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Abstract. We discuss the results of an unquenched quark model (UQM) calculation of the self energy correc-
tions to charmonium spectrum due to the coupling to the meson-meson continuum. In our approach, the effects
of quark-antiquark pairs are introduced explicitly into the QM through a 3Py quark-antiquark pair-creation
mechanism. Our results are fitted to the experimental data, so that the sum of the bare and self energies gives
the values of the physical masses of the states of interest. Our results for the charmonium spectrum are used to

discuss the nature of the X(3872) resonance.

1 Introduction

The quark model (QM) [1-15] reproduces accurately
enough the general trend of observables such as the spec-
trum and the magnetic moments. See also Refs. [16-
19]. Nevertheless, it neglects continuum coupling (or pair-
creation) effects, that give rise to virtual gg — qq (99q — qq)
components in the hadron wave function and determine a
shift of the physical mass with respect to the bare mass
[20]. These effects have already been studied by several
authors in the baryon [21-25] and meson [26-39] sectors.
Some examples are the resonance A(1405), strongly in-
fluenced by the nearby KN channel [40], and the £,(980),
that behaves remarkably as a KK molecule [41]. The pair-
creation effects are also important in the case of such ob-
servables as the contribution of the orbital angular momen-
tum to the spin of the proton [42], the flavor asymmetry of
the proton [43] and the strangeness content of the nucleon
[44]. See also Ref. [45]. The loop corrections can be rele-
vant to the study of the X(3872) meson [46], whose quark
structure is still unknown, because there are currently two
possible interpretations for the meson: a weakly-bound
DD* molecule [35, 47-50] or a c¢ state [31, 38, 51, 52],
both with JF€ = 1*+,

In this contribution, we present our results for the
charmonium spectrum with self energies corrections [38],
computed within the UQM formalism for mesons [37-39];
the bare masses are calculated within Godfrey and Isgur’s
relativized QM of Ref. [4]. We use our results for the
cc spectrum to discuss the nature of the X(3872) reso-
nance that, according to us, is compatible with the meson
Ye1(23Py), with JP€ = 17+, Finally, we present some re-
sults for the strong decay widths of charmonium 3§, 2P,
1D and 2D states [38], calculated within a modified ver-
sion of the 3 Py pair-creation model [37—39]. This is impor-

tant to set the values of the Py model’s parameters, that
are necessary to compute the vertex function of the UQM.

2 Self energies in the UQM
We consider the UQM Hamiltonian,
H=Hy+V, 1)

where Hj acts only in the bare meson space and V couples
a meson state |[A) to the meson-meson continuum |BC).
The UQM approach is based on a QM, to which gg pairs
with vacuum quantum numbers are added as a perturbation
and where the pair-creation mechanism is inserted at the
quark level [37-39, 42—44]. This is a generalization of the
unitarized quark model by Tornqvist and Zenczykowski
[21] (see also Ref. [53]).

The dispersive equation, resulting from a nonrelativis-
tic Schrodinger equation, is

Va C
260 =) [ daa [Vf @

E Ebc
and the bare energy E, satisfies:
M, =E,+3X(E,) . 3)

Here, M, is the physical mass of the meson A, with self
energy X(E,); the coupling V, ;. between |A) and |BC) is
computed within the UQM for mesons [37-39]:

Vase(q) = ) (BCGET |T'| A) . @)
oJ

The symbol TT is a modified 3P, quark-antiquark pair-
creation operator [37-39, 54, 55], where we substituted
the 3Py model pair-creation strength y, with an effective
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Table 1. Parameters of the > Py, model from Ref. [38].

Parameter Value
Y0 0.510
a 0.500 GeV
rq 0.335 fm

my 0.330 GeV
M 0.550 GeV
me 1.50 GeV

one, yg’ﬁ [30, 37-39], and introduced a Gaussian quark
form factor [37-39, 42-44, 53, 56]. A is the meson, B
and C are the intermediate state mesons, with energies E,,

E, = \JM} + ¢*> and E, = \/M? + ¢%, ¢ and ¢ the relative
radial momentum and orbital angular momentum between
Band C and J = J,+J.+Cis the total angular momentum.
The wave functions of the mesons A, B and C are writ-
ten as harmonic oscillator wave functions, depending on
a single oscillator parameter @ = 0.5 GeV. The values of
the pair-creation model’s parameters, used to compute the
strong decays of Sec. 3 and the vertices (BCq’le TT|A) of
Eq. (4), are reported in Table 1. The value of vy is fitted to
the reproduction of the experimental data of Table 2.

3 Open charm strong decays in the *P,
pair-creation model

Here, we discuss our results for the open charm strong de-
cay widths of c¢¢ mesons (see table 2) [38]. The decay
widths are computed as [37-39, 54, 58, 59]

Tasse = ®assclqo) y | [(BCG | T AN . (5)
0,J

where ®4_,5c(qo) is the standard relativistic phase space
factor [37-39, 54, 58, 59],

Ey(q0)Ec(qo)

M, , (6)

®@a-pc = 271qo
that depends on the relative momentum go between B
and C and on the energies of the two intermediate state

JMZ+ @ and E. = M2 + ¢

Finally, the results of our calculation, obtained with the
values of the 3 Py model parameters of Table 1, are reported
in Table 2.

mesons, £, =

4 Bare and self energy calculation of c¢
states

Here, we discuss our results of Ref. [38] for the c¢ spec-
trum with self energy corrections. The bare energies E,’s
are computed within the relativized QM [4], with the val-
ues of the model parameters of Table 3, and the self en-
ergies within the UQM for mesons [37-39]. At variance
with QM calculations, such as those of Ref. [4] and Table
2, second column, the quantities fitted to the experimental
data [57] are the physical masses M,’s of Eq. (3), instead

Figure 1. Comparison between the calculated masses (black
lines) of cc states via Eq. (3) [38] and the experimental ones
[57] (boxes). The bare masses are calculated with the values of
Godfrey and Isgur’s model parameters of Table 3.
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of the bare energies E,’s, and therefore the fitting proce-
dure is an iterative one.

The self energies X(E,)’s of Eq. (2) are cal-
culated summing over a complete set of accessible
SUf(4)®SUspin(2) 1S intermediate states. If the bare en-
ergy of the initial meson A is above the threshold BC, the
self energy correction due to the channel BC is given by

° g - 2
MENBO) = P [ Fikr 925 (BCGLI|TT |A)|
+ omi{E (Bege| T )
‘ Ebr:Ea

(N
where the symbol £ stands for a principal part integral and
; : S 2
2mi{ B [(BCg e T )]
of the self energy.

Finally, the results of our calculation, obtained with the
set of parameters of Table 1, are given in Fig. 1 [38].

is the imaginary part

bc=Ea

5 Nature of the X(3872) resonance

The quark structure of the X(3872) resonance, discovered
by Belle [46] and later confirmed by CDF [60], DO [61]
and BABAR [62], still remains an open puzzle. Indeed,
at the moment, there are two possible interpretations for
the meson: a weakly bound molecule [35, 47-50] or a
charmonium state [31, 38, 51, 52], both with J*¢ = 1+*
quantum numbers. Recently, LHCb [63] has ruled out the
JFC = 27* hypothesis.

The first possibility is to consider the X(3872) as a
xye1(23P)) resonance [52]. Nevertheless, the relativized
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Table 2. Open charm strong decay widths (in MeV) of 35S, 2P, 1D and 2D c¢ states [38]. The values of the model parameters are
given in Table 1. The symbol — in the table means that a certain decay is forbidden by selection rules or that the decay cannot take
place because it is below threshold. The experimental values of the meson masses (if available) are taken from the PDG [57],
otherwise from the theoretical predictions of Ref. [4].

State DD DD* D'D* DDy DDt D:D: Total Exp.
DD* D,D?
7:3'S0) - 388 523 - - - 91.1 -
Y(4040)3%S;) 02 372 396 33 - - 80.3  80+10
h.Q2'P)) - 646 - - - - 64.6 -
xc0(2°Po) 977 - - - - - 97.7 -
Y2 (23P)) 272 9.8 - - - - 37.0 -
¥(3770)(1°Dy) 277 - - - - - 277 272+1.0
W3(1°D3) 1.7 - - - - - 1.7 -
ne2(2' Dy) - 627 464 - 8.8 - 117.9 -
Y(4160)(2°D;) 112 04 394 2.1 5.6 - 58.7 103 +8
P, (23D5) - 435 493 - 11.3 - 104.1 -

129.8 -

¥3(2°D3) 172 583 48.1 3.6 2.6

Table 3. Values of Godfrey and Isgur’s model parameters, obtained by fitting the results of Eq. (3) to the experimental data [57]. Table
from Ref. [38].

me =1562GeV b =0.1477GeV?> o =0.600

A =0.200GeV ¢ = 0.069 GeV oo =1463GeV
s =2.437 € =—-0.2500 € =0.0300
Eso(V) =-0.0314 €s0(S) =0.0637

QM [4] predicts this state to be at energy of 3.95 GeV, mass of the y.1(23P;) meson seems incompatible with this
almost 80 MeV higher than X(3872)’s mass. Thus, our interpretation for the X(3872); on the contrary, the authors
idea is thus to see whether the introduction of loop correc- suggest the assignments 13D, and 13Ds for the X(3872).

tions into the QM can help to improve this result for the

X(3872), whose unusual properties are due to its proxim- mesons up to 2P states, considering the effects of open-

ity to the DD dec.ay threshold. charm loops on charmonium masses. The bare energies

In our ca;lculanon Qf Ref. [38], our .result for 'the mass were computed within the standard non-relativistic poten-
of the y.1(2°P)) state, i.e. 3.908 GeV, is compatible with  (j5] model and the vertices within a 3Py-type model. Their
the meson X(3872), that includes an extra component due result for y.1(23P1)’s mass, i.e. 3990 MeV, seems incom-

to the coupling to the meson-meson continuum, responsi- patible with X(3872)’s experimental mass.
ble for the downward energy shift. The difference between

our prediction and the experimental data is within the er- . - ” ;
ror of a QM calculation, of the order of 30 — 40 MeV. In rections to the cc¢ spectrum, including the effects of open
Table 4, our UCQM result for y.;(2P)’s mass is compared and nearby closed meson-meson channels. The authors

to those obtained by other authors, introducing continuum used the results of Ref. [59] fgr the l?ar.e masses and com-
coupling effects in their calculations puted the self energy corrections within an approach re-

lated to the Dyson summation for the inverse meson prop-
; 3
Table 4. Our UCQM result for the mass of the y.;(2*P;) meson, agator. 'Thelr. result' for the m.ass of the x.1(2°Py) Sef;ms
that in our picture corresponds to the X(3872), is compared to C(_)rnpatlble with the interpretation of the X(3872) as a 2° P,
those of other calculations. cc state.
The second possibility is to treat the X(3872) as a
DD* molecular state, with J*¢ = 1** [35, 47]. Accord-

In Ref. [30], the author calculated the spectrum of c¢

In Ref. [31], the authors computed the self energy cor-

Xel (23P))’s mass [MeV] Reference

4;)89705 Eg} ing to Refs. [65], the DD* system with J*¢ = 1** can
be found by pion exchange and forms a meson-meson
3896 [31] .

molecule. More recent molecular model calculations [66],

3908 [38] . o
3920.5 o4 that include quark exchange kernels for the transitions
: [64] DD* — pJ/¥, wl/¥, to predict the wJ/¥ decay mode
of the X(3872) [49], introduce large isospin mixing due
In Refs. [28, 64], the authors calculated the charmo- to the mass difference between D°D* and D*D*~. Nev-
nium spectrum with continuum coupling effects. They ertheless, in Ref. [47] the authors state that the one-pion
computed the bare masses within the Cornell potential and exchange binding mechanism should be taken with greater
the continuum coupling effects with a refined version of caution in the DD* case than in the NN case (see also Refs.

the Cornell coupled-channel model. Their result for the [51, 67, 68]).
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Perhaps, the most important test for the properties of
the X(3872) is to calculate its strong and radiative decay
rates [49, 51, 52]. Ref. [52] re-examines the re-scattering
mechanism for the X(3872): its results for the ratio R,/,, =
1, between the X(3872) — J/yp and X(3872) — J/yw
decay modes, and for the rate X(3872) — DDz, fa-
vor a charmonium interpretation for the X(3872). Ref.
[51] observes that the binding mechanism and the produc-
tion rates are incompatible with the molecule interpreta-
tion. However, these results have been criticized in sev-
eral works [67, 69-73]. In particular, Ref. [71] observes
that the production rates in the molecular interpretation are
compatible with Tevatron data once the charm-meson re-
scattering effects are considered. In Refs. [74, 75], the au-
thors observe also prompt production at CDF and discuss
whether a meson-meson molecule, with a size of a few fm
and intrinsic fragility, can be promptly produced. By con-
trast, Refs. [35, 47-49] propose a molecular interpretation
for the X(3872).

In conclusion, we do not think that our previous argu-
ments can, on their own, clarify the picture of the X(3872)
resonance completely. Analysis of other properties of the
X(3872), such as decay modes, is necessary to draw defini-
tive conclusions.

6 Discussion of the results

In this contribution, we discussed the results of an un-
quenched quark model calculation of the self energies cor-
rections to the spectrum of charmonia [38]. The self ener-
gies are corrections to the meson masses arising from the
coupling to the meson-meson continuum.

Although the self energy corrections to the spectrum
of bb [39] and c¢¢ [38] mesons are relatively small, ap-
proximately 1-2% and 2—-6% of the corresponding me-
son mass, respectively, these continuum-coupling effects
can become qualitatively important in the case of sus-
pected non gg states, such as the X(3872) [46] or x»(3P)
mesons [76, 77], that are states close to a meson-meson
decay threshold. In particular, in Ref. [38] it is shown that
the continuum coupling effects of the X(3872) give rise to
DD* and D*D* components in addition to the ¢ core.

In conclusion, our results of Ref. [38], that we
analysed in this contribution, seem compatible with the
ye1(23P1) interpretation for the X(3872).
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