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Abstract

Many new exotic states in the charmonium mass region were discovered in the last decades by BaBar, Belle, CLEO-c,
CDF, D@, BESIII, LHCb and CMS Collaborations. We use the QCD Sum Rule approach to study some of these

states.
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1. Introduction

In the last two decades several new and unexpected
observations on hadron states, the X, Y, Z states, came
from a variety of facilities and the future holds more
surprises for us, thanks to new-generation experiments.
Understanding these signals and determining the prop-
erties of these states requires an enormous theoretical
effort and many theoretical reviews on these states, us-
ing different theoretical approaches, are already avail-
able [1-7]. The first of these new charmonium states
and the most well studied is the X(3872). It was first
observed in 2003 by the Belle Collaboration [8, 9],
and has been confirmed by other five Collaborations:
BaBar [10], CDF [11-13], D@ [14], LHCb [15, 16]
and CMS [17].

The more recent of these states was observed last year
by the LHCb Collaboration [18]: the double charmed
state T%.. It was the most expected among the theoretical
predictions for the exotic states and the observed mass
is in agreement with the theoretical predictions. The
references for the theoretical predictions can be found
in [18].
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One possible theoretical framework to study the
exotic states is the method of the QCD sum rules
(QCDSR). It was first introduced by Shifman, Vain-
shtein and Zakharov [19] for the study of the mesons.
The sum rule method was latter extended to baryons by
Ioffe [20] and Chung et al. [21]. Since then the QCDSR
technique has been applied to study numerous hadronic
properties with various flavor content and has been dis-
cussed in many reviews [22-25] emphasizing different
aspects of the method.

The starting point of the QCDSR approach is the con-
sideration of the correlation function:

H(g) =i f d*x T OIT (%) (0)110) , )

where j(x) is a current which has the quantum numbers
of the hadron we want to study.

The method is based in the evaluation of the correla-
tion function in two different ways: at the quark level in
terms of quark and gluon fields; at the hadronic level by
introducing hadron parameters. Assuming that there is
an interval in momentum for which the QCD side and
the Phenomenological one are equivalent, we can com-
pare both sides and extract the hadronic parameter we
are interested with.

In what follows we present some results of the
QCDSR calculations on the exotic states presented in
Table 1. For more details we refer the reader to our re-
views on the subject [1, 2, 6].
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Table 1: Exotic states observed in the last years considered in this talk.

state Production mode Ref.
X(3872) B — K(z*n~J/y) [8]
Tr(3875) pp— (D°DOn*)+--- [18]
ZF(3900) et em > (tJ/Y) [26]
7-.(3985) | et e~ — K*(D; D + D:=D°) | [27]

2. X, T, and Z states

2.1. X(3872)

The LHCb Collaboration has determined the X(3872)
quantum numbers to be J?¢ = 1**, with more than 8o
significance [16]. Supposing that the X(3872) is a four-
quark state and since the X mass is very close to the
D*ODC threshold, there are two possible configurations
for it: a molecular (D*°D° + D*°DO) bound state with a
small binding energy, or a compact tetraquark state.

The first QCDSR calculation for the X(3872), con-
sidered as a four-quark state, was done in ref. [29] using
a JPC = 1** tetraquark current in a diquark-antidiquark
configuration:

(q.di) _ ieabcedec [( T — _T
= —— @, Cysep)GayvuCe,)
H \/§ H
+ @ Cpenansced)|. @

The obtained mass is My = (3.92 + 0.13) GeV [29].
A molecular DD* current:

Mo, l - -
0 = | [@0rsea e 0y.a)

V2
- (@mcayam) [ @

was used in ref. [30] and the mass obtained is My =
(3.87 £ 0.07) GeV. Both masses are in good agreement
with the experimental mass. As a matter of fact, in
ref. [31] it was show that, using double ratio QCDSR,
the differences between tetraquark and molecular cur-
rents are smaller than 0.01%.

Figure 1: CC diagram which contributes to the OPE side of the sum
rule. V represents a vector meson like p or w.

The first calculation for the decay width of the
X(3872) using the QCDSR approach was done in
ref. [32]. In the case of the X — J/yn*n™ decay,
where the 777~ can be considered as the decay of the
p meson, the generic decay diagram in terms of quarks
has two “petals”, one associated with the J/i and the
other with the vector meson. Among the possible dia-
grams, there are two classes: diagrams with no gluon
exchange between the petals and diagrams with gluon
exchange between the petals. If there is no gluon ex-
change between the petals this means that there is no
color exchange between the two final mesons in the de-
cay and, therefore, the final state containing two color
singlets was already present in the initial state. To avoid
this problem we consider in the OPE side only the dia-
grams with non-trivial color structure, as the one shown
in Fig. 1. This type of diagram represents the case where
the X(3872) is a genuine four-quark state with a compli-
cated color structure. These diagrams are called color-
conected (CC).

In ref. [32] it was shown that, considering only the
color-connect diagrams, the obtained width is I'(X —
J/y(nm)) = (0.7 £ 0.2) MeV, in a very good agreement
with the experimental width.

2.2. T}(3875)

The first prediction for a tetraquark state with quark
content [cc][itd] and I,J° = 0,1* quantum numbers
was done in 1986 in ref. [33], and the first time that
it was called T,, was in ref. [34]. As already noted in
refs. [33, 34], the T, state cannot decay strongly or
electromagnetically into two D mesons in the S wave
due to angular momentum conservation nor in P wave
due to parity conservation. Therefore, the prediction
was that if its mass were below the DD* threshold, this
decay would also be forbidden, and the 7, state would
be very narrow. Indeed, the state observed in 2021
by the LHCb Collaboration [18] is very narrow with a
mass just bellow the D°D** mass threshold at approx-
imately 3875 MeV. The observed mass and width are
M = (3874.817 £ 0.061) MeV and I' = (0.41 + 0.17)
MeV [18]. As pointed out in Sec. 1, there were many
theoretical predictions for the 7. state using different
theoretical approaches. The first prediction using the
QCDSR approach was done in ref. [35] using an axial
diquark-antidiquark current given by:

. i T - 3T
Ju = zeahcedec [(Ca CY#Cb)(MdYS Cde )

ilef CycplliigysCdy ] . 4)

This current represents well the most attractive con-
figuration expected with two heavy quarks since the
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most attractive light antidiquark is expected to be in the
color triplet, flavor anti-symmetric and spin O channel:
a “good-diquark” as called by Wilczek [36].

The authors in ref. [35] found that the results are not
very sensitive to the value of the charm quark mass, nei-
ther to the value of the condensates. The QCDSR pre-
dictions for the 7. meson mass was:

My, =(4.0%02) GeV, (5)

in a very good agreement with the experimental result.

In ref. [37] the authors have studied, using double ra-
tio QCDSR, the ratio between the masses of the X(3872)
and the T.., assuming that they are respectively de-
scribed by a DD* and a DD* molecular currents. They
found that the masses of these two states are almost de-
generate. Using the X(3872) experimental mass as input
they have obtained:

My, = (3872.2+39.5) MeV, (6)

in an excelent agreement with the experimental result.

It is straightforward to extend the analysis done for
the T, to the the bottom sector. The prediction for the
Ty, mass from ref. [35] is:

My, = (102 £0.3) GeV, 7
while from ref. [37] is:
Mr,, = (10.14 £ 0.10) GeV, ®)

in a very good agreement between them and with the
results in ref. [34].

2.3. Z:(3900)

In March 2013 the BESIII Collaboration reported
the observation of a charmonium charged state called
Z1(3900) [26]. Almost at the same time the Belle Col-
laboration also reported the observaion of the same state
in the M(n*J/y) mass spectrum of the Y(4260) —
J/yr*n~ decay channel [28].

From a QCDSR calculation assuming S U(2) sym-
metry, the mass for the Z! coincides with the one ob-
tained for the X(3872). However, the Z(3900) has a
much larger decay width as compared with the X(3872)
width. Indeed, the Z}(3900) decay width is in the range
40 — 50 MeV, while the X(3872) width is smaller than
1.2 MeV. According to the experimental observations,
the Z}(3900) decays into J/y n* with a relatively large
decay width. This is unexpected for a D* — D molecular
state, in which the distance between the D* and the D
is large. In Ref. [38] this fact was taken as an indica-
tion that the Z} is a compact object, which may be bet-
ter understood as a quark cluster, such as a tetraquark.

The quantum numbers for the neutral state in the isospin
multiplet was assumed to be I6(JF€) = 17(1*7). There-
fore, the current used in ref. [38] to evaluate the decay
widths in the vertices Z}(3900)J/yn*, Z}(3900)n.0",
Z:(3900)D+D_*0 and Z(3900)DD**, was:

j _ i €abc€dec
K V2
(@ Cyuen)@aysCel)| . ©)

[(qZ Cyser)GayuCel)

Since the Z1(3900) is expected to be a genuine
tetraquark state with a non-trivial color structure, in
ref. [38] only color-connected diagrams, as the one in
Fig. 1, were considered. The obtained decay widths, are
given in Table 2.

Table 2: Z}(3900) decay widths in different channels

Vertex decay width (MeV)
ZX(3900)J/yr* 29.1 £8.2
7 (3900)7.0" 275+85
Z(3900)D* D*° 32+0.7
Z¥(3900)D°D** 32+£0.7

The obtained total width for the Z}(3900) was:
I'z: =(63.0 +18.1) MeV,

in good agreement with the two experimental values:
I' = (46 £22) MeV from BESIII [26], and I" = (63 +35)
MeV from BELLE [28].

2.4. Z;,(3985)
The first QCDSR prediction for a state with J* = 1+

and quark content c5gc, where g represents a u or d
quark, was done in 2008 [30]. The authors in ref. [30]
have considered the molecular current:

Ju(®) 5a(X)Y5€a(X)EH (1), (X))

1
wl
(5 (0VuCa (02 (X)y5n(x)) ] (10)

and the predicted mass for such a state was:
Mz, = (397+0.08) GeV, 11)

which is very close to the DfD* threshold at 3.976
GeV. In a subsequent work [39], the method of QCDSR
was used to study hadronic decays of Z,, considering

the Z. as a tetraquark state, similar to what was done
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for the Z*(3900) state in ref. [38]. Therefore, the con-
sidered interpolating field for Z7, was:

j _ ieabcedec
¢ V2
- (U Cyacr)(BaysCeD], (12)

[(u] Cyscp)(ayaCTl)

The authors in ref. [39] have considered four decay
channels: Z7, — J/WK*, Z}, — n.K**, Z}, —» DD}
and Z7, — D° D**. To assure that the non-trivial color
structure of the current in Eq. (12) is maintained in the
QCDSR calculation, in the OPE side it was considered
only the diagrams with non-trivial color structure, the
CC diagrams, as in refs. [32, 38]. The obtained decay
widths, are given in Table 3.

Table 3: Decay widths of the Z}; in different channels.

Vertex decay width (MeV)
ZHJIWK* 11.2+3.5
Zrn.K* 10.8 £ 6.2
Z; DD 1.5+15
ZX DD+ 14+14

Considering these four decay channels the obtained
total width is:

T, = (249 +12.6) GeV. (13)

The Z;,(3985) state was finally observed in 2020 by
the BESIII Collaboration [27] with a mass and decay
width of M = (3982.5 +2.2) MeV and I" = (12.8 £ 4.7)
MeV, which are in agreement with the QCDSR predic-
tions in Eqgs. (11) and (13).

3. Conclusions

In  conclusion, we  have reported the
masses and decay widths of the exotic states
X(3872), T!(3875), Z}(3900) and Z_(3985), us-
ing the QCDSR approach. In the case of the X(3872)
we found that it can be well described as a four-quark
state with a tetraquark or a molecular current. The
predictions for the T, mass are in very good agreement
with the observed mass also for a tetraquark or a
molecular current. In the case of the Z}(3900), its
mass and decay width can be well described supposing
the Z to be a compact tetraquark state. Finally, the
predictions for the Z_,(3985) mass and decay width are
in complete agreement with the observed values. These
results show that the QCDSR method is robust and
reliable.

The most important message from the experimental
program carried out by the BaBar, Belle, CLEO-c, CDF,
D@, BESIII, LHCb and CMS Collaborations is that def-
initely there is something really new happening in the
hadronic spectroscopy. The program started in 2003
with the observation of the X(3872) by the Belle Col-
laboration and the observation of the T%.(3875) in 2021
by the LHCb Collaboration reinforced our belief that we
are observing multiquark states.

In the next years it is important: i) from the exper-
imental side to determine the quantum numbers of all
obsereved exotic states and eliminate the suspicion that
some of them could be mere threshold effects and not
real particles. ii) from the theoretical side to focus on
the determination of the internal quark structure of these
states.

Acknowledgments

The authors thank all the collaborators in the works dis-
cussed in this presentation. This work has been sup-
ported by CNPg-Brazil.



M. Nielsen, F.S. Navarra / Nuclear and Particle Physics Proceedings 324-329 (2023) 59-63 63

References

(1]
(2]
(3]
(4]
(51

(6]

(71
(8]

(9]
[10]

[11]
[12]
[13]
[14]
[15]
[16]
[17]

[18]
[19]

[20]
[21]

[22]

(23]

[24]

[25]

[26]
[27]
[28]

[29]
[30]

Marina Nielsen, Fernando S. Navarra, Su Houng Lee, Phys.
Rep. 497, 41 (2010), arXiv:0911.1958.

M. Nielsen and F. S. Navarra, Mod. Phys. Lett. A29 (2014)
1430005, arXiv:1401.2913.

N. Brambilla er al, Eur. Phys. J. C 74, 2981 (2014),
arXiv:1404.3723.

A. Hosaka, T. Iijima, K. Miyabayashi, Y. Sakai and S. Yasui,
PTEP 2016, 062C01 (2016), arXiv:1603.09229.

F. K. Guo, C. Hanhart, U. G. MeiBner, Q. Wang, Q. Zhao and
B. S. Zou, Rev. Mod. Phys. 90, no.1, 015004 (2018) [erratum:
Rev. Mod. Phys. 94, no.2, 029901 (2022)], arXiv:1705.00141].
R. M. Albuquerque, J. M. Dias, K. P. Khemchan-
dani, A. Martinez Torres, F. S. Navarra, M. Nielsen
and C. M. Zanetti, J. Phys. G 46, 093002 (2019),
arXiv:1812.08207.

L. Maiani and A. Pilloni, arXiv:2207.05141.

S. K. Choi et al. (Belle Collaboration), Phys. Rev. Lett. 91
(2003) 262001, arXiv:hep-ex/0309032.

1. Adachi et al. (Belle Collaboration), arXiv:0809.1224.

B. Aubert et al. (BaBar Collaboration), Phys. Rev. D 77 (2008)
111101, arXiv:0803.2838.

D. E. Acosta et al. (CDF 1I Collaboration), Phys. Rev. Lett. 93
(2004) 072001, arXiv:hep-ex/0312021.

A. Abulencia et al. (CDF Collaboration), Phys. Rev. Lett. 98
(2007) 132002, arXiv:hep-ex/0612053.

T. Aaltonen et al. (CDF Collaboration), Phys. Rev. Lett. 103
(2009) 152001, arXiv:0906.5218.

V. M. Abazov et al. (D@ Collaboration), Phys. Rev. Lett. 93
(2004) 162002, arXiv:hep-ex/0405004.

R. Aaij et al. [LHCb Collaboration], Eur. Phys. J. C 72, 1972
(2012), arXiv:1112.5310.

R. Aaij et al. [LHCb Collaboration], Phys. Rev. Lett. 110,
222001 (2013), arXiv:1302.6269.

S. Chatrchyan et al. [CMS Collaboration], JHEP 1304, 154
(2013), arXiv:1302.3968.

R. Aaij et al. [LHCb], Nature Phys. (2022), arXiv:2109.01038.
M. A. Shifman, A. I. Vainshtein, V. I. Zakharov, Nucl. Phys.
B147, 385 (1979); 147, 448; 147, 519.

B. L. Ioffe, Nucl. Phys. B188, 317 (1981); 191, 591(E).

Y. Chung, H. G. Dosch, M. Kremer, D. Schall, Phys. Lett.
B102, 175 (1981); Nucl. Phys. B197, 55 (1982).

L.J. Reinders, H. Rubinstein and S. Yazaki, Phys. Rep. 127, 1
(1985).

S. Narison, QCD as a theory of hadrons, Cambridge Monogr.
Part. Phys. Nucl. Phys. Cosmol. 17, 1 (2002); QCD spectral
sum rules, World Sci. Lect. Notes Phys., 26, 1 (1989); Acta
Phys. Pol. 26, 687 (1995); Riv. Nuov. Cim.10N2, 1 (1987);
Phys. Rept., 84,263 (1982).

S. Narison, QCD spectral sum rules, World Sci. Lect. Notes
Phys. 26, 1 (1989).

P. Colangelo and A. Khodjamirian, Boris Ioffe Festschrift At
the Frontier of Particle Physics / Handbook of QCD”, edited
by M. Shifman (World Scientific, Singapore, 2001, arXiv:hep-
ph/0010175.

M. Ablikim et al. [BESIII Collaboration], Phys. Rev. Lett. 110,
252001 (2013), arXiv:1303.5949.

M. Ablikim et al. [BESIII], Phys. Rev. Lett. 126, no.10,
102001 (2021), arXiv:2011.07855.

Z.Q. Liu et al. [BELLE Collaboration], Phys. Rev. Lett. 110,
252002 (2013), arXiv:1304.0121.

R.D. Matheus et al., Phys. Rev. D 75, 014005 (2007).

S.H. Lee, M. Nielsen and U. Wiedner, Jour. Korean Phys. Soc.
55, 424 (2009), arXiv:0803.1168.

[31]
[32]
[33]

[34]
[35]

[36]
[37]
[38]

[39]

S. Narison, F. S. Navarra and M. Nielsen, Phys. Rev. D 83,
016004 (2011), arXiv:1006.4802.

F. S. Navarra and M. Nielsen, Phys. Lett. B 639, 272 (2006),
arXiv:hep-ph/0605038.

S. Zouzou, B. Silvestre-Brac, C. Gignoux and J.M. Richard, Z.
Phys. C 30, 457 (1986).

D. Janc and M. Rosina, Few Body Syst. 35, 175 (2004).

F. S. Navarra, M. Nielsen and S. H. Lee, Phys. Lett. B 649, 166
(2007), arXiv:hep-ph/0703071.

F. Wilczek, “Diquarks as inspiration and as objects”,
arXiv:hep-ph/0409168.

J. M. Dias, S. Narison, F. S. Navarra, M. Nielsen and
J. M. Richard, Phys. Lett. B 703, 274 (2011), arXiv:1105.5630.
J. M. Dias, F. S. Navarra, M. Nielsen and C. M. Zanetti, Phys.
Rev. D 88, 016004 (2013), arXiv:1304.6433.

J. M. Dias, X. Liu and M. Nielsen, Phys. Rev. D 88, 096014
(2013), arXiv:1307.7100.



