
Theoretical Review on Exotics 
Charmonium

M. Nielsen
Universidade de São Paulo

Charm 2010
Beijing/China 

21-24/10/2010 



our formerly comfortable 

world (cf. 1932 e,p,n)

Charmonium spectroscopy before the B-factories



JP C

Charmonium Spectroscopy after the B-factories – p.22/34

Charmonium spectroscopy after the B-factories



γγ

   X(3872)
2003

  Y(4260)
2005

    Z+(4430)
2007

   Y(4360)
2006

Y(4660)
2007

 Z1+(4050)
2008

 Z2+(4250)
2008

     Y(4140)
    2009

 X(4350)
2009

BaBar search for Z(4430)+ in B-0 ! J/!" -K0+, !(2S)"#-K0+

S-wave

P-wave

D-wave

M2(K0! –)

M2(K+! –)

M
2
( !! !!

(2
S

) "" ""
),

 (
G

eV
2

) Detailed study of K! – system before 

looking at J/"! –, " (2S)! – :

M(K") plot 1) S, P, D wave intensity 

K*(892)+K*(1430)

region

K*(892)+K*(1430)

veto

M(!!!!(2S)""""), GeV

4
4

3
0Prelim

inary

J/"! – and " (2S) ! – distributions

background (from K") + BW (free mass & width)

No signal in J/! "- (like in Belle), ~2# in " (2S) """" - : 

< 2.6x10-5 @ 95% CL,           (4.1 ± 1.0 ±1.4) x 10-5

" (2S)! – mass distribution is statistically consistent 

with Belle ($2/ndf=54.7/58)

- K* veto:             M=4437±5, "=23±25 MeV, 1.7#
- K*(892) + K*

2(1430): M=4483±3, "=15±11 MeV, 2.5#

B(B0%Z–K+%" (2S)! !"#) at M=4430 & &=45 MeV:        

shifted
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B+ → K+(φJ/ψ) γγ → (φJ/ψ)

e+e− → γIRS(J/ψπ+π−)

e+e− → γIRS(ψ′π+π−) e+e− → γIRS(ψ′π+π−)

B̄0 → K−(ψ′π+)

B̄0 → K−(χc1π
+)
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New charmonium mesons
X(3872): Belle @ KEK (PRL91 (2003))

very narrow (Γ < 2.3 MeV) meson observed in B decay:

B± → K±(J/ψπ+π−)
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mK+K− < 1.01 GeV/c2 or 1.03 GeV/c2 < mK+K− < 1.08 GeV/c2.
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FIG. 2: A scatter plot of M(!+!−) versus M(K+K−) for the selected K+K−!+!− events. The
size of the boxes is proportional to the number of events.

Figure 3 shows the φJ/ψ invariant mass distribution [24], together with the background
estimated from the normalized J/ψ and φ mass sidebands. No Y (4140) signal is evident.
Assuming that there is no background within the Y (4140) mass region and the number of
signal events follows a Poisson distribution with a uniform prior probability density function,
a Bayesian upper limit on the number of the Y (4140) signal events is estimated to be 2.3
at the 90% C.L. [25]. However, there is a clear enhancement at 4.35 GeV/c2, where the
background level estimated from the normalized J/ψ and φ mass sidebands is very low.
Other possible backgrounds that are not included in the sidebands, such as γγ → φJ/ψ +X
and e+e− → φJ/ψ + X where X may indicate one or more particles, and γγ → φJ/ψ with
the J/ψ and φ decaying into final states other than lepton pairs and K+K−, are found to
be very small after applying all of the event selection criteria.
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FIG. 3: The φJ/ψ invariant mass distribution of the final candidate events. The open histogram

shows the experimental data. The fit to the φJ/ψ invariant mass distribution from 4.2 to 5.0
GeV/c2 is described in the text. The solid curve is the best fit, the dashed curve is the background,
and the shaded histogram is from normalized φ and J/ψ mass sidebands. The arrow shows the

expected position of the Y (4140).

In order to obtain resonance parameters for the structure at 4.35 GeV/c2, an unbinned
extended maximum likelihood method is applied to the φJ/ψ mass spectrum in Fig. 3. The
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Y (JPC = 1 − − ) family
Y (4260): BaBar @ SLAC: (PRL91 (2005))

distinct peak (   90MeV) observed in e + e − annihilation:

e + e −  γIRS (J/ψπ + π − )
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molecular model ∼ 0.1, tetraquark model ∼ 1

m(X)B+ = (3871.4±0.6)MeV, m(X)B0 = (3868.7±1.6)MeV

∆m = (2.7 ± 1.6)MeV
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F I G . 3: T he 2(π + π−)J/  invariant mass sp ec t rum up to
5.7 G eV/c2 for t he final sample. T he shaded histogram rep-
resents t he fi xed background and t he cur ves represent t he fi ts
to t he da t a (see t ex t ).

bin. T he χ2/ dof values are found to be 21.3/8, 54.4/7,
and 7.3/7 for hypotheses of the Y (4260), the ψ(4415),
and a new resonance, respect ively, corresponding to χ2-
probabili t ies of 6.5 × 10−3, 2.0 × 10−9 , and 29%. T he
low probabili t ies associa ted wi th the Y (4260) and the
ψ(4415) indica te tha t the st ructure is not consistent wi th
the ψ(4415), and is not well described by the Y (4260) ei-
ther. We also perform a fi t including both the Y (4260)
and ψ(4415) plus their interference, and find the χ2/ dof
value to be 17.8/6, corresponding to a χ2-probabili ty of
6.7× 10−3, bu t no much improvement from the fi t to the
Y (4260) only. In order to fur ther compare the st ructure
repor ted here wi th the Y (4260) repor ted in R ef. [2], we
perform simul taneous fi ts to both the π+π−ψ(2S) mass
spect rum in F ig. 3 and the π+π−J/ψ mass distribu tion in
[2] under the hypotheses tha t (1) both signals are a single
resonance and (2) these signals are manifesta t ions of two
independent resonances, wi th a single resonance for each
signal. T he P D F as used in R ef. [2] is applied to the fi t to
the π+π−J/ψ mass dist ribu tion. T he logari thmic likeli-
hood ob tained from the single-resonance hypothesis (1) is
5.4 uni ts less than tha t ob tained from the two-resonance
hypothesis (2), which corresponds to a χ2-probabili ty of
4.5×10−3 for the single-resonance hypothesis assuming a
χ2 dist ribu tion for the difference in the logari thmic likeli-
hood between the two hypotheses. However, none of the
probabili t ies associa ted wi th the Y (4260) can exclude the
possibili ty tha t the structure observed is a manifesta t ion
of a new decay mode for the Y (4260).

T he primary π+π− invariant mass distribu tion for the
selected events wi thin m(2(π+π−)J/ψ ) < 5.7 G eV/c2 is
shown in F ig. 4. For the two events having more than
one ψ(2S) candida tes, the dipion invariant mass is only
included for the ψ(2S) candida te closest to i ts nominal
mass. T he Monte C arlo distribu tion is also shown in
F ig. 4 for a single resonance decaying to π+π−ψ(2S) in a
S-wave three-body phase-space using the resonance pa-

rameters ob tained in the above paragraph.
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F I G . 4: T he primar y π + π− invariant-mass sp ec t rum wi t hin
region m(2(π + π−)J/  ) < 5.7 G eV/c2 for t he final sample.
O nly one ent r y p er event is included in t he plot , as describ ed
in t he t ex t . T he histogram shows t he dist ribu t ion for M ont e
C arlo events (see t ex t ).

We ex tract the energy-dependent cross sect ion for
e+e− → π+π−ψ(2S) up to 8 G eV for the final sample.
T he average cross sect ion over a mass range of wid th ∆m
is calcula ted as

σ(m) ≡
∫ m+∆m/2

m−∆m/2

σ(x) dx
/

∆m

≈
1

L · B · ∆m

∑

i

( 1
2mi/s · W (s, 1 − m2

i /s) · εi

)

,

(3)

where L is the integra ted luminosi ty, B is the product
of B(ψ(2S) → π+π−J/ψ ) and B(J/ψ → &+&−), the
sum is over all events wi thin the mass range, mi is the
2(π+π−)J/ψ invariant mass, and εi is the est ima ted effi-
ciency a t tha t mass. T he measured cross sect ion is shown
in F ig. 5 and the numerical resul ts can be found in [11],
where the background has been sub tracted from bins
wi th non-zero content . T he energy-dependent select ion
efficiency (solid histogram in F ig. 5) is determined from
Monte C arlo events for which the ψ(2S) polariza tion
has been properly considered while the primary π+π−

is genera ted in S-wave phase-space. T he uncer tainty in
the select ion efficiency due to model dependence is es-
t ima ted from the efficiency difference between S-wave
phase-space model and mul tipole model [12] in the pri-
mary π+π− genera tion. T he main systema tic uncer tain-
ties are listed in Table I , and are added in quadra ture,
resul t ing in a total systema tic uncer tainty of 12.3%.

In summary, we have used ISR events to study the ex-
clusive process e+e− → π+π−ψ(2S) and to measure i ts
energy-dependent cross sect ion from threshold to 8 G eV
C M energy. A structure is observed a t ∼ 4.32 G eV/c2 in
the π+π−ψ(2S) invariant mass spectrum tha t is not con-
sistent wi th the decay ψ(4415) → π+π−ψ(2S). A fi t to
the mass spectrum wi th a single resonance yields a mass
of (4324 ± 24) M eV/c2 and a wid th of (172 ± 33) M eV ,
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FIG. 3: The uncorrected mJ /   distributions for events with
3.8425 < mJ /   < 3.8925 GeV/ c2 for (a) B+ and (b) B 0 de-
cays; the open squares correspond to (a) m3π > 0.7695 (b)
m3π > 0.7605 GeV/ c2 [23]. The curves indicate the results of
the fit.

togram χ2/NDF = 3.53/5 and P (χ2,NDF) = 61.9%. It
follows that the observed distribution favors the P -wave
description both quantitatively and qualitatively. If both
histograms are normalized to the region m3π< 0.7695
GeV/c2 (which was excluded in Ref. [23]), we expect for
m3π> 0.7695 GeV/c2, and hence for the mJ/ψω interval
3.8725− 3.8825 GeV/c2, ∼ 4.3 events for the P -wave de-
scription, and ∼ 16.6 events for the S-wave description.
However, in Fig. 3 we observe ∼ 6 events. In Ref. [32],
it was pointed out that for X(3872) → D∗0D̄0, the in-
troduction of one unit of orbital angular momentum in
the final state could explain the shift in measured X-
meson mass [12, 13]. This observation and the present
analysis, together with the spin-parity (JP ) analysis of
Ref. [11], favor JP = 2− for the X(3872) meson. For
I = 0 and JPC = 2−+, the X-meson mass falls within
the broad range of estimates for the ηc2(1D) charmonium
state [33, 34]. We conclude that this interpretation is fa-
vored by the data.

In summary, we have used the entire BABAR data sam-
ple collected at the Υ (4S) resonance to obtain evidence
for X → J/ψω in B0,+ → J/ψωK0,+ with product
branching fraction values [0.6 ± 0.2(stat) ± 0.1(syst)] ×
10−5 and [0.6 ± 0.3(stat) ± 0.1(syst)] × 10−5 for B+ and
B0, respectively. A comparison of the observed m3π mass
distribution from X → J/ψω decay to those from MC
simulations leads us to conclude that the inclusion of one
unit of orbital angular momentum in the J/ψω system
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FIG. 4: The m3π distribution for events with
3.8625 < mJ /   < 3.8825 GeV/ c2 for (a) B+, (b) B 0,
and (c) the combined distribution. The vertical dashed line
indicates the nominal  -meson mass [28]. In (c), the solid
(dashed) histogram represents reconstructed MC P -wave
(S-wave) events normalized to the number of data events.

significantly improves the description of the data. This in
turn implies negative parity for the X meson, and hence
JP = 2− is preferred [11]. In addition, we have updated
the mass and width of the Y meson (3919.1+3.8

−3.5(stat) ±
2.0(syst) MeV/c2 and 31+10

−8 (stat) ± 5(syst) MeV), the
product branching fraction values for B0,+ → Y K0,+,
Y → J/ψω, and our measurements of the total branch-
ing fractions for B0,+ → J/ψωK0,+.

We are grateful for the excellent luminosity and ma-
chine conditions provided by our PEP-II colleagues, and
for the substantial dedicated e  ort from the comput-
ing organizations that support BABAR. The collaborat-
ing institutions wish to thank SLAC for its support and
kind hospitality. This work is supported by DOE and
NSF (USA), NSERC (Canada), CEA and CNRS-IN2P3
(France), BMBF and DFG (Germany), INFN (Italy),
FOM (The Netherlands), NFR (Norway), MES (Russia),
MICIIN (Spain), STFC (United Kingdom). Individuals
have received support from the Marie Curie EIF (Euro-
pean Union), the A. P. Sloan Foundation (USA) and the
Binational Science Foundation (USA-Israel).
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togram χ2/NDF = 3.53/5 and P (χ2,NDF) = 61.9%. It
follows that the observed distribution favors the P -wave
description both quantitatively and qualitatively. If both
histograms are normalized to the region m3π< 0.7695
GeV/c2 (which was excluded in Ref. [23]), we expect for
m3π> 0.7695 GeV/c2, and hence for the mJ/ψω interval
3.8725− 3.8825 GeV/c2, ∼ 4.3 events for the P -wave de-
scription, and ∼ 16.6 events for the S-wave description.
However, in Fig. 3 we observe ∼ 6 events. In Ref. [32],
it was pointed out that for X(3872) → D∗0D̄0, the in-
troduction of one unit of orbital angular momentum in
the final state could explain the shift in measured X-
meson mass [12, 13]. This observation and the present
analysis, together with the spin-parity (JP ) analysis of
Ref. [11], favor JP = 2− for the X(3872) meson. For
I = 0 and JPC = 2−+, the X-meson mass falls within
the broad range of estimates for the ηc2(1D) charmonium
state [33, 34]. We conclude that this interpretation is fa-
vored by the data.

In summary, we have used the entire BABAR data sam-
ple collected at the Υ (4S) resonance to obtain evidence
for X → J/ψω in B0,+ → J/ψωK0,+ with product
branching fraction values [0.6 ± 0.2(stat) ± 0.1(syst)] ×
10−5 and [0.6 ± 0.3(stat) ± 0.1(syst)] × 10−5 for B+ and
B0, respectively. A comparison of the observed m3π mass
distribution from X → J/ψω decay to those from MC
simulations leads us to conclude that the inclusion of one
unit of orbital angular momentum in the J/ψω system
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FIG. 3: The uncorrected mJ /   distributions for events with
3.8425 < mJ /   < 3.8925 GeV/ c2 for (a) B+ and (b) B 0 de-
cays; the open squares correspond to (a) m3π > 0.7695 (b)
m3π > 0.7605 GeV/ c2 [23]. The curves indicate the results of
the fit.

togram χ2/NDF = 3.53/5 and P (χ2,NDF) = 61.9%. It
follows that the observed distribution favors the P -wave
description both quantitatively and qualitatively. If both
histograms are normalized to the region m3π< 0.7695
GeV/c2 (which was excluded in Ref. [23]), we expect for
m3π> 0.7695 GeV/c2, and hence for the mJ/ψω interval
3.8725− 3.8825 GeV/c2, ∼ 4.3 events for the P -wave de-
scription, and ∼ 16.6 events for the S-wave description.
However, in Fig. 3 we observe ∼ 6 events. In Ref. [32],
it was pointed out that for X(3872) → D∗0D̄0, the in-
troduction of one unit of orbital angular momentum in
the final state could explain the shift in measured X-
meson mass [12, 13]. This observation and the present
analysis, together with the spin-parity (JP ) analysis of
Ref. [11], favor JP = 2− for the X(3872) meson. For
I = 0 and JPC = 2−+, the X-meson mass falls within
the broad range of estimates for the ηc2(1D) charmonium
state [33, 34]. We conclude that this interpretation is fa-
vored by the data.

In summary, we have used the entire BABAR data sam-
ple collected at the Υ (4S) resonance to obtain evidence
for X → J/ψω in B0,+ → J/ψωK0,+ with product
branching fraction values [0.6 ± 0.2(stat) ± 0.1(syst)] ×
10−5 and [0.6 ± 0.3(stat) ± 0.1(syst)] × 10−5 for B+ and
B0, respectively. A comparison of the observed m3π mass
distribution from X → J/ψω decay to those from MC
simulations leads us to conclude that the inclusion of one
unit of orbital angular momentum in the J/ψω system
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FIG. 4: The m3π distribution for events with
3.8625 < mJ /   < 3.8825 GeV/ c2 for (a) B+, (b) B 0,
and (c) the combined distribution. The vertical dashed line
indicates the nominal  -meson mass [28]. In (c), the solid
(dashed) histogram represents reconstructed MC P -wave
(S-wave) events normalized to the number of data events.

significantly improves the description of the data. This in
turn implies negative parity for the X meson, and hence
JP = 2− is preferred [11]. In addition, we have updated
the mass and width of the Y meson (3919.1+3.8

−3.5(stat) ±
2.0(syst) MeV/c2 and 31+10

−8 (stat) ± 5(syst) MeV), the
product branching fraction values for B0,+ → Y K0,+,
Y → J/ψω, and our measurements of the total branch-
ing fractions for B0,+ → J/ψωK0,+.
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B+

B0

Burns et al. (arXiv:
1008.0018): the production 

cross section at CDF is 
predicted to be much smaller 

than that observed 

the 3π mass distribution strongly          
favors P-wave ⇒           J P C = 2 − +



• All these states decay into J/ψ or ψ(2S)  ➔ they 
have a       pair in their quark components 

• Their masses are not compatible with quark 
model calculations for charmonium states

• Absence of open charm production in their 
decays is inconsistent with       interpretation

• Candidates for exotic (not quark-antiquark) states  

Common features

cc̄

cc̄



X(3872)






X(3872) → γJ/ψ ⇒ C = +

not seen in e+e− → X(3872) ⇒ JP $= 1−

angular distribution favors JP C = 1++

cc̄ spec. for JP C = 1++
(Barnes & Godfrey, PRD69 (2004))

↗2 3P1 (3990)

↘
3 3P1 (4290)

if X(3872) = cc̄ ⇒ I = 0, G = +

X → J/ψπ+π−π0

X → J/ψπ+π− ∼ 1 ⇒ strong isospin and G parity violation

X(3872) can not be easily explained as a cc̄ state
– p.4/35

not compatible with the X(3872) mass  
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not compatible with the X(3872) mass  

masses and widths 
of these states are 
not consistent with 

any of the 1-- 
charmonium states 

( Zhu, IJMPE17(08)283)
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DD* molecular state

tetraquark state
mixed charmonium- 

-molecular state 
threshold effect
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S wave threshold effect
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D*D* molecular state
hadro-charmonium 

not a resonance

 Z2+(4250)

D1D molecular state
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Ds*Ds* molecular state
tetraquark state
 not a resonance
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Ds*Ds0* molecular state

tetraquark state
 P-wave charmonium 
mixed charmonium-

-molecular state
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 strong isospin and G 
parity violation

➡

X(3872): molecular                             state (Swanson, Close, Voloshin, Wong ...)

M(D∗0D̄0) = (3871 ± 1) ⇒
X(3872) : molecular (D∗0D̄0 + D̄∗0D0) state (Close and Page PLB57(2004))

Tornqwist (ZPC61(94)) predict a D̄D∗ molecule with JP C = 0−+ or 1++

PRL97, 162002 (06) PRD77, 011102 (08)

Mbelle = 3875.2±0.7±0.8 Mbabar = 3875.1±1.1±0.5

higher masses than X → J/ψππ
– p.5/35
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Tetraquark state?

Maiani et al. (PRD71 (05)) tetraquark JP C = 1++ states:

Xq = [cq]S=1[c̄q̄]S=0 + [cq]S=0[c̄q̄]S=1

isospin eigenstates
↗X(I = 0) = Xu+Xd√

2

↘
X(I = 1) = Xu−Xd√

2

– p.8/35
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QCD Sum Rule

Fundamental Assumption: Principle of Duality

Π(q) = i

∫
d4x eiq.x 〈0|T [j(x)j†(0)]|0〉

Theoretical side Phenomenological side

Πphen = λ2 1

m2
S − q2

+ continuum, λ = 〈0|j|S〉

ΠOP E(q2) =

∫ ∞

m2
c

ds
ρ(s)

s − q2
, ρ(s) =

1

π
Im[ΠOP E ]

condensates up to dimension 8






quark condensate
gluon condensate
mixed condensates
four-quark condensate– p.14/35



Good Sum Rule  ➡  Borel window such that:

• pole contribution > continuum contribution

• good OPE convergence

• good Borel stability
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QCD sum rules calculation for X (3872)

j X
µ =

i  a bc  d ec√
2

 
(q T

a C  5cb ) (q̄d  µ C c̄T
e ) + (q T

a C  µ cb ) (q̄d  5 C c̄T
e )

 

2.0 2.1 2.2 2.3 2.4 2.5 2.6 2.7 2.8

   30

   35

   40

   45

   50

   55

   60

   65

   70
s0

1/2 = 4.2 GeV
 Continuum
 Pole

C
on

tri
bu

tio
n/

(P
ol

e+
C

on
tin

uu
m

) (
%

)

M2 (GeV2 ) 1.6 1.8 2.0 2.2 2.4 2.6 2.8 3.0

0.5

1.0

1.5

2.0

2.5  Perturbative
 + <qq>
 + <g2G2>
 + m0

2 <qq>
 + <qq>2

 + m0
2 <qq>2

s0
1/2 = 4.3 GeV

C
on

de
ns

at
e/

R
H

S

M2 (GeV2)

good Borel window 2.0 ≤ M 2 ≤ 2.3GeV2
– p.16/35

QCD sum rules calculation for X(3872)
tetraquark state (PRD75 (2007) 014005)

jX = [cq]S=1[c̄q̄]S=0 + [cq]S=0[c̄q̄]S=1

mX = (3.92 ± 0.13) GeV

molecular state (arXiv:0803.1168)

jX = D∗0D̄0 + D̄∗0D0

mX = (3.87 ± 0.07) GeV

Better agreement with the molecular model

– p.11/32
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– p.11/32

Lee, MN, Wiedner:              molecular current (arXiv:0803.1168)D0D̄∗0

Matheus, Narison, MN, Richard: tetraquark current (PRD75(07)014005)
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Problem: decay width   X → J/ψππ 
~ 50 GeV (Navarra, MN, PLB639 (06)272)

7

From Eqs. (58) and (61) we get the following relation
between the coupling constants:

gXψωfω

gXψρfρ
=

Nω

(

cosα + sinα
)

Nρ

(

cosα − sinα
) . (62)

Using the previous result in Eq. (41) and the numerical
values for fω and fρ we have

Γ(X → J/ψ π+π−π0)

Γ(X → J/ψ π+π−)
# 0.15

(

cosα + sinα

cosα − sinα

)2

. (63)

This is exactly the same relation obtained in refs. [11, 27],
that determines α ∼ 200 for reproducing the experimen-
tal result in Eq.(1).

With this mixing angle α defined, we can now eval-
uate the decay rate itself, for any one of the decays:
X → J/ψρ or X → J/ψω, since they will be the same.
Therefore, we choose to work with X → J/ψω since the
combination cosα + sinα appears in both sides of the
sum rule and the result for gXψω is independent of α.
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FIG. 4: Diagrams which contribute to the OPE side of the sum rule.

In the OPE side we consider condensates up to di-
mension five , as shown in Fig. 4. Taking the limit
p2 = p′2 = −P 2 and doing a single Borel transform to
P 2 → M2, we get in the structure εανσγp′σqγp′µ (the same
considered in ref.[27]) (Q2 = −q2):

C(Q2)
(

e−m2
ψ/M2

− e−m2
X/M2

)

+ B e−s0/M2

=

(Q2 + m2
ω)Π(OPE)(M2, Q2), (64)

where

Π(OPE)(M2, Q2) =
〈q̄q〉

6
√

2π2Q2

[(

m2
0

3Q2
+

− 1

)
∫ u0

4m2
c

du e−u/M2 √

1 − 4m2
c/u

(

1

2
+

m2
c

u

)

+

−
m2

0

16

∫ 1

0
dα

1 + 3α

α
e

−m2
c

α(1−α)M2

]

. (65)

In Eq. (64)

C(Q2) =
6

sin(θ)
mωfω

fψλq

mψ(m2
X − m2

ψ)
gXψω(Q2), (66)

and B gives the contribution of the pole-continuum tran-
sitions [27, 28, 29]. s0 and u0 are the continuum thresh-
olds for X and J/ψ respectively. Notice that in Eq.(65)
we have introduced the form factor gXψω(Q2). This is
because the meson ω is off-shell in the vertex XJ/ψω.

If we parametrize C(Q2) as a monopole:

C(Q2) =
c1

Q2 + c2
, (67)

we can fit the left hand side of Eq. (64) as a function
of Q2 and M2 to the QCDSR results in the right hand
side, obtaining c1, c2 and B. In Fig. 5 we show the
points obtained if we isolate C(Q2) in Eq. (64) and vary
both Q2 and M2. The function C(Q2) (and consequently
gXψω(Q2)) should not depend on M2, so we limit our fit
region to 3.0 GeV2 ≤ M2 ≤ 3.5 GeV2 where C(Q2) is
clearly stable in M2 for all values of Q2.

We do the fitting for s1/2
0 = 4.4 GeV as the results

do not depend much on this parameter, the results are
shown bellow:

c1 = 2.5 × 10−2 GeV7,

c2 = 38 GeV2,

MeV

Lee, MN, Wiedner:              molecular current (arXiv:0803.1168)D0D̄∗0

Matheus, Narison, MN, Richard: tetraquark current (PRD75(07)014005)



arXiv:0810.1073: X(3872) observed in two different channels

X → J/ψγ X → ψ(2S)γ

(
X→ψ(2S)γ
X→J/ψγ

)

exp
= 3.4 ± 1.4,

(
X→ψ(2S)γ
X→J/ψγ

)

mol
∼ 4 × 10−3

indication of a significant mixing of the cc̄ and D0D̄∗0

molecular components

– p.13/35

B+ ! X(3872)K+ ! (J/!  #!  #!  #!  #!!!! ’)    K:  ICHEP 08 BaBar results

New preliminary BaBar results

B(B+!XK+, X!J/"#)     = (2.8±0.8±0.2)x10-6 (3.6$)

B(B+!XK+, X!"(2S)#) = (9.9±2.8±0.6)x10-6 (3.5$)

B+
!XK+

X!!(2S)" New

m"(2S)# (GeV/c2)

BABAR preliminary, 413 fb-1

B+
!XK+

X!J/!" Update

mJ/"# (GeV/c2)

BABAR preliminary, 413 fb-1

Br(X#!!!! (2S)") / Br(X#J/!!!! ")      = 3.5 ± 1.4

Br(X#!!!! (2S)") / Br(X#J/!!!! $+$–) = 1.1 ± 0.4

X(3872) #J/!":

reported by Belle (4$, hep-ex/0505037),

confirmed by BaBar (3.4$, PRD74, 071101, 2006) 

fixes CX=+1

DD* molecular decay X!"(2S)# is suppressed 

E.S. Swanson Phys. Rept. 429, 243 (2006), 

T. Barnes & S. Godfrey PRD 69, 054008, (2004)

Favors  cc – D0D*0 mxing model

New!
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Decay width   X → J/ψV

〈J/ψ(p′)V (q)|X(p)〉

7

By inserting jX
µ , given by Eq. (59), in Eq. (45) and

considering the quarks u and d to be degenerate, one has

Πµνα(p, p′, q) = sin(θ)
NV

2
√

2

(

cosα

+ (−1)IV sinα
)

ΠOPE
µνα (p, p′, q), (60)

with

ΠOPE
µνα (p, p′, q) =

∫

d4u

∫

d4k

(2π)4

(

Tr
[

γµSc
a′c(k)γ5 ×

× Sq
ab′(−y)γνSq

b′b(y)γαSc
ba′(k − p′)

]

+

− Tr
[

γµSc
a′c(k)γαSq

ab′(−y)γνSq
b′b(y)γ5S

c
ba′(k − p′)

]

)

.(61)

In the phenomenological side, considering the defini-
tion of λu in Eq.(12) and the definition of the current in
(59), we can define

λX = cosαλu + sinαλd = (cosα + sinα)λq , (62)

where λq was evaluated in Sec. III, and is given in
Eq. (36). Using Eq.(62) in Eq.(49), the phenomenological
side of the sum rule is now given by:

Π(phen)
µνα (p, p′, q) =

i(cosα + sinα)λqmψfψmV fV gXψV

(p2 − m2
X)(p′2 − m2

ψ)(q2 − m2
V )

×
(

− εαµνσ(p′σ + qσ) − εαµσγ p′σqγqν

m2
V

− εανσγ p′σqγp′µ
m2

ψ

)

. (63)

From Eqs. (60) and (63) we get the following relation
between the coupling constants:

gXψωfω

gXψρfρ
=

Nω

(

cosα + sinα
)

Nρ

(

cosα − sinα
) . (64)

Using the previous result in Eq. (43) and the numerical
values for fω and fρ we have

Γ(X → J/ψ π+π−π0)

Γ(X → J/ψ π+π−)
% 0.15

(

cosα + sinα

cosα − sinα

)2

. (65)

This is exactly the same relation obtained in refs. [11, 33],
that determines α ∼ 200 for reproducing the experimen-
tal result in Eq.(1). A similar relation was obtained in
ref. [34] where the decay of the X into two and three
pions goes through a D D∗ loop.

With this mixing angle α defined, we can now eval-
uate the decay rate itself, for any one of the decays:
X → J/ψρ or X → J/ψω, since they will be the same.
Therefore, we choose to work with X → J/ψω since the
combination cosα + sinα appears in both sides of the
sum rule and the result for gXψω is independent of α.
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FIG. 4: Diagrams which contribute to the OPE side of the sum rule.

In the OPE side we consider condensates up to di-
mension five , as shown in Fig. 4. Taking the limit
p2 = p′2 = −P 2 and doing a single Borel transform to
P 2 → M2, we get in the structure εανσγp′σqγp′µ (the same

considered in ref.[33]) (Q2 = −q2):

C(Q2)
(

e−m2
ψ/M2

− e−m2
X/M2

)

+ B e−s0/M2

=

(Q2 + m2
ω)Π(OPE)(M2, Q2), (66)

Γ = (9.3 ±6.9) MeV
50 ≤ θ ≤ 130

mX = (3.77 ± 0.18) GeV



Πµνα(x, y) = 〈0|Tjψ
µ jγ

ν jX†

α ]|0〉

jγ
µ =

2
3
ūγµu− 1

3
d̄γµd +

2
3
c̄γµc

Decay width   X → J/ψϒ

 MN, Zanetti  
(arXiv:1006.0467) 

Γ(X → J/ψγ)
Γ(X → J/ψπ+π−)

= 0.19± 0.13, 50 ≤ θ ≤ 130

QCDSR ➔ X is a mixed  charmonium-molecular state





Exotic states?

charmonium hybrids:
↗Lattice (PRL82(99)): M ∼ 4200MeV

↘
flux tube (Barnes et al. (PRD52(95)) M ∼ 4200MeV

Maiani et al. (PRD72 (05)) tetraquark JP C = 1−− states:

Y (4260) = ([cs]S=0[c̄s̄]S=0)P-wave

They arrive at MY = 4160MeV+ orbital term = (4330 ± 70)MeV

Other Possibilities

Y = ([cs]S=0[c̄s̄]S=1 + [cs]S=1[c̄s̄]S=0) or s ↔ q

molecule



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D∗
s(2110)D̄s0(2317) (mthres ∼ 4430MeV)

D∗(2007)D̄0(2310) (mthres ∼ 4320 MeV)

D(1865)D̄1(2420) (mthres ∼ 4285 MeV) – p.23/35

more recent lattice (EPJA19(04)1)   and string models calculations   
(Kalashnikova et al., PRD77(08)054025)  ➡ M ∼ 4400 MeV

charmonium hybrid ➡ dominant decay mode                     
                    (Close & Page, PRLB628(05)215)   

DD̄1
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Y(4260)
molecular state (Ding, Liu et al.,Yuan et al., MN et al.,...)   

baryonium                state (Qiao, PLB639(06))   Λc − Λ̄c

S-wave threshold effect (Rosner, PRD74(06))   

manifestations of Regee zeros (Beveren et al., arXiv:0811.1755)   



QCD sum rules calculation for Y (JPC = 1−−)
tetraquark state (arXiv:0804.4817)

jY = [cs]S=1[c̄s̄]S=0 + [cs]S=0[c̄s̄]S=1

mY = (4.65 ± 0.10) GeV in good agreement with Y (4660)

molecular state (arXiv:0804.4817)

jY = D0D̄
∗ + D̄0D

∗

mY = (4.27 ± 0.10) GeV in good agreement with Y (4260)

other states






D∗
sD̄s0 ⇒ m = (4.42 ± 0.10)GeV

DD̄1 ⇒ m = (4.12 ± 0.09)GeV

[cq]S=0[c̄q̄]S=1 ⇒ m = (4.49 ± 0.11)GeV

–p.20/32
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with Belle ($2/ndf=54.7/58)

- K* veto:             M=4437±5, "=23±25 MeV, 1.7#
- K*(892) + K*

2(1430): M=4483±3, "=15±11 MeV, 2.5#

B(B0%Z–K+%" (2S)! !"#) at M=4430 & &=45 MeV:        

shifted

ICHEP 08, 413 fb-1

$ K$-
! %K

K contributions,
2) $$$$K is parameterized

arXiv:0905.2869

searched Z-(4430) in 4 decay modes:
no conclusive

evidence for the existence of Z+(4430) seen by 
Belle

Z+(4430)






threshold effect in the D1D∗ channel
Rosner, arXiv:0708.3496

four-quark radial excitation with JP C = 1+−

Maiani, Polosa & Riquer, arXiv:0708.3997

radial excitation of Λc − Σ0
c bound state

Qiao, arXiv:0709.4066

D1D∗ molecular state with JP = 0−, 1−, 2−

Meng & Cheng, arXiv:0708.4222

2− suppressed in B → Z(4430)K due to small phase space

– p.28/34



QCD sum rules calculation for Z+(4430)

tetraquark states with JP = 0−, 1−
(arXiv:0807.3275)

jZ(1−) = [cu]S=1[c̄d̄]S=0 + [cu]S=0[c̄d̄]S=1

mZ = (4.84 ± 0.14) GeV

jZ(0−) = [cu]S=0[c̄d̄]S=0

mZ = (4.52 ± 0.12) GeV

molecular state with JP = 0−
(PLB661(2008)28)

jZ = D0
1D∗+ + D+

1 D∗0

mZ = (4.40 ± 0.10) GeV in good agreement with Z+(4430)

Better agreement with the molecular model
– p.29/34



Z+
1 (4050) and Z+

2 (4250)
Belle @ KEK: (arXiv:0806.4098)

observation of two
resonance-like structures:

B̄0 → K−(χc1π+)

M1 = (4051 ± 14) MeV
Γ1 = (82 ± 21) MeV

M2 = (4248 ± 44) MeV
Γ2 = (177 ± 54) MeV
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1,2 → χc1π+ ⇒ IG = 1−

If confirmed ⇒ multiquark states!
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B! Z(4430)+ K ! !  #S %&+ K: charged state ! not cc!
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K*(890)        K*(1430)

veto veto

veto veto
S-wave BW + ph. space-like bgr:

121±30 ev., 6.5    significance

M = 4433!4!2 MeV

(((( = 45+18
-13

+30
-13 MeV ! narrow 

! cannot be explained by interf. in K&&&&channel

K&mass from ±30 MeV Z(4433)+ window

M(! (2S)&+), GeV non-B bgr. from 
) E sidebands

S-wave D*D1(2420)            
thresh. effect
PRD76,114002

[cu][cd] tetraquark
hep-ph/0708.3997

D*D1(2420)  molecule
0708.4222,0710.1029, 
0711.0494

PRL100, 142001, 605 fb-1
&&&&+&&&&- J/!!!! (!     +    -, e+e-)

M(D̄0
1D

+) ∼ 4285 MeVM(D̄∗0D∗+) ∼ 4020 MeV



MD∗D∗ = (4.15± 0.12) GeV > (D∗D̄∗)thre

M(D̄0
1D+) ∼ 4200 MeV, M(D̄∗0D∗+) ∼ 4020 MeV

Z+
2 (4250) Z+

1 (4050)

Liu et al. (arXiv:0808.0073)
↗strong atraction in D∗D̄∗

↘
Z+

1 (4050) ⇒ D∗D̄∗ state, JP = 0+

QCD sum rule (arXiv:0808.0690)

D∗D̄∗ molecule with JP = 0+

MD∗D∗ = (4.15 ± 0.07)GeV > (D∗D̄∗)thre

D̄1D molecule with JP = 1−

MD1D = (4.12 ± 0.10)GeV < (D̄1D)thre

Z+
2 (4250) : molecular D+D̄0

1 state with JP = 1−
– p.32/34

Ding (arXiv:0905.1188):  Z1+(4050) molecular interpretation not favored

M ( D̄ 0
1 D + )  4200 MeV, M ( D̄  0 D  + )  4020 MeV

Z +
2 (4250) Z +

1 (4050)

Liu et al. (arXiv:0808.0073)
 strong atraction in D  D̄  

 Z +
1 (4050)  D  D̄  state, J P = 0 +

QCD sum rule (arXiv:0808.0690)

D  D̄  molecule with J P = 0 +

M D  D  = (4.15 ± 0.07) GeV > ( D  D̄  ) t h r e

D̄ 1 D molecule with J P = 1 −

M D 1 D = (4.12 ± 0.10) GeV < ( D̄ 1 D ) t h r e

Z +
2 (4250) : molecular D + D̄ 0

1 state with J P = 1 −
– p.32/34
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– p.32/34including the width (Lee et al., PRD78(08)):

M = (4.25±0.15) GeV
40 ≤ Γ ≤ 60 MeV

consistent with

M(D̄0
1D+) ∼ 4200 MeV, M(D̄∗0D∗+) ∼ 4020 MeV
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  Y(4140)

cc̄ ➡ large decay width into open charm pair      
Liu & Zhu (arXiv:0903.2529):            molecular state, JPC = 0++ or 2++D∗

sD̄∗
s

Stancu (arXiv:0906.2485):  tetraquark            1++  statecsc̄s̄

Beveren et al. (arXiv:0906.2278):   is not a resonance 

Ding (arXiv:0904.1782):  boson exchange model supports                  D∗
sD̄∗

s

QCD sum rules
 Y(4140)

Wang (arXiv:0903.5200)

Zhang, Huang (arXiv:0905.4178)

Albuquerque, Bracco, MN  (PLB678(09))
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D∗
sD̄∗

s with JPC = 0++ ➡ M = (4.14 ± 0.09) GeV



arXiv:0903.5424 ➜ if  Y(4140) is a  D*s D*s  molecule, it 
should be seen in  the γγ process



γγ → φJ/ψ

mK+K− < 1.01 GeV/c2 or 1.03 GeV/c2 < mK+K− < 1.08 GeV/c2.
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FIG. 2: A scatter plot of M(!+!−) versus M(K+K−) for the selected K+K−!+!− events. The
size of the boxes is proportional to the number of events.

Figure 3 shows the φJ/ψ invariant mass distribution [24], together with the background
estimated from the normalized J/ψ and φ mass sidebands. No Y (4140) signal is evident.
Assuming that there is no background within the Y (4140) mass region and the number of
signal events follows a Poisson distribution with a uniform prior probability density function,
a Bayesian upper limit on the number of the Y (4140) signal events is estimated to be 2.3
at the 90% C.L. [25]. However, there is a clear enhancement at 4.35 GeV/c2, where the
background level estimated from the normalized J/ψ and φ mass sidebands is very low.
Other possible backgrounds that are not included in the sidebands, such as γγ → φJ/ψ +X
and e+e− → φJ/ψ + X where X may indicate one or more particles, and γγ → φJ/ψ with
the J/ψ and φ decaying into final states other than lepton pairs and K+K−, are found to
be very small after applying all of the event selection criteria.
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FIG. 3: The φJ/ψ invariant mass distribution of the final candidate events. The open histogram

shows the experimental data. The fit to the φJ/ψ invariant mass distribution from 4.2 to 5.0
GeV/c2 is described in the text. The solid curve is the best fit, the dashed curve is the background,
and the shaded histogram is from normalized φ and J/ψ mass sidebands. The arrow shows the

expected position of the Y (4140).

In order to obtain resonance parameters for the structure at 4.35 GeV/c2, an unbinned
extended maximum likelihood method is applied to the φJ/ψ mass spectrum in Fig. 3. The
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Z+??

! E sidebands
K0,2*0(1430)

M2(K+    ####)

Belle finds more charged states in B0 ! Z- K+ !     c1     - K+

Dalitz plot for     -K+    c1( ! %%%%J/&&&&)

hep-ex/0806.4098, subm. to PRD, 605 fb-1

M
2 (     

c1
    ## ##
)

Fit Dalitz plot by all known (K )-resonances with interference

K*0(890)

arXiv:0912.2383

searched for Y(4140) in  

no signal of  Y(4140) but evidence for a new X(4350) state  

point against the molecular assignement?

arXiv:0903.5424 ➜ if  Y(4140) is a  D*s D*s  molecule, it 
should be seen in  the γγ process



0++, 1−+, 2++X(4350)→ J/ψφ possible quantum 
numbers:

1-+ ⇒ exotic: not consistent with constituent quark model

csc̄s̄Stancu (arXiv:0906.2485):   2++           tetraquark state
Ξ

′′

c2Liu et al. (arXiv:0911.3694):   P-wave charmonium state
D∗

sD̄∗
sWang. (arXiv:0912.4626):  mixed 0++ charmonium-          state{X(4350)

Ma (arXiv:1006.1276):  0++              molecular stateD∗
sD∗

s0



0++, 1−+, 2++X(4350)→ J/ψφ possible quantum 
numbers:

1-+ ⇒ exotic: not consistent with constituent quark model

csc̄s̄Stancu (arXiv:0906.2485):   2++           tetraquark state
Ξ

′′

c2Liu et al. (arXiv:0911.3694):   P-wave charmonium state
D∗

sD̄∗
sWang. (arXiv:0912.4626):  mixed 0++ charmonium-          state{X(4350)

Ma 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QCD Sum Rule (arXiv:1001.3092):  1-+             currentD∗
sD̄∗

s0

M = (5.05 ± 0.19) GeV

not compatible with the mass of the narrow structure observed by
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   X(3872)

mixed DD* 
charmonium state

JPC=1++

(3.77± 0.18) GeV

  Y(4260)

 D0D*  molecular state
JPC=1--

(4.27± 0.10) GeV

    Z+(4430)

D1D* molecular state
JP=0-

(4.40± 0.10) GeV

   Y(4360)
not compatible with 

scalar-vector cq state 
neither with D0sD*s  

molecular state
JPC=1--

Y(4660)

scalar-vector cs 
tetraquark state

JPC=1--

(4.65± 0.10) GeV

 Z1+(4050)

not compatible with
D*D* molecular state

JP=0+

(4.19± 0.18) GeV
 Z2+(4250)

D1D molecular state
JP=1-

(4.25± 0.10) GeV
40< Γ <60 MeV

   Y(4140)

Ds*Ds* molecular state
JPC=0++

(4.14± 0.09) GeV

 X(4350)
not compatible with

Ds*Ds0* molecular state
JPC=1-+

(5.05± 0.19) GeV

MN, Navarra & Lee,  arXiv:0911.1958



e+e− → J/ψ + X(3940)

{

double charm production: ccq̄q̄

possible to form tetraquark [cc][ūd̄]

T +
cc([cc][ūd̄]), JP = 1+

Stable against strong decay if m < m[DD∗] = 3.875GeV:
→/ DD in S wave due to J nor in P wave due to P

JP = 1+
↗light antidiquark: εabc[ūbγ5Cd̄T

c ]

↘
heavy diquark: εaef [cT

e Cγµcf ]

QCD sum rule study (hep-ph/0703071)

mTcc
= (4.0 ± 0.2)GeV

Tcc: as easy to form in HIC at LHC as X(3872)
Lee, Yasui, Liu, Ko, arXiv:0707.1747

– p.31/31
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c ]

↘
heavy diquark: εaef [cT

e Cγµcf ]

QCD sum rule study (hep-ph/0703071)

mTcc
= (4.0 ± 0.2)GeV

Tcc: as easy to form in HIC at LHC as X(3872)
Lee, Yasui, Liu, Ko, arXiv:0707.1747

– p.31/31

e + e −  J /  + X (3940)

 
double charm production: ccq̄q̄

possible to form tetraquark [cc][ū d̄]

T +
cc ([cc][ū d̄]), J P = 1 +

Stable against strong decay if m < m [ D D  ] = 3.875 GeV:
 / D D in S wave due to J nor in P wave due to P

J P = 1 +  light antidiquark:  a bc[ū b  5 C d̄ T
c ]

 
heavy diquark:  a e f [cT

e C  µ c f ]

QCD sum rule study (hep-ph/0703071)

m Tcc
= (4.0 ± 0.2) GeV

Tcc: as easy to form in HIC at LHC as X (3872)
Lee, Yasui, Liu, Ko, arXiv:0707.1747

– p.31/31

T +
cc([cc][ūd̄]) JP = 1+

!"#$%& #'#()*" *"+,)' -&.#/ (0 m < m[DD∗] = 3.8751&23
→/ DD () S 4#5& -6& ", J ),+ () P 4#5& -6& ", P

7#5#++#8 978 :&&8 ;&<=<;>?@?A?@B

mTcc = (4.0 ± 0.2)1&2

<#+"(.%& m C1&2D JPC

X(3872) 3.92 ± 0.13 1++

Z+(4430) 4.43 ± 0.08 0−

Tcc 4.0 ± 0.2 1+

Tcc3 #* &#*/ ", 0,+E () FGH #" :FH #* X(3872)
:&&8 I#*6(8 :(68 J,8 #+K(53?@?@LB@M@

N <LA?>A?



• Lots of charmonia in the last 7 years: a new 
spectroscopy?

• Emerging consensus that X(3872) is a mixed 
charmonium-molecular state.

• Discovery of Y(4260), Y(4360) and Y(4660) 
represent an overpopulation of the 1-- states

• Absence of open charm production in the Y 
decay is inconsistent with       interpretation

• Z+ states, need confirmation, but only molecule 
or tetraquark interpretations are possible  

Conclusions

cc̄
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