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Abstract In the last years many states in the charmonium mass region were discovery by BABAR, Belle and

CDF collaborations. I discuss some of these discoveries, and how the QCD Sum Rule approach can be used to

understand the structure of these states.
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1 Introduction

In the recent years, many new states were ob-
served by BABAR, Belle and CDF collaborations,
like the X(3872) [1], Y(3930) [2], Zi(4050) [3],
Y (4140) [4], Z3(4250) [3], Y(4260) [5], Y(4360) [6],
77 (4430) [7] and Y(4660) [8].
observed in decays containing a J /1 or {’ in the final

All these states were

states and their masses are in the charmonium region.
Therefore, they certainly contain a cc pair in there
constituents. Although they are above the threshold
for a decay into a pair of open charm mesons they de-
cay into J/{ or 1’ plus pions, which is unususal for
cC states. Another common feature of these states
is the fact that their masses and decay modes are
not in agreement with the predictions from poten-
tial models. For these reasons they are considered as
candidates for exotic states. Exotic states are states
with a more complex structure than the simple quark-
antiquark state, like hybrid, molecular or tetraquark
states. The idea of unconventional quark structures
is quite old and the light scalar mesons were the first
candidates for tetraquark exotic states. However, de-
spite decades of progress, no exotic meson has been
conclusively identified. In particular, those with qq
quantum numbers, like the light scalars, should mix
with ordinary mesons and are thus hard to under-
stand. Therefore, the observation of these new states
provide a challenge to our understanding of QCD.
In the next sections I discuss how the QCD sum
rule (QCDSR) approach can be used to interpret the
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structure of some of these states [9].

2 QCD sum rules

The method of the QCDSR was first introduced,
30 years ago, by Shifman, Vainshtein and Zakharov
[10] and applied to the mesons. They demonstrated
that the non-perturbative power corrections are more
important than the strong coupling, «,, corrections.
The non-perturbative power corrections come about
through a series expansion of operators. As the di-
mension of the operators increase, the power of the
momentum transfer, Q?, in the denominator of the
terms also increases, giving a series in 1/Q? The
sum rule method was latter extended to baryons
by Ioffe [11] and Chung et al.[12]. Since then the
QCDSR technique has been applied to study numer-
ous hadronic properties with various flavor content
and is discussed in many reviews [13-15] emphasiz-
ing different aspects of the method.

The idea of the QCDSR formalism is to approach
the bound state problem in QCD from short dis-
tances, where the dynamics is essentially perturba-
tive, and move to larger distances including non-
perturbative effects “step by step”, and using some
approximate procedure to extract information on
hadronic properties. The fundamental assumption
of the QCDSR approach is the principle of duality:
it is assumed that there is an interval over which a
hadron may be equivalently described at both, the
quark level and at the hadron level. Therefore, the
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correlation function:
(@) =i [dee™ O[3 00, ()

is evaluated in two different ways: at the quark level
in terms of quark and gluon fields and at the hadronic
level introducing hadron characteristics such as the
mass and the coupling of the hadronic state to the
current j(x), which has the quantum numbers of the
hadron we want to study.

At the quark level we employ the Wilson’s opera-
tor product expansion (OPE). Therefore, the correla-
tion function in Eq. (1) is written in a series of local
operators:

11°7%(g) = 3C.(Q%)0,., @)

where the set {O,} includes all local gauge invariant
operators expressible in terms of the gluon fields and
the fields of light quarks. The contributions of higher
dimension condensates are suppressed by large pow-
ers of A%cp/Q? where 1/Aqep is the typical long-
distance scale. Therefore, even at intermediate values
of Q% (~1 GeV?), the expansion in Eq. (2) can be
safely truncated after a few terms.

The calculation of the phenomenological side at
the hadron level proceeds by writing a dispersion re-
lation to the correlator in Eq. (1):

thcn(q2):_JdS p(S) + o (3)

q®—s+ie
where p is the spectral density given by the absorptive
part of the correlator and the dots represent subtrac-
tion terms.

Since the current j (j7) is an operator that an-
nihilates (creates) all hadronic states that have the
same quantum numbers as j, IT(q) contains infor-
mation about all these hadronic states, including the
low mass hadron of interest. In order for the QCDSR
technique to be useful, one must parameterize p(s)
with a small number of parameters. In general one
parameterizes the spectral density as a single sharp
pole representing the lowest resonance of mass m,
plus a smooth continuum representing higher mass
states:

p(5)=N*6(s—m*)+ peont (3) (4)
where A gives the coupling of the current with the low
mass hadron, H: (0|j|H)=A\.

In the QCDSR approach one assumes that
the continuum contribution to the spectral density,
Peont (8) In Eq. (4), vanishes bellow a certain contin-
uum threshold sy. Above this threshold one uses the
ansatz

pcont(s) :pOPE(S)9(5_50> ) (5)

where .
PO (s) = —Im[IT""(s)] (6)

To improve the matching of the two descriptions
of the correlator one applies the Borel transformation.
The Borel transformation removes the subtraction
terms in the dispersion relation, and exponentially
suppresses the contribution from excited resonances
and continuum states in the phenomenological side.
In the OPE side the Borel transformation suppresses
the contribution from higher dimension condensates
by a factorial term.

After making a Borel transform on both sides of
the sum rule, and transferring the continuum contri-
bution to the OPE side, the sum rule can be written
as

A2€77n2/]\12 _ J'SO ds efs/M2 pOPE(S) ) (7)

If both sides of the sum rule were calculated to
arbitrary high accuracy, the matching would be inde-
pendent of M?2. In practice, however, one has to find
a range of M?2, called Borel window, in which the
two sides have a good overlap and information on the
lowest resonance can be extracted. To determine the
allowed Borel window, one analyses the OPE conver-
gence and the pole contribution: the minimum value
of the Borel mass is fixed by considering the conver-
gence of the OPE, and the maximum value of the
Borel mass is determined by imposing the condition
that the pole contribution must be bigger than the
continuum contribution.

To extract the mass m one takes the derivative of
Eq. (7) with respect to 1/M?, and divide the result
by Eq. (7):

S0
J dse—s/M? s pOFE(s)
m? = o . 8)
J' dse—s/M? pOPE(s)

Smin

This quantity has the advantage to be less sensitive
to the perturbative radiative corrections than the in-
dividual sum rules.

3 X(3872)

The X(3872) was first observed by Belle collabo-
ration in the decay BT — X(3872)K* — J /Yt~ K+
[1], and was confirmed by CDF, DO and BABAR [16].

The current world average mass is
Myx =(3871.4+0.6) MeV, 9)

and its total width is less than 2.3 MeV.
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Studies from Belle and CDF that combine angu-
lar information and kinematic properties of the w7~
pair, shows that only the hypotheses J¥¢ = 1%+ and
2=t are compatible with data. However, the pos-
sibility 2~ is disfavored by the observation of the
decay into 1 (2S5)y and also by the observation of the
decays into D°D°7t® by Belle and BABAR collabora-
tions. Therefore, in the following we will asume the
quantum numbers of the X(3872) to be 1*+.

Calculations using constituent quark models give
masses for possible charmonium states, with J¥¢ =
1** quantum numbers; which are much bigger
than the observed X(3872) mass: 2 3P,(3990) and
3 3P,(4290) [17]. Another point against the as-
signement of the ¢t structure for X(3872) is the ob-
servation, by Belle [18], of the decay X(3872) —
J/bmtn—n® at a rate comparable to that of
X(3872) = J /bt

X—=Jpatnn°
X — J/pmrtm-

=1.04+04+03.  (10)

This observation establishes strong isospin and G par-
ity violation, which is incompatible with a cc struc-
ture for X(3872).

The observation of these two decays, plus the co-
incidence between the X mass and the D*°D? thresh-
old: M(D*°D%) = (3871.81+0.36) MeV [19)], inspired
the proposal that the X(3872) could be a molecular
(D*°D° +D*°D°) bound state with small binding en-
ergy [20, 21]. The D*°D° molecule is not an isospin
eigenstate and the rate in Eq. (10) is explained in a
very natural way in this model.

Other interesting possible interpration for the
X(3872), first proposed by Maiani et al. [22], is that it
could be a tetraquark state resulting from the binding
of a diquark and a antidiquark.

3.1 QCDSR studies for X(3872)

Considering the X(3872) as a J¥¢ =17+ state we
can construct a current based on diquarks, as pro-
posed in Ref. [22], and also a DD* molecular cur-
rent. The corresponding lowest-dimension interpo-
lating operators are:

. i ieauboedeo _ _
le(lq,d ) — T [(q:C%cb)(qdvuccz) +
(42 Cruen)(@asCey)], (11)
for a tetraquark current, and
«(q,mo. 1 = =
3o (z) = 75 | (@@hsea@)en (@) (@)) -
(Qa(‘r)’YHCa(x)éb(x)75Qb(x)) ’ (12)

for a molecular DD* current. In Egs. (11) and (12),
q denotes a u or d quark.

The two currents in Egs. (11) and (12) were
used, in Refs. [23] and [24] respectively, to study the
X(3872). In both cases it was possible to find a Borel
window where the pole contribution is bigger than the
continuum contribution and with a reasonable OPE
convergence. In the OPE side, the calculations were
done at leading order in oy and contributions of con-
densates up to dimension eight were included.

As an example for the determination of the Borel
range we show the relative contribution of each term
on the OPE expansion of the sum rule, in Fig. 1,
and the comparison between pole and continuum con-
tributions, in Fig. 2, for the case of the current in
Eq. (11). These figures were taken from Ref. [23].
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Fig. 2. (color online). The dashed line shows

the relative pole contribution (the pole con-
tribution divided by the total, pole plus con-
tinuum, contribution) and the solid line shows
the relative continuum contribution.

From Fig. 1 one can see that we have a good
OPE convergence for M? > 2.0 GeV” and this fixes
the lower limit of the Borel window. We obtain an
upper limit for M? by imposing that the QCD con-
tinuum contribution should be smaller than the pole
contribution. The maximum value of M? for which
this constraint is satisfied depends on the value of s,.
From Fig. 2 we see that for \/sq =4.2 GeV we get
M?<2.32 GeVZ.
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The mass obtained in [23] considering the allowed
Borel window and the uncertaities in the parameters
is

My = (3.92+0.13) GeV, (13)

which is compatible with the experimental value of
the mass of the X(3872).

In the case of the current in Eq. (12), the OPE
convergence and the pole contribution determine a
similar Borel window [24]. The result for the mass
obtained in Ref. [24] is

My = (3.87+0.07) GeV, (14)

in an even better agreement with the experimental
mass.

Other important point is whether
tetraquark or molecular structure for the X(3872),
it is possible to explain a total width smaller than
2.3 MeV. In Ref. [25] the XJ/{PpV coupling con-
stant was evaluated directly from the QCD sum rules
by supposing that the X(3872) is described by a
tetraquark current. The XJ/1pw coupling constant
was estimated from the sum rule to be [25]:

with a

Ixpw = 13.8£2.0, (15)
which gives:
I'X—J/P (nm)) =(50+15) MeV. (16)

A similar width was obtained in Ref. [26] by using a
molecular current like the one in Eq. (12). Therefore,
from a QCDSR calculation it is not possible to ex-
plain the small width of the X(3872) if it is a pure
four-quark state.

To try to solve the problem of the large width in
Ref. [26] the X(3872) was treated as a mixture be-
tween a cc current and a molecular current:

Ji(x) = sin(a)jﬁq'mow (x) —|—COS(O¢)jﬁq'2) (x), (17)
with j(@mD (z) given in Eq. (12) and

(2) = 6—%<q-q>[ea<x>m5ca<x>1. (18)

j&qﬁ)
The necessity of mixing a c¢¢ component with the
D°D*® molecule was already pointed out in some
works [27-30]. In particular, in Ref. [31], a simula-
tion for the production of a bound D°D*° state with
binding energy as small as 0.25 MeV, obtained a cross
section of about two orders of magnitude smaller than
the prompt production cross section for the X(3872)
observed by the CDF collaboration. The authors of
Ref. [31] concluded that S-wave resonant scattering
is unlikely to allow the formation of a loosely bound
D°D*® molecule in high energy hadron collision.

There is no problem in reproducing the experi-
mental mass of the X(3872), using the current in
Eq. (17), for a large range of the mixture angle a.
However, the value of the XJ/1{pw coupling constant
and, therefore, the value of the X — J/1 (n7) decay
width, is strongly dependent on this angle. It was
shown in Ref. [26] that for a mixing angle o =9+4°,
it is possible to describe the experimental mass of
the X(3872) with a decay width I'(X — J/1{ (nm)) =
(9.34+6.9) MeV, which is compatible with the experi-
mental upper limit. Therefore, in a QCDSR calcula-
tion, the X(3872) can be well described basically by a
cC current with a small, but fundamental, admixture
of molecular (DD*) or tetraquark ([cq][cq]) currents.

4 The Y(JPC¢=1"7) family

Belle and BABAR collaborations have reported
the observation of three new states in the ete™ anni-
hilation through initial state radiation. They are the
Y (4260) [5], the Y(4360) [6] and the Y(4660) [8].

The Y(4260) was also observed in the B~ —
Y (4260) K~ — J /Pt K~ decay [32], and CLEO re-
ported two additional decay channels: J/{Pp7°7® and
J/PKTK~ [33]. The mass and total width of the
Y (4260) is:

My = (4252+7) MeV, Iy = (1054+20) MeV. (19)

Repeating the same kind of analysis leading to
the observation of the Y(4260) state, in the channel
ete” = yr¥(25)tt 7w, Belle has identified two dis-
tinct peaks [8], Y(4360) and Y(4660), which masses
and widths are respectively

M = (4361+13) MeV, I' = (74+18) MeV;  (20)
M = (4664+12) MeV, I' = (484+15) MeV.  (21)

The masses and widths of these three states are
not consistent with any of the established 17~
monium states [34], and they can also be candidates
for multiquark states or charmonium hybrids [35].

An interesting interpretation is that the Y(4260)
is a charmonium hybrid, since its mass is consistent
with old lattice gauge theory and flux tube model
predictions. However, more recent lattice simulations
[36] and QCD string models calculations [37], predict
that the lightest charmonium hybrid has a mass of
4400 MeV. Against the hybrid assignement is the fact
that the dominant decay mode for a hybrid would be
an open charm meson pair with one S-wave D meson
(D, D*, D,, D7) and one P-wave D meson (D;, Dy;)
[38].

char-
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4.1 QCDSR studies for the Y(4260) and
Y (4660) states

We can also use molecular or tetraquark currents,
with or without a sS pair, to try to describe the
Y(JPC =177) states. The lowest-dimension interpo-
lating operator to describe a JF¢ = 17~ tetraquark
state with the symmetric spin distribution is given
by:

. €abc€dec _ _
jl = 5 (g7 Cs00) (qayuysCer ) +
(g2 Cys7ucn) (@arsCey)]. (22)

A current with JF¢ = 1-—

combination of scalar and vector mesons is given by:

jo= % (@) @) + (Ernta) @cn)] - (23)

and a symmetrical

In Egs. (22), (23) the q quark stands for a u, d
or s quark. In Ref. [39] a QCD sum rule calculation
using these currents was considered. The obtained
mass for the DyD* current was:

Mp,5- = (4.2740.10) GeV, (24)

in good agreement with the Y(4260) mass. For the
D,oD; current they obtained:

M, pr = (4.4240.10) GeV. (25)

In the case of the diquark-antidiquark current, the
obtained masses were [39]:

my, = (4.49+0.11) GeV, (26)

and
my, = (4.65+0.10) GeV, (27)

in good agreement with the Y(4660) mass.

The authors of Ref. [39] concluded that it is pos-
sible to interpret the Y(4660) meson as a [cs|[c|
diquark-antidiquark state, and the Y(4260) meson as
a molecular DyD* state.

5 Z7(4430)

The Z*(4430) was observed by Belle collaboration
in the decay channel BT — K'nt* [7]. The measured
mass and width of this state are:

M = (44334+442) MeV, I'=(45%15730) MeV. (28)

Using the same data sample as in Ref. [7], Belle also
performed a full Dalitz plot analysis [40] and has con-
firmed the observation of the Z%(4430) signal with a
6.40 peak significance.

Babar collaboration [41] also searched the
7~ (4430) signature in four decay modes: B — K,

where = J /1 or P’ and K=K or KT. They con-
cluded that is no significant evidence for a signal peak
in any of these processes.

There are no reports of a Z%1 signal in the J/ 7t
decay channel. Since the minimal quark content of
this state is ccud, this state is a prime candidate for
a multiquark meson.

There are many theoretical interpretations for
the Z%(4430) structure like S-wave threshold effect,
D*D; molecular state, tetraquark state or a cusp in
the D*D; channel [9]. Considering the Z*(4430) as
a loosely bound S-wave D*D; molecular state, the
allowed angular momentum and parity are J© =
0—, 1=, 27, although the 2~ assignment is proba-
bly suppressed in the Bt — ZTK decay by the small
phase space. Among the remaining possible 0~ and
1~ states, the former will be more stable as the later
can also decay to DD, in S-wave. Moreover, one ex-
pects a bigger mass for the J¥ =1~ state as compared

to a J¥ =0~ state.

5.1 QCDSR for Z*(4430)

One can also use tetraquak or molecular currents
to study the Z7(4430) structure. A D*D; molecular
current with JZ =07, considered in Ref. [42], is given
by:

N _ - _
=7 [(davica) (@7 v5up) + (dayuvsca) (€67 )] -
(29)
The mass obtained in a QCDSR calculation using
such a current was [42]:

Mpp, = (4.4040.10) GeV, (30)

in an excelent agreement with the experimental mass.

To check if the Z*(4430) could also be described
using diquark-antidiquark currents, the following cur-
rents were considered in Ref. [43]:

j - ieabcedcc
’ V2
(u Cey)(davsCEl)], (31)

[(uz Cysen) (daCEl) —

for a JF =0~ state, and

[(uy Crsen)(davuysCer ) +

1-  €abcfdec
Ju = 7
(ul Cysyuen) (daysCel)]. (32)

for a JF =1 state.

The masses obtained with these currents are [43]

myz

o, = (45240.09) GeV, (33)

which is a little bigger than the experimental value,
but still consistent with it, considering the uncertain-
ties, and
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(4.8440.14) GeV, (34)

m =
Za-)

which is much bigger than the experimental value and
bigger than the result obtained using the current with
J¥ =07 in Eq. (33).

From these results we conclude that while it is
also possible to describe the Z*(4430) with a diquark-
antidiquark current with JZ =07, the J” =1~ con-
figuration is disfavored.

A confirmation of the existence of the Z*(4430)
is critical before a complete picture can be drawn.
If confirmed, the only open options for the Z*(4430)
structure are tetraquark or molecule. QCDSR calcu-
lations favor a molecular structure with J”=0".

6 Conclusions

We have computed the masses of some X, Y and

7 states, recently observed by BABAR and Belle
collaborations, using the QCDSR. In some cases a
tetraquark configuration was favored, as in the case
of Y(4660), and in some other cases a molecular
configuration was favored, like the cases of X(3872),
Y (4260) and Z"(4430). We have observed that when
using tetraquark and molecular currents with same
quantum numbers, QCDSR results for the masses are
always smaller for molecular currents. This may be
considered as an indication that it is easier to form
a multiquark state in a molecular configuration than
in a diquark-antidiquark configuration.

I would like to thank F.S. Navarra and S.H. Lee
for fruitful discussions.
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