	  various	  models	  
are	  proposed.

ØMore	  efforts	  are	  needed:	  theoretical	  side	  (e.g.	  lattice	  
QCD…),	  experimental	  (BESIII,	  Belle	  II,	  LHCb,	  PANDA…).

Thank	  you!



Backup

40Zhiqing Liu | Shandong University, Qingdao



P-wave  states  χc0(2P)  &  χc2(2P)

41Zhiqing Liu | Shandong University, Qingdao

PRD 95, 112003 (2017)

e+e-‐àJ/ψ𝐷𝐷&

• M=(3862+26-‐32+40-‐13) MeV
• Γ=(201+154-‐67+88-‐82)	  MeV
• JPC=0++ is	  favored

PRL 96, 082003 (2006)

γγà𝐷𝐷&

• M=(3929±5±2) MeV
• Γ=(29±10±2)	  MeV
• JPC=2++ is	  favored

Both	  candidates	  agree	  with	  the	  χc0(2P)  &  χc2(2P)  charmonium state  well



Success

42Zhiqing Liu | Shandong University, Qingdao

baryon  decuplet

• Predict  the  missing  Ω− baryon  with  m=1676  MeV

• BNL  discovered  it  with  m=1672  MeV

BNL,  1964  



Zb(10610)  &  Zb(10650)

43Zhiqing Liu | Shandong University, Qingdao

hb(1P) hb(2P)

M1=(10607.2±2.0)	  MeV;	  
Γ1=(18.4±2.4)	  MeV

M2=(10652.2±1.5)	  MeV;	  
Γ2=(11.5±2.2)	  MeV

PRL 108, 122001 (2012) 

Two	  charged	  bottomoniumlike state



D*s0(2317)± &  Ds1(2460)±

44Zhiqing Liu | Shandong University, Qingdao

PRL 91, 262002 (2003)

D*s0(2317)±àDs±π0

Ds1(2460)±àD*s±π0

Ds1(2460)±àDs±γ

M[D*s0(2317)]=2317.8±0.5	  MeV

M[Ds1(2460)]=2459.5±0.6	  MeV

PRL 93, 181801(2004)

DK	  and	  D*K	  molecule?	  



BESIII

45

Light	  hadrons	  +	  charmonium	  decay	  +	  D	  meson
1.3	  Billion 0.4	  Billion 2.9	  fb-‐1

4.6	  GeV

Zhiqing Liu | Shandong University, Qingdao
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Belle	  II

Ø L=8*1035 cm-‐2 s-‐1 (“nanobeam”)	  à 40	  times	  of	  Belle

ØData	  taken	  started	  in	  2019,	  run	  10	  years…

Zhiqing Liu | Shandong University, Qingdao



47Darmstadt  (Germany)

GSI

Antiproton	  beam,
pbeam =	  1.5	  – 15	  GeV/c

PANDA

Under construction,	  
beam	  expected in	  2022

Zhiqing Liu | Shandong University, Qingdao
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Ø Strong	  production	  
à high	  production	  rate

Ø Various	  quantum	  numbers	  
à high	  spin	  state

Ø Gluon	  rich	  environment	  
à glueball &	  hybrid

Ø Beam	  cooling	  (50	  – 200	  keV)	  
à fine	  scan of	  resonances
High  resolution mode
� L  =  2·1031  cm-2 s-1

� σp/p  <  5·10-5  

High  intensity mode
� L  =  2·1032  cm-2 s-1  

� σp/p  =  10-4  

40	  days	  data	  taking

PANDA

Zhiqing Liu | Shandong University, Qingdao



LHCb

49Zhiqing Liu | Shandong University, Qingdao

From	  Zhang	  Liming



Zc(3900)±
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Ø Zc(3900)+	  decays	  to	  π+	  and	  J/ψ,	  carries	  electric	  charge!

Ø A	  charged	  state	  can	  not	  be	  charmoniumàminimal	  four	  quarks

Zc(3900)+

pion proton

Naive	  Quark	  Model

Zhiqing Liu | Shandong University, Qingdao
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Neutral charmonium-like state

X(3872)

Y(4260)
.
.
.

Y(4360)
X(3915)
X(4160)
Y(4008)
Y(4140)
X(4350)
Y(4660)
XYZ(3940)
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What are they ?

Charmonium?
Hybrid?
Tetraquark?
Molecule?
…

?

Zhiqing Liu | Shandong University, Qingdao



Charmonium	  production
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Initial-‐State-‐Radiation

Quark-‐(gluon)	  annihilation/scattering

PANDA
CDF/D0
CMS
E705…

(B,	  Λb)	  hadron	  decay


