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“exotic” hadrons that nuclear theorists love 
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The XYZ quarkonium-like 
 mesons 

BaBar	
  

BK π+π-J/ψ	



M(π+π-J/ψ)-M(J/ψ) 

X(3872) 

BK ωJ/ψ	



M(ωJ/ψ) 

Y(3940) 

e+e-DD*J/ψ	


e+e-D*D*J/ψ	



M(DD*)	

 M(D*D*)	



Y(4260) 

Belle	
  

Belle	
  

Belle	
  

Y(
40

08
)?

 

e+e-γISRπ+π-J/ψ	



Y(4350) & Y(4660) 

)2)  (GeV/c)J/-+m(2(44.555.52Events / 50MeV/c510)2)  (GeV/c)J/-+m(2(44.555.52Events / 50MeV/c510DataY(4260) + BKGNew resonance + BKG(2S))BKG (non-

M(π+π-J/ψ) 

M(π+π-ψ’) 

e+e-γISRΛcΛc 

M(ΛcΛc) 

M(ωJ/ψ) 
BaBar	
  

BaBar	
  

Belle	
  

Belle	
  

Belle	
  

Belle	
  

ψ’ 

X(3872
) 

e+e-γISRπ+π-ψ’ 

B-­‐meson	
  decays	
  

IniCal-­‐State	
  -­‐RadiaCon	
  

M(φJ/ψ)-M(J/ψ) 

Y(4140)? 
CDF	
  

Y(4350)? 

BK φJ/ψ	



γγφJ/ψ	

 γγωJ/ψ	



M(ωJ/ψ) M(φJ/ψ) 

Belle	
  

X(3915) X(3940) X(4160) 
Belle	
  

e+e-­‐J/ψcc	
  -­‐	
  

D(*)	
  

D(*)	
  -­‐	
  

γγ collisons	
  M(π±ψ’)	
  

Z(4430) 

BK π+ψ’ Belle	
   Z1(4050), Z2(4250) 

M(π±χc1	
  )	
  

BK π+ψ’ BK π+χc1	
  

Z(3930) 

γγDD	


Belle	
  

M(DD)	



M(π+π-ψ’) 

M(π+π-J/ψ) 



The	
  list	
  keeps	
  growing	
  

Now lots 
of charged 
Zc mesons 

and two 
Zb 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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no unassigned levels for 
the 1- - Y(4260) & Y(4360)  
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quark content of ccud _ _ 
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X(4160)
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Zc(4020)+

Zc(4200)+

the X(3915) mass and 
Γ(XωJ/ψ) are too 
high for the χc0(2P). 
Also, no sign of XDD _ 
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see:	
  PRD	
  91,	
  057501	
  (2015)	
  
	
  	
  	
  	
  &	
  PRD	
  86,	
  091501	
  (2012)	
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the X(3872) is a long 
complex story 
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What	
  is	
  known	
  about	
  the	
  X(3872)?	
  

1)	
  	
  	
  MX(3872)≈mD0+mD*	
  

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

	
  “B.E.”	
  =	
  3	
  ±	
  192	
  keV	
  	
  	
  	
  
Tomaradze	
  et	
  al.,	
  PRD	
  91,	
  011102	
  

Near equality of MX(3872) ≈  mD0 + mD*0           Accident???....  Dynamics?? 

MX(3872) is lower than expectations for the χc1’ 



What	
  is	
  known	
  about	
  the	
  X(3872)?	
  
2)	
  ΓX(3872<	
  1.2	
  MeV	
  	
  (90%	
  CL)	
  

Belle:	
  PRD	
  84,	
  052004	
  

3)	
  JPC=1++	
  

LHCb	
  PRL	
  110,	
  222001:	
  	
  	
  	
  	
  

Yiming	
  LI’s	
  
talk	
  on	
  Wed	
  

ΓX(3872) < expectations 
        for the χc1’ 



What	
  is	
  known	
  about	
  the	
  X(3872)?	
  

_	
  

4)	
  X(3872)	
  couples	
  to	
  DD*	
  

D*0)	
  

_	
  

J/ψ	
  D0	
  

M(D0D*0)	
  

X(3872)	
  
D0D*0	
  

_	
  

PRD	
  81,	
  031103	
  

PRD	
  77,	
  011102	
  

_	
  

5)	
  Large	
  Isospin	
  Viola(on	
  

X3872	
  
ρ

π+	



J/ψ	



π-	


X3872	
  

π+	



J/ψ	



π-	

ω	


π0	



≈	



€ 

Bf (X(3872)→ωJ /ψ)
Bf (X(3872)→ρJ /ψ)

= 0.8 ± 0.3

Bad for X(3872)= χc1’ 



What	
  is	
  known	
  about	
  the	
  X(3872)?	
  

_	
  

6)	
  X(3872)	
  is	
  produced	
  promptly	
  on	
  HE	
  pp	
  collisions	
  

85%	
  prompt	
  
15%	
  BX(3872)+X	
  

X(3872) & ψ’ have similar cross sections & prod’n 
characteristics:  pT- & |y|-dependence, etc. 
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6)	
  X(3872)	
  is	
  produced	
  promptly	
  on	
  HE	
  pp	
  collisions	
  

85%	
  prompt	
  
15%	
  BX(3872)+X	
  

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

Bad for X(3872)=DD* molecule models 



QM:	
  	
  	
  	
  χc1	
  	
  	
  	
  	
  	
  	
  	
  	
  D0D*0	
  	
  	
  	
  	
  	
  	
  	
  D+D*-­‐	
  	
  	
  will	
  mix	
  

€ 

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

size ≈ scattering length 

“binding energies”: 
€ 

d00 ≈
2

mD δM00
≥14 fm

€ 

d+− ≈
2

mD δM+−

≈ 2.3 fm

€ 

dcc ≈1 fm
potential model 

€ 

δM+− = MX (3872) − (mD + +mD*− ) = 8.2 MeV

_	
  

Sizes:	
  

Gell-Mann’s Totalitarianism Principle for Hadrons: 

             “Everything not forbidden 
                      is compulsory” 

Gell	
  Mann	
  	
  Nuovo	
  Cim.	
  4,	
  848	
  (1956)	
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  ‘	
  

D*0	
  

_	
  

D+	
  

D*-­‐	
  

“core” 
state 

…	
   …	
  

Scale drawing 
of the X(3872): 

All	
  3	
  components	
  are	
  significant	
  
Takizawa	
  &	
  Takeuchi	
  PTEP	
  9,	
  093D01	
  
€ 

0.23D+D*−

€ 

0.94 D0D *0

€ 

−0.24 cc 
89% 5% 6% 

mixed isospin 

production 



χc1	
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D*0	
  

_	
  

D+	
  

D*-­‐	
  

“core” 
state 

…	
   …	
  

Scale drawing 
of the X(3872): 

€ 

0.23D+D*−

€ 

0.94 D0D *0

€ 

−0.24 cc 
89% 5% 6% 

! 

" #c1
'

D0	
  

Most of the time it looks like a molecule, but binding 

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

Production in HE pp collisions occurs via χc1’ component 

Isospin naturally “violated” 
_ 

All	
  3	
  components	
  are	
  significant	
  
Takizawa	
  &	
  Takeuchi	
  PTEP	
  9,	
  093D01	
  

mixed isospin 



Venus	
  

Sun	
  

X(3872):	
  pas(che	
  of	
  very	
  different	
  objects!	
  



The	
  Z(4430)	
  

Z(4430)	
  

π	





Found	
  by	
  Belle	
  in	
  2007	
  

S-­‐K	
  Choi	
  et	
  al	
  Belle:	
  PRL	
  100	
  142001	
  

2007	
  slice	
  &	
  dice	
  analysis	
  
2013:	
  4-­‐dim	
  amplitude	
  analysis	
  

M(π+ψ’)	
  

K	
  Chilikin	
  et	
  al	
  Belle:	
  PRD	
  88	
  074026	
  

BKπ+ψ’	
  

M2(π+ψ’)	
  

5.2σ	


6.1σ	



4485	
  MeV	
  

€ 

M = 4433 ± 4 ± 2 MeV
Γ = 45−13−13

+18+30  MeV

€ 

M = 4485−22−11
+22+28  MeV

Γ = 200−46−35
+41+26  MeV



BW	
  resonance	
  on	
  a	
  large	
  coherent	
  
background	
  

phase	
  structure	
  of	
  ABW	
   constructive 
interference 

destructive 
interference 

BW=|ABW|2	
  
Bkg	
  

Mpeak	
  

Cartoon,	
  for	
  
illustra(on	
  only	
  



Big	
  news	
  last	
  year	
  



Confirmed	
  by	
  LHCb	
  
BKπ+ψ’	
  :	
  	
  4-­‐dim	
  amplitude	
  analysis	
  

PRL	
  112,	
  222002	
  	
  

>13.9σ	



€ 

         JP =1+

M = 4475 ± 7−25
+15  MeV

Γ =172 ±13−34
+37  MeV

All	
  Kπ	
  masses	
  

M(π+ψ’)	
  (GeV)	
  M(π+ψ’)	
  (GeV)	
  

K*	
  veto	
  

4475	
  MeV	
  

R.	
  Aaij	
  et	
  al	
  LHCb:	
  PRL	
  112	
  222002	
  



Argand	
  plot	
  shows	
  BW-­‐like	
  phase	
  mo(on	
  
BW	
  Model-­‐independent	
  Argand	
  plot	
  

BW-­‐like	
  resonant	
  phase	
  mo(on	
  

s(ll	
  some	
  skep(cs,	
  see:	
  	
  Pakhlov	
  &	
  Uglov,	
  arXiv:1408.5295	
  

Any non-resonance explanation of the data requires 
an amplitude with: 
                - rapid 180o phase change near peak 
                - coherence with K*ψ’	
  “background” 

R.	
  Aaij	
  et	
  al	
  LHCb:	
  PRL	
  112	
  222002	
  



Other,	
  lower	
  mass	
  Zc	
  states	
  are	
  seen	
  
-­‐-­‐	
  Mostly	
  at	
  BESIII	
  -­‐-­‐	
  

Y(4260)π+π-­‐hc	
  

M(π-­‐hc)	
  

Y(4260)π+π-­‐J/ψ	
  

M(π-­‐J/ψ)	
  	
  	
  	
  

Y(4260)	
  	
  πDD*	
  

_	
  

D+D*0	
  

_	
  

BESIII	
  PRL	
  112,	
  022001	
  	
  

Y(4260)	
  	
  πD*D*	
  

_	
  

BESIII	
  PRL	
  	
  112,	
  132001	
  

Belle:  PRL 110, 252002 

BESIII: PRL 
110, 252001 

BESIII	
  PRL	
  111,	
  242001	
  	
  

Zc(3900)	
   Zc(4020)	
  

Zhihong	
  Wang’s	
  
talk	
  on	
  Wed	
  

Both:	
  JP=1+	
  



Z(4430)πψ’	
  favored	
  over	
  πJ/ψ	
  

€ 

Bf (B0 →K +Z4430
− ) × Bf (Z4430

− →π− ʹ′ ψ ) = (4.4 ±1.7) ×10−5

€ 

Bf (Z4430
− →π− ʹ′ ψ )

Bf (Z4430
− →π−J /ψ)

≈ 8€ 

Bf (B0 →K +Z4430
− ) × Bf (Z4430

− →π−J /ψ) = (5.4−1.0−0.9
+4.0+1.1 ) ×10−6



c	
  and	
  c	
  in	
  Z(4430)	
  in	
  an	
  excited	
  state?	
  

ψ(1S)	
   ψ(2S)	
  

Radial	
  Wave	
  FuncCons	
  

_	
  



Proposed	
  structures	
  for	
  the	
  new	
  mesons	
  	
  

Molecules?	
  

QCD	
  tetraquarks?	
  

Hadrocharmonium?	
  

Threshold	
  effects?	
  

u	
  c	
  
c	
  d	
  _
_



Molecules?	
  
good	
  points:	
  	
  	
  	
  -­‐-­‐	
  many	
  (most?)	
  states	
  are	
  close	
  to	
  thresholds	
  	
  

	
  -­‐-­‐	
  some(mes	
  very	
  close:	
  MX(3872)=mD0+mD0*	
  to	
  one	
  part	
  in	
  104	
  

-­‐-­‐	
  decay	
  pazerns	
  reflect	
  nearby	
  thresholds	
  
	
  -­‐-­‐	
  states	
  near	
  2mD*	
  (2mB*)	
  like	
  to	
  decay	
  ZD*D*	
  (B*B*)	
  &	
  not	
  DD*	
  (BB*)	
  

-­‐-­‐decays	
  to	
  πJ/ψ	
  (πΥ(ns))	
  and	
  πhc	
  (πhb)	
  occur	
  with	
  similar	
  strengths	
  

problems:	
  	
  	
  	
  

the c and c quarks: 
 --don’t have much overlap 
 --colors are uncorrelated  

_ 

-­‐-­‐	
  some	
  states	
  are	
  not	
  close	
  to	
  thresholds	
  	
  

-­‐-­‐	
  difficult	
  to	
  account	
  for	
  large	
  decays	
  to	
  hidden	
  quarkonium	
  

-­‐-­‐	
  Can’t	
  account	
  for	
  X(3872)	
  produc(on	
  in	
  high	
  energy	
  pp	
  collisions	
  € 

e.g. Γ(Zc →πJ /ψ)
Γ(Zc →DD *)

= 0.16 ± 0.07

  ⇒Γ(Zc →πJ /ψ) ≈ a few MeV
not so small 

_	
  _	
   _	
   _	
  



QCD	
  tetraquarks?	
  …	
  hadrocharmonium?	
  

€ 

Γ(Zc →πJ /ψ)
Γ(Zc →DD *)

= 0.16 ± 0.07

problems:	
  

good	
  points:	
  	
  	
  	
  -­‐-­‐	
  decays	
  to	
  hidden	
  charmonium	
  not	
  suppressed	
  
	
  -­‐-­‐	
  c	
  and	
  c	
  have	
  large	
  overlap	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  -­‐-­‐	
  colors	
  are	
  correlated	
  	
  

-­‐-­‐	
  mass	
  & ψ’	
  affinity	
  of	
  the	
  Zc(4430)	
  is	
  ok	
  
	
  -­‐-­‐predicted	
  the	
  Zc(3900)	
  

-­‐-­‐	
  masses	
  not	
  restricted	
  to	
  thresholds	
  	
  

-­‐-­‐	
  produc(on	
  in	
  high	
  energy	
  pp	
  collisions	
  okay	
  

-­‐-­‐	
  many	
  detailed	
  predic(ons	
  

-­‐-­‐	
  many	
  of	
  the	
  detailed	
  predic(ons	
  were	
  wrong	
  

	
  	
  	
  	
  	
  	
  	
  	
  predic(on	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  experiment	
  

	
  	
  	
  	
  	
  	
  -­‐-­‐	
  X(3872)	
  is	
  1	
  of	
  a	
  doublet	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  only	
  1	
  X(3872)	
  

	
  	
  	
  	
  	
  	
  -­‐-­‐	
  Zc(3900)	
  partner	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  MZc(4020)=	
  4023	
  MeV	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  at	
  M≈3800	
  MeV	
  	
  

	
  	
  	
  	
  	
  	
  -­‐-­‐	
  

_	
  

€ 

Γ(Zc →πJ /ψ)
Γ(Zc →DD *)

≈ 7

u	
  c	
  
c	
  d	
  _

_

_	
  



QCD	
  tetraquarks?	
  …	
  hadrocharmonium?	
  

€ 

Γ(Zc →πJ /ψ)
Γ(Zc →DD *)

= 0.16 ± 0.07

problems:	
  

good	
  points:	
  	
  	
  	
  -­‐-­‐	
  decays	
  to	
  hidden	
  charmonium	
  not	
  suppressed	
  
	
  -­‐-­‐	
  c	
  and	
  c	
  have	
  large	
  overlap	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  -­‐-­‐	
  colors	
  are	
  correlated	
  	
  

-­‐-­‐	
  mass	
  & ψ’	
  affinity	
  of	
  the	
  Zc(4430)	
  is	
  ok	
  
	
  -­‐-­‐predicted	
  the	
  Zc(3900)	
  

-­‐-­‐	
  masses	
  not	
  restricted	
  to	
  thresholds	
  	
  

-­‐-­‐-­‐	
  produc(on	
  in	
  high	
  energy	
  pp	
  collisions	
  okay	
  

-­‐-­‐	
  many	
  detailed	
  predic(ons	
  

-­‐-­‐	
  many	
  of	
  the	
  detailed	
  predic(ons	
  were	
  wrong	
  

	
  	
  	
  	
  	
  	
  	
  	
  predic(on	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  experiment	
  

	
  	
  	
  	
  	
  	
  -­‐-­‐	
  X(3872)	
  is	
  1	
  of	
  a	
  doublet	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  only	
  1	
  X(3872)	
  

	
  	
  	
  	
  	
  	
  -­‐-­‐	
  Zc(3900)	
  partner	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  MZc(4020)=	
  4023	
  MeV	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  at	
  M≈3800	
  MeV	
  	
  

	
  	
  	
  	
  	
  	
  -­‐-­‐	
  

_	
  

€ 

Γ(Zc →πJ /ψ)
Γ(Zc →DD *)

≈ 7

u	
  c	
  
c	
  d	
  _

_



Threshold	
  effects?	
  

The	
  coupled-­‐channel	
  loop:	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  produces	
  a	
  

cusp-­‐like	
  peak	
  in	
  M(πJ/ψ)	
  just	
  above	
  the	
  mD+mD*	
  threshold	
  

	
  -­‐-­‐	
  	
  Similar	
  to	
  the	
  Zc(3900)πJ/ψ	
  peak	
  just	
  above	
  mD+mD*	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  (&	
  the	
  Zc(4020)πhc	
  peak	
  just	
  above	
  2mD*)	
  	
  	
  

	
  -­‐-­‐	
  	
  Zc(3900)	
  &	
  Zc(4020)	
  are	
  threshold	
  cusps?	
  

	
  -­‐-­‐	
  1st	
  –order	
  (1-­‐loop)	
  Perturba(on	
  theory	
  doesn’t	
  
	
  	
  	
  	
  	
  	
  work	
  for	
  peak	
  this	
  large	
  

	
  -­‐-­‐	
  	
  Yes	
  it	
  does!	
  

Bugg:	
  EPL	
  96	
  11002	
  (2011)	
  

Guo	
  et	
  al.	
  PRD	
  91,	
  034009	
  

Swanson:	
  PRD	
  91,	
  034009	
  

Chen	
  et	
  al.	
  PRD	
  88	
  036008	
  

Swanson:	
  1504.07952	
  



cusp	
  vs	
  BW	
  phase	
  mo(on	
  

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?  
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≈ψ’	



≈J/ψ	



ΔM=580	
  MeV	
  ≈(mψ’	
  –	
  mJ/ψ)	
  

tetraquark+DD*(2S)	
  ?	
  _	
  

≈hc	





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?	
  

≈hc	
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Are	
  there	
  other	
  1+	
  states	
  to	
  look	
  for?	
  



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

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

 	
  Pure	
  molecule	
  or	
  pure	
  diquark-­‐dian(quark	
  tetraquark	
  
	
  	
  	
  	
  	
  	
  	
  	
  models	
  do	
  not	
  reproduce	
  observa(ons	
  
	
   	
  -­‐QCD-­‐core	
  states	
  coupled	
  to	
  meson	
  pairs	
  work	
  bezer?	
  	
  

 	
  Kinema(c	
  “cusp”	
  explana(ons	
  of	
  near-­‐threshold	
  peaks	
  
	
  	
  	
  	
  	
  	
  	
  	
  (may)	
  fail	
  to	
  bear	
  up	
  under	
  close	
  scru(ny	
  

 	
  Interes(ng	
  problem,	
  lots	
  to	
  do	
  	
  

_
_	
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