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“Old	  Hadron	  Spectroscopy”:	  	  	  
mesons	  =	  q	  triplet	  	  	  	  	  	  	  q	  triplets	  	  
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	  QCD	  “diquarks”	  ?	  
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mul5quark	  states	  from	  diquarks	  &	  dian5quarks	  
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“exotic” hadrons that particle theorists love 



mul5quark	  states	  from	  “molecules”	  
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Other	  proposed	  non-‐qq	  mesons	  

c	  
c	  
_	  

QCD	  hybrid	   Glueball	  

g	   c	   _	  c
q	  

q	  _	  
hadrocharmonium	  

c	   _	  c
q	  

q	  _	  
adjoint	  charmonium	  

_	  



Multiquark states?	
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Multiquark states have been discussed since the 1st page of the quark model 
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Through	  a	  theorist‘s	  mind	  

Visions	  of	  hadrons	  
van Gogh prediction of B-mode polarization in 1889? 



Visions	  of	  hadrons	  

What	  is	  seen	  by	  an	  experimenter	  



The	  list	  keeps	  growing	  

Now lots 
of charged 
Zc mesons 

and two 
Zb mesons 



cc	  assignments	  for	  the	  XYZ	  mesons?	  _	  
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the X(3940) & X(4160) as 
the ηc(3S) & ηc(4S) would 
imply huge hyperfine 
splittings  for n=3&4  
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must have a minimal 
quark content of ccud _ _ 
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the ηc(3S) & ηc(4S) would 
imply huge hyperfine 
splittings  for n=3&4  

the (5) charged Zcs 
must have a minimal 
quark content of ccud _ _ 

the Y(3915) mass and 
Γ(XωJ/ψ) are too 
high for the χc0(2P). 
Also, no sign of XDD _ 
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the 1- - Y(4260) & Y(4360)  

the X(3940) & X(4160) as 
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the (5) charged Zcs 
must have a minimal 
quark content of ccud _ _ 

the Y(3915) mass and 
Γ(XωJ/ψ) are too 
high for the χc0(2P). 
Also, no sign of XDD _ 

the X(3872) is a long 
complex story 



The	  X(3872)	  

M(ππJ/ψ)	  –	  M(J/ψ)	  

ψ’π+π-J/ψ	
 X(3872)π+π-J/ψ	


PRL	  91,	  262001	  (2003)	  



Seen	  by	  7	  experiments	  
Belle	  

BaBar	  

CMS	  

BESIII	  

Y(4260)	  	  γX(3872)?	  



What	  is	  known	  about	  the	  X(3872)?	  



Mass	  and	  Width	  

MX(3872)	  =	  3871.68	  ±	  0.17	  MeV	  
mD0	  +	  mD*0	  =	  3871.693	  ±	  0.090	  MeV	  

	  “B.E.”	  =	  3	  ±	  192	  keV	  	  	  	  

Near equality of MX(3872) & mD0 + mD*0 
                -- ≤1 part/104 --    

      Accident???....  Dynamics?? 

ΓX(3872<	  1.2	  MeV	  	  (90%	  CL)	  

Tomaradze	  et	  al.,	  arXiv:1501.01658	  



π+π-‐ system in X(3872)π+π-‐J/ψ comes 
from ρπ+π-‐	  

X3872	  

ρ	


π+	


J/ψ	


π-	


CDF:	  PRL	  96	  102002	  

	  	  M(π+π-‐	  )	  	  	  	  	  	  M(π+π-‐	  )	  

ρπ+π-‐	  	  lineshape	  

Belle:	  PRD	  84	  052004	  

Problem:  (cc)ρ J/ψ violates Isospin 
and should be strongly suppressed 

_	  



JPC=1++	  

1++,	  2-‐+	  	  1-‐-‐	  

	  0++	  

CDF	  PRL	  98,	  132002:	  	  	  JPC	  =	  1++	  or	  2-‐+	  	  	   Belle	  PRD	  84,	  052004(R):	  	  	  JPC	  =	  1++	  or	  2-‐+	  	  	  

LHCb	  PRL	  110,	  222001:	  	  	  JPC	  =	  1++	  	  	  	  



Decay	  modes	  

X(3872)	  	  ρ J/ψ	

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  ω J/ψ	  	  	  	  

X(3872)	  	  γ J/ψ	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  γ ψ’	  

X(3872)D0D*0	  

|	   |	   |	   |	  

0.1%	   1%	   10%	   100%	  

my	  rough	  es5mates	  

Isospin	  viola5ng	  

_	  



No	  X(3872)+	  in	  BKπ+π0J/ψ	  

B0K-‐π+π0J/ψ	   B+K0π+π0J/ψ	  

M(π+π0J/ψ)	  	  (GeV)	   M(π+π0J/ψ)	  	  (GeV)	  

m
D
++
m

D
*0
	  

m
D
++
m

D
*0
	  

(If M(X+) > mD++mD*0 ≈ 3877 MeV, Γ(X+) may be wide) 
Belle	  PRD	  84,	  052004(R)	  	  	  

BaBar	  PRD	  71,	  031501	  	  	  



CDF:	  ~85%	  of	  ppX(3872)	  is	  prompt	  	  	  _	  

prompt	  

BX(3872)+X	  

~75%	  @	  LHC:	  CMS	  JHEP	  04	  (2013)	  154	  	  	  

unpublished	  



D0:	  	  prompt	  ppX(3872)X	  ≈	  ppψ’X	  _	   _	  

D0	  PRl	  93,	  162002	  	  	  	  	  

X(3872) & ψ’ have similar cross sections & production 
characteristics:   pT- & |y|-dependence, isolation, etc. 

D0: PRL 93, 162002 

See,	  also,	  CMS:	  JHEP	  04	  (2013)	  154	  	  	  



What	  is	  the	  X(3872)?	  	  I	  

Charmonium:	  	  (χc1’)	  ?	  

cc	   _	  

c
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What	  is	  the	  X(3872)?	  	  I	  

Charmonium:	  	  (χc1’)	  ?	  

c

- mass is too low ΔM(2P)=55±3	  MeV	  

ΔM(1P)=45.6	  MeV	  

Theory:	  ΔM(2P)<ΔM(1P)	  

- width is too narrow 
Γ(X(3872))<1.2	  MeV<1.4Γ(χc1)	  	  

(Γ(χc1)	  =	  0.86	  MeV)	  

more phase space 
 & decay channels 

expect:	  Γ(χc1’)>	  1.7	  Γ(χc1)	  

- Isospin violation 
χc1’ ρ J/ψ 	  
I=0 I=1 I=0 

ΔI=1	  

c	   _	  

c

L=1	  

S=1	  

J=1	  

Γ(χc1)	  	  



What	  is	  the	  X(3872)?	  	  II	  

Molecule:	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  ?	  

D0	   D*0	  

_	  π,σ,ω	
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1
2 D0D *0 + D*0D 0( )



What	  is	  the	  X(3872)?	  	  II	  

Molecule:	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  ?	  

D0	   D*0	  

_	  π,σ,ω	


|	   |	  r	  € 

1
2 D0D *0 + D*0D 0( )

€ 

δM00 = MX (3872) − (mD 0 +mD*0 ) ≤ 0.2 MeV

€ 

r00 rms
≈

1
2mD δM00

≥ 7.5 fm

size ≈ scattering length 

ψ’	  

|	  

c	   _	  c
|	  

D0	  

D*0	  

_	  

~0.5	  fm	  

X(3872)?	  

“binding energy”: 

produced with similar cross sections 
    in highest energy pp collisions?  _ 



What	  is	  the	  X(3872)?	  	  III	  

QCD	  tetraquark:	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  ?	  

€ 

cqc q 

tetraquark	  
	  	  	  	  meson	  

c	   q	  c	   q	  
c	  q	  _	   _	  



What	  is	  the	  X(3872)?	  	  III	  

QCD	  tetraquark:	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  ?	  

€ 

cqc q 

tetraquark	  
	  	  	  	  meson	  

should be others: 

€ 

cuc u  ⇐  Xu (3872)

cdc d  ⇐  Xd (3872)

cuc d  ⇐  X+(3872)

cdc u  ⇐  X-(3872)

c	   q	  c	   u	  
c	  u	  _	   _	  

c	   q	  c	   d	  
c	  d	  

_	   _	  

c	   q	  c	   u	  
c	  d	  

_	   _	  

c	   q	  c	   d	  
c	  u	  _	   _	  

c	   q	  c	   q	  
c	  q	  _	   _	  



What	  is	  the	  X(3872)?	  	  III	  

QCD	  tetraquark:	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  ?	  

€ 

cqc q 

tetraquark	  
	  	  	  	  meson	  

c	   q	  

should be others: 

€ 

cuc u  ⇐  Xu (3872)

cdc d  ⇐  Xd (3872)

cuc d  ⇐  X+(3872)

cdc u  ⇐  X-(3872)

c	   q	  
c	  q	  _	   _	  

c	   q	  c	   u	  
c	  u	  _	   _	  

c	   q	  c	   d	  
c	  d	  

_	   _	  

c	   q	  c	   u	  
c	  d	  

_	   _	  

c	   q	  c	   d	  
c	  u	  _	   _	  

not seen 



What	  is	  the	  X(3872)?	  IV	  
QM-‐mixture	  of	  the	  above	  	  ?	  

c	   q	  
c	  q	  _	   _	  c	   _	  

c D0	   D*0	  

_	  

Charmonium,	  QCD	  tetraquark	  
molecule	  

See Eric Braaten’s talk at QWG 2014, CERN 

“core”	  state	  



“hybrid”	  model	  for	  the	  X(3872)	  

	  Takizawa	  &	  Takeuchi	  
PTEP	  9,	  093D01	  

! 

X(3872) = 0.94 D0D *0 + 0.23D+D*" " 0.24 cc 

c	  

_	  c

Looks like a molecule, but binding comes from 

cc-DD* couplings (not from D-D* attraction) 

_ _ 

89% 5% 6% 

D0	  

D*0	  

_	  

D+	  

D*-‐	  

c	  

_	  c

“core” 
state 

! 

" #c1
'

_ 

…	   …	  

Example	  calcula5on:	  



D0D*0	  and	  D+D*-‐	  radial	  wave	  func5ons	  

D0D*0	  

_	  

D+D*-‐	  	  

_	  

€ 

D0D *0 = 1
2 DD *( )I =0

+ DD *( )I =1[ ]€ 

D+D*− = 1
2 DD *( )I =0

− DD *( )I =0[ ]

€ 

X(3872) = 0.94 D0D *0 + 0.23D+D*− − 0.24 cc 

XωJ/ψ decays	   XρJ/ψ decays	   produc5on	  

€ 

X(3872) = 0.83 DD *( )I =0
+ 0.51 DD *( )I =1 − 0.24 cc mostly 

I=0 



D0D*0	  

_	  

D+D*-‐	   (DD*)I=0	  

_	  

(DD*)I=1	  

_	  

0.94	  

X(387
2)	  

X(3872):	  not	  a	  pure	  Isospin	  state	  

€ 

X(3872) = 0.83 DD *( )I =0
+ 0.51 DD *( )I =1 − 0.24 cc 

69% 26% 6% 



D0D*0	  

_	  

D+D*-‐	   (DD*)I=0	  

_	  

(DD*)I=1	  

_	  

0.94	  

X(387
2)	  

€ 

Zc ("3872") = 0.51 DD *( )I =0
− 0.83 DD *( )I =1 − 0.24 cc 

Is	  there	  an	  orthogonal	  I≈1	  state?	  

(mostly) Ispin=1 state 
with M= mD++mD*- ?? 

~3880 MeV 

Zc(“3
872”

)	  



The	  Y(4260)	  

Y(4260)	  



found	  by	  BaBar	  in	  e+e-‐	  → γISRπ+π-J/ψ	  

σ(e+e-‐	  	  hadrons)	  

Ecm	  (GeV)	  



found	  by	  BaBar	  in	  e+e-‐	  → γISRπ+π-J/ψ	  

σ(e+e-‐	  	  hadrons)	  

Ecm	  (GeV)	  
BaBar PRD86, 051102 

M(π+π-J/ψ)	  (GeV)	  

Y(4260)	  



 Y(4260) → π+π-J/ψ confirmed by Belle 
Belle PRL99, 182004  

Y(4260)	  peak	  in	  σ (π+π-J/ψ)	  
occurs	  at	  a	  dip	  in	  σ(D(*)D(*))	  	  

→ Γ(π+π-J/ψ)	  is	  large,	  
but	  OZI	  suppressed	  for	  cc	  

e+e-‐	  γISRπ+π-J/ψ	  

No	  sign	  of	  Y(4260)	  →	  D(*)D(*)	  	  

M(π+π-J/ψ)	  (GeV)	  

BESII PRL88, 101802 

Ecm	  (GeV)	  

X.	  H.	  Mo	  et	  al.,	  PLB	  640,	  182	  

e+e-‐	  →hadrons	  

_	  	  

_	  	  

_	  	  



Is	  there	  a	  b-‐quark	  version	  of	  Y(4260)?	  

e+e-‐	  	  hadrons	  

Ecm	  (GeV)	  

e+
e-‐

π+
π-‐
	  J/
ψ
	


e+e-‐	  π+π-J/ψ	  



Is	  there	  a	  b-‐quark	  version	  of	  Y(4260)?	  

BB	  

BB*	  

B*B*	  

e+e-‐	  	  hadrons	  

Ecm	  (GeV)	  

e+
e-‐

ha
dr
on

s	  

e+
e-‐

π+
π-‐
	  J/
ψ
	


e+
e-‐

π+
π-‐
ϒ(
1S
)	  

e+e-‐	  π+π-J/ψ	  



Is	  there	  a	  b-‐quark	  version	  of	  Y(4260)?	  

BB	  

BB*	  

B*B*	  

e+e-‐	  	  hadrons	  

Ecm	  (GeV)	  

e+
e-‐

ha
dr
on

s	  

e+
e-‐

π+
π-‐
	  J/
ψ
	


e+
e-‐

π+
π-‐
ϒ(
1S
)	  

?	  
π+π-‐ϒ(1S)	  

e+e-‐	  π+π-J/ψ	  



Yes	  

e+e-‐π+π-‐ϒ(nS)	  

e+e-‐B(*)B(*)(π))	  

π+π-‐ϒ(nS)	  rate	  is	  100’s	  of	  5mes	  
	  boyomonium	  model	  expec5ons	  	  

_	  



“ϒ(5S)”	  	  π-‐Zb1,2	  
+	  

 π+ϒ	  (1,2,3S)	  

ϒ	  (3S)	  

ϒ	  (2S)	  

ϒ	  (1S)	  

M(ϒ(nS)π+)max 

π+
	  

10
,6
10
	  M

eV
	  

10
,6
60
	  M

eV
	  

Belle	  PRL	  108,	  122001	  (2012)	  
121.4	  g-‐1	  



B-‐B*	  &	  B*-‐B*	  molecules??	  

B	  

B*	  

b	  

b	  

_	  

B-‐B*	  “molecule”	  

B*	  

B*	  

b	  

b	  

_	  

B*-‐B*	  “molecule”	  
_	   _	  

_	   _	  

Zb(106010)± Zb(106050)± 

MZb(106010) –(MB+MB*) = + 3.6 ± 1.8 MeV 
MZb(106010) –2MB* = + 3.1 ± 1.8 MeV 

Slightly	  unbound	  threshold	  resonances??	  

M=10608.1±1.7 MeV 
Γ=15.5±2.4 MeV 

M=10653.3±1.5 MeV 
Γ=14.0±2.8 MeV 

PDG:       MB + MB* = 10604.5±0.6 MeV MB* + MB* = 10650.2 ± 1.0 MeV 

Belle: 

_	   _	  



Are	  there	  c-‐quark	  versions	  of	  Zb’s	  

Is	  there	  a	  b-‐quark	  equivalent?	  

Y(4260)	  discovered	  

Yes,	  &	  it	  decays	  to	  Zb	  states	  

Are	  there	  c-‐quark	  versions	  of	  	  Zb’s?	  	  

???	  



 run BEPCII/BESIII as a Y(4260) factory 

Belle PRL99, 182004  

BESIII: PRL 110, 252001 (2013)  
σ(e+e-‐→	  π+π-‐J/ψ)	  =	  (62.9±1.9±3.7)	  pb	  

e+e-‐	  γISRπ+π-J/ψ	


Typical 
J/ψ µ+µ- �e+e-‐→	  π+π-‐J/ψ	  

@Ecm=4260	  MeV	  

Y4260	  

J/ψ	   π+	  

π-‐	  

e+	   e+	  



  Mass  =  (3899.0±3.6±4.9) MeV 
  Width =  (46±10±20) MeV 
  Fraction = (21.5±3.3±7.5)% 

BESIII:  PRL 110, 252001 

Significance  
>8σ 

π+	  

π-‐	  

Y(4260)π-‐Zc(3900)+ �
	  	  π+J/ψ �

Y(4260)	   Zc	  
J/ψ	


I	  



Zc(3900)	  also	  found	  by	  Belle�

54	  

Mass  =  (3894.5 ± 6.6 ± 4.5) MeV 
Width =  (63 ± 24 ± 26) MeV 
Fraction = (29.0 ± 8.9)% (stat. err. only) 

Belle:  PRL 110, 252002 



Zc(3900)DD*	  

D0D*+	  

D+D*0	  

_	  

_	  

BESIII	  PRL	  112,	  022001	  	  

Y(4260)	  π	  Zc(3900)	  

	  DD*	  |	  

BESIII:	  	  
	  	  	  e+e-‐	  	  Y(4260)	  	  πDD*	  

_	  

_	  

_	  



Y(4260)π+Zc(4020)-‐	  

Mass  =  (4022.9 ±0.8 ±2.7) MeV 
Width =  (7.9 ±2.7 ±2.6) MeV 
fraction = 0.18 ± 0.07 

no	  significant	  signal	  for	  Zc(3900)±π±hc	  

BESIII	  PRL	  111,	  242001	  	  

	  	  M(π±hc)	  

Fit results: 

=	  4017.3	  ±0.3	  MeV	  
5.6 ± 2.8 MeV above D*0D*- thresh.  

Zc(4020)	  

π+	  

π-‐	  

γ	  

π-‐hc	  

hadrons	  



Could	  Zc(3900)	  be	  a	  threshold	  cusp?	  

Y(4260)	  

π	
 D	  

D*	   J/ψ	


π	


mD+mD*	  

|	  

Re(T)	  

Im(T)	  
|T|2	  

M(πJ/ψ)	  

g	  

Y	  

Bugg:	  EPL	  96	  11002	  (2011)	  

Analy5city:	  

_	   _	  



Could	  Zc(3900)	  be	  a	  threshold	  cusp?	  

Y(4260)	  

π	
 D	  

D*	   J/ψ	


π	


mD+mD*	  

|	  

Re(T)	  

Im(T)	  
|T|2	  

M(πJ/ψ)	  

g	  

Y	  

Bugg:	  EPL	  96	  11002	  (2011)	  

Analy5city:	  

_	   _	  

B.	  Ketzer	  (Wed	  talk)	  



Comparisons	  with	  data	  
Swanson:	  arXiv:1409.3291	   Chen	  et	  al.	  PRD	  88	  036008409.3291	  

σ,	  f0(980)	  

BESIII	  data	  

BESIII	   Belle	  

_	   _	  



Combined	  fit	  to	  J/ψ &	  DD*	  channels	  
Guo,	  Hanhart,	  Wang,	  Zhao:	  arXiv:1411.5584	  

1-‐loop	  
1-‐loop	  

BESIII	  data	   BESIII	  data	  
_	   _	   _	   _	  



Add	  2nd-‐order	  perturba5on	  terms	  

2-‐loop	  
2-‐loop	  

Guo,	  Hanhart,	  Wang,	  Zhao:	  arXiv:1411.5584	  



Add	  2nd-‐order	  perturba5on	  terms	  

2-‐loop	  
2-‐loop	  

Guo,	  Hanhart,	  Wang,	  Zhao:	  arXiv:1411.5584	  



Require	  perturba5on	  series	  to	  converge	  

Summed	  pert.	  series	  

+	  …	  



Require	  perturba5on	  series	  to	  converge	  

Summed	  pert.	  series	  

+	  …	  

No peak! 



Require	  perturba5on	  series	  to	  converge	  

Summed	  pert.	  series	  
2-‐loop	  

+	  …	  

“… there has to be a near- 
     threshold pole.” 

“…the approach used [by Swanson 
       and Chen et al] is intrinsically 
      inconsistent,”        

Guo,	  Hanhart,	  Wang,	  Zhao:	  arXiv:1411.5584	  

No peak! 



cusp	  vs	  BW	  phase	  mo5on	  

Bugg:	  EPL	  96	  11002	  (2011)	  

m0	  

BW	  

cusp	  m0	  

m0	  

rapid phase 
motion @ m0 

slow phase 
motion @ m0 ReT	  

Im
T	  

cusp	  

 Zc(3900)π+J/ψ amplitude analysis currently underway at BESIII, results soon?  



Is	  the	  Zc(3900)	  the	  I≈1	  X(3872)	  partner	  

Zc(3900)0:	  	  JPC=1+-‐	  	  	  	  	  

X(3872)0:	  	  JPC=1++	  	  	  	  	  

€ 

X(3872) = a0 1
2 DD *( ) + D*D ( )[ ]

I =0
+ a1 1

2 DD *( ) + D*D ( )[ ]
I =1
− ac χc1

'

C	   ρJ/ψ? 	   πJ/ψ? 	  
even	   allowed	   forbidden	  

 odd	   forbidden	   allowed	  

€ 

Zc (3900)
0 = b0 1

2 DD *( ) − D*D ( )[ ]
I =0

+ b1 1
2 DD *( ) − D*D ( )[ ]

I =1
+ bc hc

'

No!  Wrong C (G) parity 



Zc(3900)

3.8

3.9

4.0

1+− 1++JPC

4.2

4.3

4.5

Zc(3900)Zc(3900)

Zc(4023)Zc(4023)Zc(4023)

4.4

Zc(4430)Zc(44300Zc(4430)

4.1

I=1 I=0

Zc(4430)Zc(44300Zc(4200)

X(3872)
D0D*0 

ρ J/ψ
ω J/ψ

DD* 

π J/ψ

DD* 

π hc

 

π J/ψ

 

π ψ’

mD+mD*

2mD*

mD+mD*(2S)

__

_

1+	  states:	  what	  we	  see	  



Zc(3900)

3.8

3.9

4.0

1+− 1++JPC

4.2

4.3

4.5

Zc(3900)Zc(3900)

Zc(4023)Zc(4023)Zc(4023)

4.4

Zc(4430)Zc(44300Zc(4430)

4.1

I=1 I=0

Zc(4430)Zc(44300Zc(4200)

X(3872)
D0D*0 

ρ J/ψ
ω J/ψ

DD* 

π J/ψ

DD* 

π hc

 

π J/ψ

 

π ψ’

mD+mD*

2mD*

mD+mD*(2S)

__

_

1+	  states:	  what	  we	  see	  

χc1’	  	  +	  	  	  	  DD*	  ?	  	  

_	  



Zc(3900)

3.8

3.9

4.0

1+− 1++JPC

4.2

4.3

4.5

Zc(3900)Zc(3900)

Zc(4023)Zc(4023)Zc(4023)

4.4

Zc(4430)Zc(44300Zc(4430)

4.1

I=1 I=0

Zc(4430)Zc(44300Zc(4200)

X(3872)
D0D*0 

ρ J/ψ
ω J/ψ

DD* 

π J/ψ

DD* 

π hc

 

π J/ψ

 

π ψ’

mD+mD*

2mD*

mD+mD*(2S)

__

_

1+	  states:	  what	  we	  see	  

χc1’	  	  +	  	  	  	  DD*	  ?	  	  

_	  

tetraquark	  +	  DD*	  ?	  

_	  



Zc(3900)

3.8

3.9

4.0

1+− 1++JPC

4.2

4.3

4.5

Zc(3900)Zc(3900)

Zc(4023)Zc(4023)Zc(4023)

4.4

Zc(4430)Zc(44300Zc(4430)

4.1

I=1 I=0

Zc(4430)Zc(44300Zc(4200)

X(3872)
D0D*0 

ρ J/ψ
ω J/ψ

DD* 

π J/ψ

DD* 

π hc

 

π J/ψ

 

π ψ’

mD+mD*

2mD*

mD+mD*(2S)

__

_

1+	  states:	  what	  we	  see	  

χc1’	  	  +	  	  	  	  DD*	  ?	  	  

_	  

tetraquark	  +	  DD*	  ?	  

_	  

_	  

tetraquark	  +	  D*D*	  ?	  

*	  



Zc(3900)

3.8

3.9

4.0

1+− 1++JPC

4.2

4.3

4.5

Zc(3900)Zc(3900)

Zc(4023)Zc(4023)Zc(4023)

4.4

Zc(4430)Zc(44300Zc(4430)

4.1

I=1 I=0

Zc(4430)Zc(44300Zc(4200)

X(3872)
D0D*0 

ρ J/ψ
ω J/ψ

DD* 

π J/ψ

DD* 

π hc

 

π J/ψ

 

π ψ’

mD+mD*

2mD*

mD+mD*(2S)

__

_

1+	  states:	  what	  we	  see	  

χc1’	  	  +	  	  	  	  DD*	  ?	  	  

_	  

tetraquark	  +	  DD*	  ?	  

_	  

_	  

tetraquark	  +	  D*D*	  ?	  

*	  

tetraquark+DD*(2S)	  ?	  _	  



Zc(3900)

3.8

3.9

4.0

1+− 1++JPC

4.2

4.3

4.5

Zc(3900)Zc(3900)

Zc(4023)Zc(4023)Zc(4023)

4.4

Zc(4430)Zc(44300Zc(4430)

4.1

I=1 I=0

Zc(4430)Zc(44300Zc(4200)

X(3872)
D0D*0 

ρ J/ψ
ω J/ψ

DD* 

π J/ψ

DD* 

π hc

 

π J/ψ

 

π ψ’

mD+mD*

2mD*

mD+mD*(2S)

__

_

1+	  states:	  what	  we	  see	  

χc1’	  	  +	  	  	  	  DD*	  ?	  	  

_	  

tetraquark	  +	  DD*	  ?	  

_	  

_	  

tetraquark	  +	  D*D*	  ?	  

*	  

≈ψ’	


≈J/ψ	


ΔM=580	  MeV	  ≈(mψ’	  –	  mJ/ψ)	  

tetraquark+DD*(2S)	  ?	  _	  



Zc(3900)

3.8

3.9

4.0

1+− 1++JPC

4.2

4.3

4.5

Zc(3900)Zc(3900)

Zc(4023)Zc(4023)Zc(4023)

4.4

Zc(4430)Zc(44300Zc(4430)

4.1

I=1 I=0

Zc(4430)Zc(44300Zc(4200)

X(3872)
D0D*0 

ρ J/ψ
ω J/ψ

DD* 

π J/ψ

DD* 

π hc

 

π J/ψ

 

π ψ’

mD+mD*

2mD*

mD+mD*(2S)

__

_

1+	  states:	  what	  we	  see	  

χc1’	  	  +	  	  	  	  DD*	  ?	  	  

_	  

tetraquark	  +	  DD*	  ?	  

_	  

_	  

tetraquark	  +	  D*D*	  ?	  

*	  

≈ψ’	


≈J/ψ	


ΔM=580	  MeV	  ≈(mψ’	  –	  mJ/ψ)	  

tetraquark+DD*(2S)	  ?	  _	  

no nearby I=1 
1+ thresholds 

tetraquark?	  



Future	  

 	  Look	  for	  associated	  states	  

 	  XYZ	  physics	  without	  guilt	  



Zc(3900)

3.8

3.9

4.0

1+− 1++JPC

4.2

4.3

4.5

Zc(3900)Zc(3900)

Zc(4023)Zc(4023)Zc(4023)

4.4

Zc(4430)Zc(44300Zc(4430)

4.1

I=1 I=0

Zc(4430)Zc(44300Zc(4200)

X(3872)

I=0 I=1

Xc(“3900”) Zc(????)Zc(3872)Zc(“3872”)

X2(????)

D0D*0 

ρ J/ψ
ω J/ψ

D*D* 

ω J/ψ
ππ χc1

ρJ/ψ, DD* DD*, ηJ/ψ

_

_
__

DD*, πJ/ψ
_

2mD*

mD+mD*(2S)

Are	  there	  other	  1+	  states?	  



XYZ	  physics	  without	  guilt	  



What	  is	  common	  to	  (almost)	  all	  of	  the	  
charmonium-‐like	  XYZ	  mesons?	  



XYZ	  physics	  without	  guilt	  
J/ψ (ψ’)  



hc:	  	  from	  discoveryimportant	  tool	  

Discovered	  by	  CLEO-‐c	  in	  2005	  
(a}er	  30	  yrs	  of	  searches)	  

PRL	  101,	  182003	  



hc	  signal	  in	  BESIII	  

Ecm=4.26 GeV 

N(hc)=416±28   Lum=827/pb 

Reconstruct 16 different 
ηc decay channels 

	  	  Y(4260)	  

hc	  

   ηc	  

hadrons	  

π+π-	


γ	


e+e-‐	  	  



Discovery	  of	  Zc(4020)	  in	  πhc	  channels	  

BESIII	  

Zc(4020)+π+hc	   Zc(4020)+π0hc	  



Discovery	  of	  Zc(4020)	  in	  πhc	  channels	  

BESIII	  

Zc(4020)+π+hc	   Zc(4020)+π0hc	  



Expect more XYZ states with 
non-J/ψ	  (ψ’)	  decay modes from 

BESIII in the future 



Summary	  
 	  4-‐quark,	  charmonium-‐like	  mesons	  have	  been	  observed	  

	   	  -‐large	  par5al	  widths	  to	  (cc)+hadrons	  
	  -‐many,	  but	  not	  all,	  have	  mass	  near	  D(*)D(*)	  thresholds	  

 	  To	  date,	  searches	  have	  been	  confined	  to	  XYZ	  mesons	  that	  
	  	  	  	  	  decay	  to	  J/ψ	  or	  ψ’	  final	  states	  
	   	  -‐BESIII	  is	  examining	  more	  complex	  final	  states	  

 	  Kinema5c	  “cusp”	  explana5ons	  of	  near-‐threshold	  peaks	  
	  	  	  	  	  	  	  	  	  have	  some	  troubles	  under	  close	  scru5ny	  

 	  Lots	  to	  do	  at	  BESIII,	  LHCb,	  BelleII,	  PANDA,	  etc	  

_
_	  


