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BaBar search for Z(4430)+ in B-0 J/ -K0+, (2S)-K0+
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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(B0Z–K+(2S)) at M=4430 & =45 MeV:        
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searched Z-(4430) in 4 decay modes:
no conclusive

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

first charged one ➜ not a cc state



B Z(4430)+ K  S+ K: charged state  not cc!
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FIG. 6: The fit results with (solid line) and without (dashed line) Z+ (JP = 1+) in the default model. The points with error
bars are data; the hatched histograms are ψ′ sidebands. Slices are defined in Fig. 5.

TABLE III: The fit fractions and significances of all resonances in the default model.

Resonance
Z(4430)+ : JP = 1+ Z(4430)+ : JP = 0−

Fit fraction Significance Fit fraction Significance

K∗

0 (800) (5.9± 1.6)% 5.5σ (11.7 ± 2.5)% 6.5σ

K∗(892) (59.8± 2.7)% 40.1σ (68.0 ± 2.6)% 41.9σ

K∗(1410) (7.9± 2.4)% 3.1σ (1.8± 1.2)% 0.7σ

K∗

0 (1430) (3.4± 1.2)% 4.5σ (4.2± 1.8)% 3.8σ

K∗

2 (1430) (5.5± 0.9)% 5.5σ (7.4± 0.9)% 6.3σ

K∗(1680) (7.7± 1.6)% 2.9σ (7.3± 2.0)% 2.5σ

Z(4430)+ (6.1+2.1
−1.3)% 6.1σ (2.5+1.1

−0.8)% 4.4σ
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FIG. 7: Projection of the fit results with the K∗ veto. The
legend is the same as in Fig. 6.

The central value is given for the default model with the
Z(4430)+ having JP = 1+. The systematic error in-
cludes contributions from the same sources as the uncer-
tainty in the branching fraction of the B̄0 → ψ′K−π+ de-
cay and the amplitude model dependence of the K∗(892)
fit fraction [(+27.3

−4.3 )%]. We also determine the fraction
of the K∗(892) mesons that are longitudinally polarized:
fL = (41.5+3.1+3.2

−2.3−0.3)%.

The branching fraction product for the Z(4430)+ is

B(B̄0 → Z(4430)+K−)× B(Z(4430)+ → ψ′π+) =

(3.5+1.2+0.4
−0.8−1.3)× 10−5 for JP = 1+ or

(1.5+0.7+0.7
−0.5−0.2)× 10−5 for JP = 0−,

where the systematic error due to the amplitude model
dependence is (+10.3

−37.5)% for the 1+ hypothesis and
(+44.9
−13.4)% for the 0− hypothesis.

confirm the 
observation of 

Z+(4430) with 
6.1σand JP=1+



B Z(4430)+ K  S+ K: charged state  not cc!
M

2
(

(2
S

) 


+
),

 G
e
V

2

M2(K-/K0
S 

+), GeV2

K*(890)        K*(1430)

veto veto

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

121±30 ev., 6.5 significance

M = 443342 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-)

arXiv:1306.4894

8

4/c2), GeVπ(K,2M
0.5 1 1.5 2 2.5

4
/c2

E
ve

nt
s 

/ 0
.0

46
 G

eV

-110

1

10

210

4/c2) < 19 GeVπ’,ψ(2M

4/c2), GeVπ(K,2M
0.5 1 1.5 2 2.5

4
/c2

E
ve

nt
s 

/ 0
.0

46
 G

eV

-110

1

10

210

4/c2) < 20.5 GeVπ’,ψ(2 < M4/c219 GeV

4/c2), GeVπ(K,2M
0.5 1 1.5 2 2.5

4
/c2

E
ve

nt
s 

/ 0
.0

46
 G

eV

-110

1

10

210

4/c2) > 20.5 GeVπ’,ψ(2M

4/c2), GeVπ’,ψ(2M
15 16 17 18 19 20 21 22 23

4
/c2

E
ve

nt
s 

/ 0
.1

7 
G

eV

0

2

4

6

8

10

12

14

2) < 0.796 GeV/cπM(K,

4/c2), GeVπ’,ψ(2M
15 16 17 18 19 20 21 22 23

4
/c2

E
ve

nt
s 

/ 0
.1

7 
G

eV

0

10

20

30

40

50

2) < 0.996 GeV/cπ < M(K,20.796 GeV/c

4/c2), GeVπ’,ψ(2M
15 16 17 18 19 20 21 22 23

4
/c2

E
ve

nt
s 

/ 0
.1

7 
G

eV

0

5

10

15

20

25

30

35
2) < 1.332 GeV/cπ < M(K,20.996 GeV/c

4/c2), GeVπ’,ψ(2M
15 16 17 18 19 20 21 22 23

4
/c2

E
ve

nt
s 

/ 0
.1

7 
G

eV

0

5

10

15

20

25

30
2) < 1.532 GeV/cπ < M(K,21.332 GeV/c

4/c2), GeVπ’,ψ(2M

15 16 17 18 19 20 21 22 23

4
/c2

E
ve

nt
s 

/ 0
.1

7 
G

eV

0

1

2

3

4

5

6
2) > 1.532 GeV/cπM(K,

FIG. 6: The fit results with (solid line) and without (dashed line) Z+ (JP = 1+) in the default model. The points with error
bars are data; the hatched histograms are ψ′ sidebands. Slices are defined in Fig. 5.

TABLE III: The fit fractions and significances of all resonances in the default model.

Resonance
Z(4430)+ : JP = 1+ Z(4430)+ : JP = 0−

Fit fraction Significance Fit fraction Significance

K∗

0 (800) (5.9± 1.6)% 5.5σ (11.7 ± 2.5)% 6.5σ

K∗(892) (59.8± 2.7)% 40.1σ (68.0 ± 2.6)% 41.9σ

K∗(1410) (7.9± 2.4)% 3.1σ (1.8± 1.2)% 0.7σ

K∗

0 (1430) (3.4± 1.2)% 4.5σ (4.2± 1.8)% 3.8σ

K∗

2 (1430) (5.5± 0.9)% 5.5σ (7.4± 0.9)% 6.3σ

K∗(1680) (7.7± 1.6)% 2.9σ (7.3± 2.0)% 2.5σ

Z(4430)+ (6.1+2.1
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FIG. 7: Projection of the fit results with the K∗ veto. The
legend is the same as in Fig. 6.

The central value is given for the default model with the
Z(4430)+ having JP = 1+. The systematic error in-
cludes contributions from the same sources as the uncer-
tainty in the branching fraction of the B̄0 → ψ′K−π+ de-
cay and the amplitude model dependence of the K∗(892)
fit fraction [(+27.3

−4.3 )%]. We also determine the fraction
of the K∗(892) mesons that are longitudinally polarized:
fL = (41.5+3.1+3.2

−2.3−0.3)%.

The branching fraction product for the Z(4430)+ is

B(B̄0 → Z(4430)+K−)× B(Z(4430)+ → ψ′π+) =

(3.5+1.2+0.4
−0.8−1.3)× 10−5 for JP = 1+ or

(1.5+0.7+0.7
−0.5−0.2)× 10−5 for JP = 0−,

where the systematic error due to the amplitude model
dependence is (+10.3

−37.5)% for the 1+ hypothesis and
(+44.9
−13.4)% for the 0− hypothesis.

confirm the 
observation of 

Z+(4430) with 
6.1σand JP=1+

arXiv:1404.1903

has confirmed the observation of 

Z+(4430) with 13.9σand J+ =1+
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Search for the X(4140) state in
B+ � J/⇥�K+ decays

The LHCb collaboration †

Abstract

A search for the X(4140) state in B+ ⇥ J/⇤⇥K+ decays is performed
with 0.37 fb�1 of pp collisions at

⌅
s = 7 TeV collected by the LHCb ex-

periment. No evidence for this state is found, in 2.4� disagreement with
a measurement by CDF. An upper limit on its production rate is set,
B(B+ ⇥ X(4140)K+)� B(X(4140) ⇥ J/⇤⇥)/B(B+ ⇥ J/⇤⇥K+) < 0.07 at 90%
confidence level.

Submitted to Physical Review D Rapid Communications

†Authors are listed on the following pages.
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Figure 4: Distribution of m2

 

0
⇡

� in the data (black points) for 1.0 < m2

K

+
⇡

� < 1.8 GeV2

(K⇤(892), K⇤
2

(1430) veto region) compared with the fit with two, 0� and 1+ (solid-line red
histogram) and only one 1+ (dashed-line green histogram) Z� resonances. Individual Z� terms
(blue points) are shown for the fit with two Z� resonances.
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M = (4475±7±20) MeV 
Γ = (172±13±35) MeV



LHCb (arXiv:1404.1903) also did the first attempt to demonstrate 
the resonant behavior of Z+(4430): the Breit-Wigner amplitude 

was replaced by a combination of independent complex 
amplitudes at six equally spaced points in mΨ’π range covering 

the Z+(4430) peak region

−ZRe A
-0.6 -0.4 -0.2 0 0.2

− Z
Im

 A

-0.6

-0.4

-0.2

0

0.2 LHCb

Figure 3: Fitted values of the Z�
1

amplitude in six m2

 

0
⇡

� bins, shown in an Argand diagram

(connected points with the error bars, m2

 

0
⇡

� increases counterclockwise). The red curve is the

prediction from the Breit-Wigner formula with a resonance mass (width) of 4475 (172) MeV and
magnitude scaled to intersect the bin with the largest magnitude centered at (4477 MeV)2. Units
are arbitrary. The phase convention assumes the helicity-zero K⇤(892) amplitude to be real.

component only. The model-independent analysis has a large statistical uncertainty in
the Z�

0

region and shows no deviations of the data from the reflections of the K⇤ degrees
of freedom (Fig. 1). Argand diagram studies for the Z�

0

are inconclusive. Therefore,
its characterization as a resonance will need confirmation when larger samples become
available.

In summary, an amplitude fit to a large sample of B0 !  0K+⇡� decays provides the
first independent confirmation of the existence of the Z(4430)� resonance and establishes
its spin-parity to be 1+, both with very high significance. The measured mass, 4475 ±
7 +15

�25

MeV, width, 172±13 +37

�34

MeV, and amplitude fraction, (5.9±0.9 +1.5

�3.3

)%, are consistent
with, but more precise than, the Belle results [27]. An analysis of the data using the
model-independent approach developed by the BaBar collaboration [24] confirms the
inconsistencies in the Z(4430)� region between the data and K+⇡� states with J  2.
The D-wave contribution is found to be insignificant in Z(4430)� decays, as expected for
a true state at such mass. The Argand diagram obtained for the Z(4430)� amplitude
is consistent with the resonant behavior. For the first time the resonant character is
demonstrated in this way among all known candidates for charged four-quark states.

6

 the Argand diagram is 
consistent with a rapid phase 
transition, as expected for a 

resonance

 Breit-Wigner

 fitted values of Z 
amplitude in six mΨ’π bins
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Maiani et al. (arXiv:0708.3997) :  four-quark radial excitation of 
the 1+  charged state (X(3872) partner)

M�(2S) � M�(1S) ⇥ 590 MeV ⇥ MZ+ � MX

Z+(4430) � ⇥(2S)�+

should be seen in J/ψπ 
decay mode

Zc
+(3900)

III B Z(4430)+ K  S+ K: charged state  not cc!

M
2
(

(2
S

) 


+
),

 G
e
V

2

M2(K-/K0
S 

+), GeV2

K*(890)        K*(1430)

veto veto

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

121±30 ev., 6.5 significance

M = 443342 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-)2013



Y (4260) ! (J/ ⇡+)⇡�

Zc
+(3900) B Z(4430)+ K  S+ K: charged state  not cc!

M
2
(

(2
S

) 


+
),

 G
e
V

2

M2(K-/K0
S 

+), GeV2

K*(890)        K*(1430)

veto veto

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

121±30 ev., 6.5 significance

M = 443342 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-)

arXiv:1303.5949 arXiv:1304.0121

III

Charged Charmonium states discovered in 2013



Y (4260) ! (J/ ⇡+)⇡�

Zc
+(3900) B Z(4430)+ K  S+ K: charged state  not cc!

M
2
(

(2
S

) 


+
),

 G
e
V

2

M2(K-/K0
S 

+), GeV2

K*(890)        K*(1430)

veto veto

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

121±30 ev., 6.5 significance

M = 443342 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-)

arXiv:1303.5949 arXiv:1304.0121

III

Charged Charmonium states discovered in 2013

III Zc
+(3885)

e+e� ! ⇡±(DD̄⇤)⌥ @
p
s = 4.26 GeV

arXiv:1310.1163



M = (3890±3.6±4.9) MeV 
Γ = (46±10±20) MeV

M = (3883.9±1.5±4.2) MeV 
Γ = (24.8±3.3±11.0) MeV

Z+
c (3900) and Z+

c (3885) could be the same state?



M = (3890±3.6±4.9) MeV 
Γ = (46±10±20) MeV

M = (3883.9±1.5±4.2) MeV 
Γ = (24.8±3.3±11.0) MeV

Z+
c (3900) and Z+

c (3885) could be the same state?

arXiv:1310.1163

III Assuming Zc(3885) and Zc(3900) 
to be the same state ⇒

6

TABLE II. Contributions to systematic errors on the pole
mass, pole width and signal yield. When two values are listed,
the first is for π+D0 tags and the second for π−D+ tags.

Source Mpole(MeV/c2) Γpole(MeV) σ × B (%)
Tracking & PID ±4/6
D mass req. ±1
D0/D+ Bfs. ±1
Kinematic fit ±4
Signal BW shape ±1/2 ±3 ±5
Bkgd shape ±4.0/3.8 ±10.4/10.7 ±24
MC efficiency ±6/3
Y (4260) lineshape ±0.6
Luminosity ±1
Rad. corr. ±5
Sum in quadrature ±4.1/4.3 ±10.8/11.1 ±26.4/26.3

mass-independent-width BW lineshapes. The most sig-
nificant contributions to the systematic errors are related
to the choice of background shape. For this, we compare
results from the default fit with those that use a symmet-
ric exponential threshold function and the distribution of
wrong-sign πD events extracted from the data.
In all the fits used in this analysis, it is assumed that

the πZc(3885) system is produced in an S-wave and the
DD̄∗ system produced in the decay of the Zc(3885) is also
in an S-wave. Attempts to fit the peak using P -wave line
shapes all failed to converge. This compatibility with S-
wave is consistent with the observed cos θπ distribution.
The contributions from each source are summarized in

Table II. We assume that the errors from the different
sources are uncorrelated and use the sums in quadrature
as the total systematic errors.
For the final mass, width and cross section values,

we use weighted averages of the results from the two
tag modes, with the near-complete correlations between
the systematic errors taken into account. The results
are listed in Table III, where we also include results for
the Zc(3900) → πJ/ψ taken from Ref. [12] for compar-
ison. When statistical and systematic errors are added
in quadrature, the Zc(3885) mass is about 2σ lower than
that for the Zc(3900) and the width is 1σ lower.

TABLE III. Parameters for the Zc(3885) → DD̄∗ reported
here and those for the Zc(3900) → πJ/ψ taken from Ref. [12].

Zc(3885) → DD̄∗ Zc(3900) → πJ/ψ
Mass (MeV/c2) 3883.9 ± 1.5± 4.2 3899 ± 3.6 ± 4.9
Γ (MeV) 24.8± 3.3± 11.0 46± 10± 20
σ × B (pb) 83.5± 6.6± 22.0 13.5± 2.1± 4.8

In summary, we report observation of a strong, near-
threshold enhancement, Zc(3885), in the DD̄∗ invariant
mass distribution in the process e+e− → π±(DD̄∗)∓ at

√
s = 4.26 GeV. Attempts to fit the Zc(3885) peak with a

P -wave BW lineshape failed to converge, and the | cos θπ|
distribution agrees well with S-wave expectations; both
results favor a JP = 1+ quantum number assignment.
Other J ! 1 assigments are eliminated.
An important question is whether or not the source of

the Zc(3885) → DD̄∗ structure is the same as that for
the Zc(3900)→ πJ/ψ. The fitted Zc(3885) mass is about
2σ below that of the Zc(3900) [12, 13]. However neither
fit considers the possibility of interference with a coher-
ent non-resonant background that could shift the results.
A JP quantum number determination of the Zc(3900)±

would provide an additional test of this possibility.
Assuming the Zc(3885) structure reported here is due

to the Zc(3900), the ratio of partial decay widths is de-

termined to be Γ(Zc(3885)→DD̄∗)
Γ(Zc(3900)→πJ/ψ) = 6.2 ± 1.1 ± 2.7 (here

the main systematic errors are almost entirely uncor-
related). This ratio is much smaller than typical val-
ues for decays of conventional charmonium states above
the open charm threshold. For example: Γ(ψ(3770) →
DD̄)/Γ(ψ(3770) → π+π−J/ψ) = 482 ± 84 [6] and
Γ(ψ(4040) → D(∗)D̄(∗))/Γ(ψ(4040) → ηJ/ψ) = 192 ±
27 [26]. This suggests the influence of very different dy-
namics in the Y (4260)-Zc(3900) system.
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single Borel transformation on both P 2 = P ′2 → M2, we
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−m2
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We use the experimental values for mD and mD∗ [36]
and we extract fD and fD∗ from ref. [26]:

mD = 1.869 GeV, fD = (0.18± 0.02) GeV,

mD∗ = 2.01 GeV, fD∗ = (0.24± 0.02) GeV. (34)

In Fig. 6 we show gZcDD∗(Q2), as a function of both
M2 and Q2, from where we notice that we get a Borel
stability in the region 2.2 ≤ M2 ≤ 2.8 GeV2.

FIG. 7. QCDSR results for gZcDD∗(Q2), as a function of
Q2, for ∆s0 = 0.5 GeV (squares). The solid line gives the
parametrization of the QCDSR results through Eq. (24).

Fixing M2 = 2.6 GeV2 we show in Fig. 7, through
the squares, the Q2 dependence of the gZcDD∗(Q2) form
factor. Again, to extract the coupling constant we fit the
QCDSR results using the exponential form in Eq. (24)
with g1 = 1.733 GeV and g2 = 0.076 GeV−2. The line
in in Fig. 7 shows the fit of the QCDSR results for

∆s0 = 0.5 GeV, using Eq. (24). We get for the coupling
constant:

gZcDD∗ = gZcDD∗(−m2
D) = (2.5± 0.3) GeV. (35)

The uncertainty in the coupling constant comes from
variations in s0, λZc , fD, fD∗ and mc. This value for
this coupling is again in excelent agreement with the es-
timate presented in [17]. Using again Eq. (13) with this
coupling, the decay width in this channel is

Γ(Z+
c → D+D̄∗0) = (3.2± 0.7) MeV. (36)

V. CONCLUSIONS

In conclusion, we have used the three-point QCDSR
to evaluate the coupling constants in the vertices
Z+
c (3900)J/ψπ+, Z+

c (3900)ηcρ+ and Z+
c (3900)D+D̄∗0.

In the case of the Z+
c (3900)J/ψπ+ vertex, we have used

the sum rule at the pion pole, and the coupling was
extracted directly from the sum rule. In the cases of
Z+
c (3900)ηcρ+ and Z+

c (3900)D+D̄∗0 vertices, we have
extracted the form factors, and the couplings were ob-
tained with a fit of the QCDSR results. In the three
cases we have only considered the color connected di-
agrams, since we expect the Zc(3900) to be a genuine
tetraquark state with a non-trivial color structure. The
obtained couplings, with the respective decay widths, are
given in Table I. We have also included in this table the
results for the vertex Z+

c (3900)D̄0D∗+, since it is exactly
the same result as in the Z+

c (3900)D+D̄∗0 vertex.

Table I: Coupling constants and decay widths in different
channels.

Vertex coupling constant (GeV) decay width (MeV)

Z+
c (3900)J/ψπ+ 3.89 ± 0.56 29.1 ± 8.2

Z+
c (3900)ηcρ+ 4.85 ± 0.81 27.5 ± 8.5

Z+
c (3900)D+D̄∗0 2.5± 0.3 3.2 ± 0.7

Z+
c (3900)D̄0D∗+ 2.5± 0.3 3.2 ± 0.7

Considering these four decay channels we get a total
width Γ = (63.0 ± 18.1) GeV for Zc(3900) which is in
agreement with the two experimental values: Γ = (46 ±
22) MeV from BESIII [1], and Γ = (63 ± 35) MeV from
BELLE [2].
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with

E =
gZcDD∗(Q2)λZcfD∗fDm2

D

mcmD∗(m2
Zc

−m2
D∗)

. (33)

We use the experimental values for mD and mD∗ [36]
and we extract fD and fD∗ from ref. [26]:

mD = 1.869 GeV, fD = (0.18± 0.02) GeV,

mD∗ = 2.01 GeV, fD∗ = (0.24± 0.02) GeV. (34)

In Fig. 6 we show gZcDD∗(Q2), as a function of both
M2 and Q2, from where we notice that we get a Borel
stability in the region 2.2 ≤ M2 ≤ 2.8 GeV2.

FIG. 7. QCDSR results for gZcDD∗(Q2), as a function of
Q2, for ∆s0 = 0.5 GeV (squares). The solid line gives the
parametrization of the QCDSR results through Eq. (24).

Fixing M2 = 2.6 GeV2 we show in Fig. 7, through
the squares, the Q2 dependence of the gZcDD∗(Q2) form
factor. Again, to extract the coupling constant we fit the
QCDSR results using the exponential form in Eq. (24)
with g1 = 1.733 GeV and g2 = 0.076 GeV−2. The line
in in Fig. 7 shows the fit of the QCDSR results for

∆s0 = 0.5 GeV, using Eq. (24). We get for the coupling
constant:

gZcDD∗ = gZcDD∗(−m2
D) = (2.5± 0.3) GeV. (35)

The uncertainty in the coupling constant comes from
variations in s0, λZc , fD, fD∗ and mc. This value for
this coupling is again in excelent agreement with the es-
timate presented in [17]. Using again Eq. (13) with this
coupling, the decay width in this channel is

Γ(Z+
c → D+D̄∗0) = (3.2± 0.7) MeV. (36)

V. CONCLUSIONS

In conclusion, we have used the three-point QCDSR
to evaluate the coupling constants in the vertices
Z+
c (3900)J/ψπ+, Z+

c (3900)ηcρ+ and Z+
c (3900)D+D̄∗0.

In the case of the Z+
c (3900)J/ψπ+ vertex, we have used

the sum rule at the pion pole, and the coupling was
extracted directly from the sum rule. In the cases of
Z+
c (3900)ηcρ+ and Z+

c (3900)D+D̄∗0 vertices, we have
extracted the form factors, and the couplings were ob-
tained with a fit of the QCDSR results. In the three
cases we have only considered the color connected di-
agrams, since we expect the Zc(3900) to be a genuine
tetraquark state with a non-trivial color structure. The
obtained couplings, with the respective decay widths, are
given in Table I. We have also included in this table the
results for the vertex Z+

c (3900)D̄0D∗+, since it is exactly
the same result as in the Z+

c (3900)D+D̄∗0 vertex.

Table I: Coupling constants and decay widths in different
channels.

Vertex coupling constant (GeV) decay width (MeV)

Z+
c (3900)J/ψπ+ 3.89 ± 0.56 29.1 ± 8.2

Z+
c (3900)ηcρ+ 4.85 ± 0.81 27.5 ± 8.5

Z+
c (3900)D+D̄∗0 2.5± 0.3 3.2 ± 0.7

Z+
c (3900)D̄0D∗+ 2.5± 0.3 3.2 ± 0.7

Considering these four decay channels we get a total
width Γ = (63.0 ± 18.1) GeV for Zc(3900) which is in
agreement with the two experimental values: Γ = (46 ±
22) MeV from BESIII [1], and Γ = (63 ± 35) MeV from
BELLE [2].
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We use the experimental values for mD and mD∗ [36]
and we extract fD and fD∗ from ref. [26]:

mD = 1.869 GeV, fD = (0.18± 0.02) GeV,

mD∗ = 2.01 GeV, fD∗ = (0.24± 0.02) GeV. (34)

In Fig. 6 we show gZcDD∗(Q2), as a function of both
M2 and Q2, from where we notice that we get a Borel
stability in the region 2.2 ≤ M2 ≤ 2.8 GeV2.

FIG. 7. QCDSR results for gZcDD∗(Q2), as a function of
Q2, for ∆s0 = 0.5 GeV (squares). The solid line gives the
parametrization of the QCDSR results through Eq. (24).

Fixing M2 = 2.6 GeV2 we show in Fig. 7, through
the squares, the Q2 dependence of the gZcDD∗(Q2) form
factor. Again, to extract the coupling constant we fit the
QCDSR results using the exponential form in Eq. (24)
with g1 = 1.733 GeV and g2 = 0.076 GeV−2. The line
in in Fig. 7 shows the fit of the QCDSR results for

∆s0 = 0.5 GeV, using Eq. (24). We get for the coupling
constant:

gZcDD∗ = gZcDD∗(−m2
D) = (2.5± 0.3) GeV. (35)

The uncertainty in the coupling constant comes from
variations in s0, λZc , fD, fD∗ and mc. This value for
this coupling is again in excelent agreement with the es-
timate presented in [17]. Using again Eq. (13) with this
coupling, the decay width in this channel is

Γ(Z+
c → D+D̄∗0) = (3.2± 0.7) MeV. (36)

V. CONCLUSIONS

In conclusion, we have used the three-point QCDSR
to evaluate the coupling constants in the vertices
Z+
c (3900)J/ψπ+, Z+

c (3900)ηcρ+ and Z+
c (3900)D+D̄∗0.

In the case of the Z+
c (3900)J/ψπ+ vertex, we have used

the sum rule at the pion pole, and the coupling was
extracted directly from the sum rule. In the cases of
Z+
c (3900)ηcρ+ and Z+

c (3900)D+D̄∗0 vertices, we have
extracted the form factors, and the couplings were ob-
tained with a fit of the QCDSR results. In the three
cases we have only considered the color connected di-
agrams, since we expect the Zc(3900) to be a genuine
tetraquark state with a non-trivial color structure. The
obtained couplings, with the respective decay widths, are
given in Table I. We have also included in this table the
results for the vertex Z+

c (3900)D̄0D∗+, since it is exactly
the same result as in the Z+

c (3900)D+D̄∗0 vertex.

Table I: Coupling constants and decay widths in different
channels.

Vertex coupling constant (GeV) decay width (MeV)

Z+
c (3900)J/ψπ+ 3.89 ± 0.56 29.1 ± 8.2

Z+
c (3900)ηcρ+ 4.85 ± 0.81 27.5 ± 8.5

Z+
c (3900)D+D̄∗0 2.5± 0.3 3.2 ± 0.7

Z+
c (3900)D̄0D∗+ 2.5± 0.3 3.2 ± 0.7

Considering these four decay channels we get a total
width Γ = (63.0 ± 18.1) GeV for Zc(3900) which is in
agreement with the two experimental values: Γ = (46 ±
22) MeV from BESIII [1], and Γ = (63 ± 35) MeV from
BELLE [2].
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TABLE II. Contributions to systematic errors on the pole
mass, pole width and signal yield. When two values are listed,
the first is for π+D0 tags and the second for π−D+ tags.

Source Mpole(MeV/c2) Γpole(MeV) σ × B (%)
Tracking & PID ±4/6
D mass req. ±1
D0/D+ Bfs. ±1
Kinematic fit ±4
Signal BW shape ±1/2 ±3 ±5
Bkgd shape ±4.0/3.8 ±10.4/10.7 ±24
MC efficiency ±6/3
Y (4260) lineshape ±0.6
Luminosity ±1
Rad. corr. ±5
Sum in quadrature ±4.1/4.3 ±10.8/11.1 ±26.4/26.3

mass-independent-width BW lineshapes. The most sig-
nificant contributions to the systematic errors are related
to the choice of background shape. For this, we compare
results from the default fit with those that use a symmet-
ric exponential threshold function and the distribution of
wrong-sign πD events extracted from the data.
In all the fits used in this analysis, it is assumed that

the πZc(3885) system is produced in an S-wave and the
DD̄∗ system produced in the decay of the Zc(3885) is also
in an S-wave. Attempts to fit the peak using P -wave line
shapes all failed to converge. This compatibility with S-
wave is consistent with the observed cos θπ distribution.
The contributions from each source are summarized in

Table II. We assume that the errors from the different
sources are uncorrelated and use the sums in quadrature
as the total systematic errors.
For the final mass, width and cross section values,

we use weighted averages of the results from the two
tag modes, with the near-complete correlations between
the systematic errors taken into account. The results
are listed in Table III, where we also include results for
the Zc(3900) → πJ/ψ taken from Ref. [12] for compar-
ison. When statistical and systematic errors are added
in quadrature, the Zc(3885) mass is about 2σ lower than
that for the Zc(3900) and the width is 1σ lower.

TABLE III. Parameters for the Zc(3885) → DD̄∗ reported
here and those for the Zc(3900) → πJ/ψ taken from Ref. [12].

Zc(3885) → DD̄∗ Zc(3900) → πJ/ψ
Mass (MeV/c2) 3883.9 ± 1.5± 4.2 3899 ± 3.6 ± 4.9
Γ (MeV) 24.8± 3.3± 11.0 46± 10± 20
σ × B (pb) 83.5± 6.6± 22.0 13.5± 2.1± 4.8

In summary, we report observation of a strong, near-
threshold enhancement, Zc(3885), in the DD̄∗ invariant
mass distribution in the process e+e− → π±(DD̄∗)∓ at

√
s = 4.26 GeV. Attempts to fit the Zc(3885) peak with a

P -wave BW lineshape failed to converge, and the | cos θπ|
distribution agrees well with S-wave expectations; both
results favor a JP = 1+ quantum number assignment.
Other J ! 1 assigments are eliminated.
An important question is whether or not the source of

the Zc(3885) → DD̄∗ structure is the same as that for
the Zc(3900)→ πJ/ψ. The fitted Zc(3885) mass is about
2σ below that of the Zc(3900) [12, 13]. However neither
fit considers the possibility of interference with a coher-
ent non-resonant background that could shift the results.
A JP quantum number determination of the Zc(3900)±

would provide an additional test of this possibility.
Assuming the Zc(3885) structure reported here is due

to the Zc(3900), the ratio of partial decay widths is de-

termined to be Γ(Zc(3885)→DD̄∗)
Γ(Zc(3900)→πJ/ψ) = 6.2 ± 1.1 ± 2.7 (here

the main systematic errors are almost entirely uncor-
related). This ratio is much smaller than typical val-
ues for decays of conventional charmonium states above
the open charm threshold. For example: Γ(ψ(3770) →
DD̄)/Γ(ψ(3770) → π+π−J/ψ) = 482 ± 84 [6] and
Γ(ψ(4040) → D(∗)D̄(∗))/Γ(ψ(4040) → ηJ/ψ) = 192 ±
27 [26]. This suggests the influence of very different dy-
namics in the Y (4260)-Zc(3900) system.
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Charmonium hybrids:

Lattice (EJPA18(04) and string model

 calc. (PRD77(08): M∼4400 MeV

flux tube (PRD52(95): M∼4200 MeV
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Observed at B factories with limited statistics

High precision measurements at BESIII supply new insights
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The higher mass state was called Y(4390)
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BESIII data indicate that the 
structure Y(4260) actually  

consists of two resonances with 
masses 4220 and 4320 MeV, 

observed in the

e+ e- → π+ π- J/Ψ, 


with the Y(4220) being its main 
component         

M = (4400.1±9.3) MeV 
Γ = (181.7±16.9) MeV



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

jY = D0D̄
∗ + D̄0D

∗
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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
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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

5.12

other currents

tetraquark current (Albuquerque, MN, arXiv:0804.4817)
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molecular current (Albuquerque, MN, Silva, arXiv:1110.2113)
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other currents

none of them compatible with Y(4260)

tetraquark current (Albuquerque, MN, arXiv:0804.4817)



 Y(4260) as a mixed charmonium 4-quark state
Dias, Albuquerque, MN, Zanetti: PRD86 (12)



 Y(4260) as a mixed charmonium 4-quark state
Dias, Albuquerque, MN, Zanetti: PRD86 (12)

 much smaller than the total experimental 
width: �exp = (55± 19) MeV

 possible indication that the main decay channel is in D mesons ⇒

the Y(4220) is indeed the main component of the Y(4260)!



 Y(4260) as a mixed charmonium 4-quark state
Dias, Albuquerque, MN, Zanetti: PRD86 (12)

 much smaller than the total experimental 
width: �exp = (55± 19) MeV

 possible indication that the main decay channel is in D mesons ⇒

the Y(4220) is indeed the main component of the Y(4260)!

 production in B meson decay:

     compatible with the experimental limit: Bexp < 2.9⇥ 10�5



X(3872)           @ KEK (PRL91(2003))
very narrow state observed in the decay:

X(3872) Belle @ KEK (PRL91 (2003))

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

B± → K±(J/ψπ+π−)

confirmed by CDFII, D0, BaBar

 )2X(3872) Mass  ( MeV/c

3866 3867 3868 3869 3870 3871 3872 3873

*)
o

)+m(D
o

m(D
2 0.36 MeV/c±3871.81 

new average
2 0.22 MeV/c±3871.51 

old average
2 0.39 MeV/c±3871.20 

CDF new (preliminary)
2 0.19 MeV/c± 0.16 ±3871.61 

CDF old
2 0.40 MeV/c± 0.70 ±3871.30 

D0
2 3.00 MeV/c± 3.10 ±3871.80 

)
0

BaBar (B
2 0.20 MeV/c± 1.20 ±3868.60 

)
+

BaBar (B
2 0.10 MeV/c± 0.60 ±3871.30 

Belle
2 0.50 MeV/c± 0.60 ±3872.00 

X(3872) Mass Measurements

M(J/ψπ+π−) = 3871.51 ± 0.22 MeV

– p.3/35

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

QUICK EXPERIMENTAL OVERVIEW 
THE QUEEN: X(3872)

• First observations as a product of B decays 
(BELLE, BES III, BABAR, …)

• Later, also found in prompt pp collisions 
(CDF, D0, LHCb, …)

• The X(3872) has very peculiar properties:

• This is NOT an ordinary charmonium!
• What is its nature?
• Are there any other particles like it?
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BABAR (2005)
LHCb (2012)

MX [MeV] �X [MeV] JPC �(J/ !)/�(J/ ⇢)

3871.69± 0.17 < 1.2 1++ 0.8± 0.3

Above open charm threshold 
but very narrow

Strong isospin  
violation!

Angelo Esposito — 4-Quark Interpretations of the XYZ Resonances Nuclear Physics Mini-Conference —  August 24th 2015 

 best studied charmonium exotic candidate

MX = (3871.69 ± 0.17) MeV 
Γ < 1.2 MeV



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

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

X ! J/ ⇡+⇡�⇡0

X ! J/ ⇡+⇡� = 0.8± 0.3  strong isospin and G 
parity violation

➡



molecular and tetraquark 
interpretations differ by 

the way quarks are 
organized in the state

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

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

X ! J/ ⇡+⇡�⇡0

X ! J/ ⇡+⇡� = 0.8± 0.3  strong isospin and G 
parity violation

➡



X(3872) production 

E. Braaten,  M. Kusunoki, hep-ph/0404161

Small binding energy

Meson coalescence

Agreement with data !

Meson Molecule

B decays at B factories B Z(4430)+ K  S+ K: charged state  not cc!
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+), GeV2

K*(890)        K*(1430)

veto veto

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

121±30 ev., 6.5 significance

M = 443342 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-)

BaBar search for Z(4430)+ in B-0 J/ -K0+, (2S)-K0+
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P-wave

D-wave
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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(B0Z–K+(2S)) at M=4430 & =45 MeV:        

shifted

ICHEP 08, 413 fb-1


K-

 K

K contributions,

2) K is parameterized

Tetraquark Diquark-antidiquark picture

Non-relativistic potential

Agreement with data !

X(3872)

d

T̄d

S.J. Brodsky,  D.S. Hwang,  R.F. Lebed,  arXiv:1406.7281

B± ! X(3872)K±



Proton - (anti)Proton (CMS)

Meson molecule

How can a molecule, with small binding energy, be produced in 
high energy collision with large cross section?



theoretical estimates + MC ➞ production cross section 
smaller by factor 300! (Bignamini et. al., PRL103(09)162001) Problem 

for molecular approach

Proton - (anti)Proton (CMS)

Meson molecule

How can a molecule, with small binding energy, be produced in 
high energy collision with large cross section?



theoretical estimates + MC ➞ production cross section 
smaller by factor 300! (Bignamini et. al., PRL103(09)162001) Problem 

for molecular approach

Proton - (anti)Proton (CMS)

Meson molecule

How can a molecule, with small binding energy, be produced in 
high energy collision with large cross section?

NRQCD plus production from rescattering of DD* created 
at a point: molecular approach can describe the CDF 
data ! E Braaten, L-P He, K Ingles, arXiv:1811.08876



double parton scattering with parameters fixed to 
reproduce CMS data (Carvalho et al., arXiv:1511.05209) 

Tetraquark

(CMS)



double parton scattering with parameters fixed to 
reproduce CMS data (Carvalho et al., arXiv:1511.05209) 

Tetraquark

(CMS)

arXiv:1610.09303

Theoretical calculation from 
Meng et al., arXiv:1304.6710



QCD sum rules calculation for X(3872)

jX
µ =

iϵabcϵdec√
2

!
(qT

a Cγ5cb)(q̄dγµCc̄T
e )+(qT

a Cγµcb)(q̄dγ5Cc̄T
e )

"
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2

was used to study the light scalar mesons [22, 23, 24, 25] and the D+
sJ(2317) meson [26, 27], considered as

four-quark states and a good agreement with the experimental masses was obtained. However, the tests
were not decisive as the usual quark–antiquark assignments also provide predictions consistent with data
and more importantly with chiral symmetry expectations [19, 23, 28, 29]. In the four-quark scenario,
scalar mesons can be considered as S-wave bound states of diquark-antidiquark pairs, where the diquark
was taken to be a spin zero color anti-triplet. Here we follow ref. [1], and consider the X(3872) as the
JPC = 1++ state with the symmetric spin distribution: [cq]S=1[c̄q̄]S=0 + [cq]S=0[c̄q̄]S=1. Therefore, the
corresponding lowest-dimension interpolating operator for describing Xq is given by:

jµ =
iϵabcϵdec√

2
[(qT

a Cγ5cb)(q̄dγµCc̄T
e ) + (qT

a Cγµcb)(q̄dγ5Cc̄T
e )] , (1)

where a, b, c, ... are color indices, C is the charge conjugation matrix and q denotes a u or d quark.
In general, one should consider all possible combinations of different 1++ four-quark operators, similar

to e.g. done in [31] for the 0++ light mesons and consider their mixing under renormalizations [32]
from which one can form renormalization group invariant (RGI) physical currents. However, we might
expect that, working with a particular choice of current given above will provide a general feature of the
four-quark model predictions for the X(3872), provided that we can work with quantities less affected by
radiative corrections and where the OPE converges quite well 1 As pointed out in [1], isospin forbidden
decays are possible if X is not a pure isospin state. Pure isospin states are:

X(I = 0) =
Xu + Xd√

2
, and X(I = 1) =

Xu − Xd√
2

. (2)

If the physical states are just the mass eigenstates Xu or Xd, maximal isospin violations are possible.
Deviations from these two ideal situations are described by a mixing angle between Xu and Xd [1]:

Xl = Xu cos θ + Xd sin θ,

Xh = −Xu sin θ + Xd cos θ. (3)

In ref. [1], by considering the X decays into two and three pions, a mixing angle θ ∼ 20◦ is deduced
and a mass difference

m(Xh) − m(Xl) = (8 ± 3)MeV. (4)

In this work, we want to test in which conditions the results of the sum rules are compatible with the
above predictions.

II. THE QCD EXPRESSION OF THE TWO-POINT CORRELATOR

The SR are constructed from the two-point correlation function

Πµν(q) = i

!

d4x eiq.x⟨0|T [jµ(x)j†ν(0)]|0⟩ = −Π1(q
2)(gµν −

qµqν

q2
) + Π0(q

2)
qµqν

q2
. (5)

Since the axial vector current is not conserved, the two functions, Π1 and Π0, appearing in Eq. (5) are
independent and have respectively the quantum numbers of the spin 1 and 0 mesons.

The fundamental assumption of the sum rules approach is the principle of duality. Specifically, we
assume that there is an interval over which the correlation function may be equivalently described at both
the quark and the hadron levels. Therefore, on the one hand, we calculate the correlation function at the
quark level in terms of quark and gluon fields. On the other hand, the correlation function is calculated
at the hadronic level introducing hadron characteristics such as masses and coupling constants. At the

1 In the well-known case of baryon sum rules, a simplest choice of operator [33] and a more general choice [34] have been
given in the literature. Though technically apparently different, mainly for the region of convergence of the OPE, the
two choices of interpolating currents have provided the same predictions for the proton mass and mixed condensate but
only differs for values of higher dimension four-quark condensates.

Matheus, Narison, MN, Richard: PRD75 (07)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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was used to study the light scalar mesons [22, 23, 24, 25] and the D+
sJ(2317) meson [26, 27], considered as

four-quark states and a good agreement with the experimental masses was obtained. However, the tests
were not decisive as the usual quark–antiquark assignments also provide predictions consistent with data
and more importantly with chiral symmetry expectations [19, 23, 28, 29]. In the four-quark scenario,
scalar mesons can be considered as S-wave bound states of diquark-antidiquark pairs, where the diquark
was taken to be a spin zero color anti-triplet. Here we follow ref. [1], and consider the X(3872) as the
JPC = 1++ state with the symmetric spin distribution: [cq]S=1[c̄q̄]S=0 + [cq]S=0[c̄q̄]S=1. Therefore, the
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e ) + (qT

a Cγµcb)(q̄dγ5Cc̄T
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where a, b, c, ... are color indices, C is the charge conjugation matrix and q denotes a u or d quark.
In general, one should consider all possible combinations of different 1++ four-quark operators, similar

to e.g. done in [31] for the 0++ light mesons and consider their mixing under renormalizations [32]
from which one can form renormalization group invariant (RGI) physical currents. However, we might
expect that, working with a particular choice of current given above will provide a general feature of the
four-quark model predictions for the X(3872), provided that we can work with quantities less affected by
radiative corrections and where the OPE converges quite well 1 As pointed out in [1], isospin forbidden
decays are possible if X is not a pure isospin state. Pure isospin states are:

X(I = 0) =
Xu + Xd√

2
, and X(I = 1) =

Xu − Xd√
2

. (2)

If the physical states are just the mass eigenstates Xu or Xd, maximal isospin violations are possible.
Deviations from these two ideal situations are described by a mixing angle between Xu and Xd [1]:

Xl = Xu cos θ + Xd sin θ,

Xh = −Xu sin θ + Xd cos θ. (3)

In ref. [1], by considering the X decays into two and three pions, a mixing angle θ ∼ 20◦ is deduced
and a mass difference

m(Xh) − m(Xl) = (8 ± 3)MeV. (4)

In this work, we want to test in which conditions the results of the sum rules are compatible with the
above predictions.

II. THE QCD EXPRESSION OF THE TWO-POINT CORRELATOR

The SR are constructed from the two-point correlation function

Πµν(q) = i
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Since the axial vector current is not conserved, the two functions, Π1 and Π0, appearing in Eq. (5) are
independent and have respectively the quantum numbers of the spin 1 and 0 mesons.

The fundamental assumption of the sum rules approach is the principle of duality. Specifically, we
assume that there is an interval over which the correlation function may be equivalently described at both
the quark and the hadron levels. Therefore, on the one hand, we calculate the correlation function at the
quark level in terms of quark and gluon fields. On the other hand, the correlation function is calculated
at the hadronic level introducing hadron characteristics such as masses and coupling constants. At the

1 In the well-known case of baryon sum rules, a simplest choice of operator [33] and a more general choice [34] have been
given in the literature. Though technically apparently different, mainly for the region of convergence of the OPE, the
two choices of interpolating currents have provided the same predictions for the proton mass and mixed condensate but
only differs for values of higher dimension four-quark condensates.

Matheus, Narison, MN, Richard: PRD75 (07)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

a


How to solve this problem?

a

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
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Decay width   X → J/ψ γ
MN, Zanetti: PRD82 (10)

•  X(3872) is probably a mixed multiquark state with a 
𝛘c1 state 

50  ✓  130

⬇

Production rate B+ →  X (3872)K+

Matheus, MN, Zanetti: PLB702 (11)

50  ✓  130 ➡



Conclusions

Zc+(3900) ➜  JP=1+ tetraquark state                
Zc+(4430) ➜ first radial excitation of Zc+(3900)               

Y(4260) ➜ mixture of charmonium  and a 4-
quark state            

• Z+ states need confirmation. A bump in the 
spectra does not indicate, necessarily, the 
existence of a state  

X(3872) ➜  mixture χc1 and a 4-quark state                 

Y(4660) ➜ tetraquark quark state [cs][cs]



a


 Thank you!

a


