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Interpretation of the X(3872) as a charmonium state plus an extra component
due to the coupling to the meson-meson continuum

J. Ferretti and G. Galatà
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We present a quark model calculation of the charmonium spectrum with self-energy corrections due to the
coupling to the meson-meson continuum. The bare masses used in the calculation are computed within the
relativized quark model by Godfrey and Isgur. The strong decay widths of 3S, 2P , 1D, and 2D cc̄ states are also
calculated, to set the values of the 3P0 pair-creation model’s parameters we use to compute the vertex functions
of the loop integrals. Finally, the nature of the X(3872) resonance is analyzed and the main possibilities (cc̄ state
or DD̄∗ molecule) are discussed. According to our results, the X(3872) is compatible with the meson χc1(2P ),
with J PC = 1++, and is thus interpreted as a cc̄ core plus higher Fock components due to the coupling to the
meson-meson continuum. These J PC = 1++ quantum numbers are in agreement with the experimental results
found by the LHCb collaboration. In our view, the X(3872)’s mass is lower than the quark model’s predictions
because of self-energy shifts.
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I. INTRODUCTION

The quark model (QM), in all its possible reformulations
[1–10], can properly describe several properties of the hadrons,
such as the spectrum and the magnetic moments, but it neglects
continuum coupling effects. Indeed since the earliest days of
hadron spectroscopy, it has been recognized that properties
of levels can be strongly influenced by nearby channels [11].
The presence of these higher Fock components in meson and
baryon wave functions are predicted by the QCD and must have
an effect on the QM similar to that of unquenching lattice QCD
calculations. In particular, these continuum coupling effects
can contribute, through a self-energy term, to a shift in the
hadron masses, as already shown by several authors in the
baryon [12–18] and meson [19–31] sectors.

In the 1980s, Törnqvist et al. [19] studied heavy cc̄ and bb̄
quarkonium within the unitarized quark model and calculated
the mass shifts and mixing induced by DD̄, D∗D̄∗, . . .
loop diagrams, using the 3P0 decay model [32] for hadron
vertex functions. Interest in loop corrections in the meson
sector [21] was triggered after the discovery of the narrow
charmed-strange mesons D∗

s0(2317)+ [33] and Ds1(2460)+
[34], because their surprisingly low masses could be explained
by this type of effect. Eichten et al. [20] evaluated the
influence of open-charm channels on charmonium properties,
such as strong decay widths and self-energies. The authors
revisited the properties of charmonium levels, using the
Cornell coupled-channel model [35] to assess departures from
the single-channel potential-model expectations. Hwang and
Kim [21] calculated the mass shift of D∗

sJ (2317) due to coupled
channel effects, within the Cornell coupled-channel model of
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Ref. [35]. According to them, the measured mass of this meson,
being 160 MeV lower than the corresponding estimation of
Ref. [2], appears surprisingly low and can only be explained by
coupled channel effects. Barnes and Swanson [27] computed
the mass shifts of charmonium 1S, 2S, and 1P resonances
due to DD̄, DD̄∗, D∗D̄∗, DsD̄s , DsD̄

∗
s , D∗

s D̄
∗
s loops. The

authors evaluated the coupling between the valence component
and the continuum component by using the 3P0 model [32],
with Gaussian meson wave functions. Danilkin and Simonov
analyzed the mass shifts of charmonium N3S1 (N = 1, 2, 3)
[28] and 23,1PJ [29] states, using the mechanism of channel
coupling via decay products. The authors applied the Weinberg
eigenvalue method [36] to multichannel problems, considering
DD̄, DD̄∗, and D∗D̄∗ decay channels.

The loop corrections can be relevant to the study of
the X(3872) meson [37], whose nature has not yet been
understood. Indeed, there are currently two possible interpre-
tations for the meson: a weakly bound 1++ DD̄∗ molecule
[25,30,38,39] or a cc̄ state [29,40,41], with 1++ or 2−+
quantum numbers. Recently the new results from the LHCb
collaboration [42] have ruled out the 2−+ hypothesis, thus
only the 1++ quantum numbers remain. For a summary of
theoretical interpretations of the X(3872), see Ref. [43].

In the last few years, interest in heavy meson physics has
increased enormously, as has the number of collaborations
devoted to the topic. In particular, BaBar [44,45], Belle [46],
CDF [47], and D0 have already provided many interesting
results; moreover, all four detectors at LHC (Alice, Atlas,
CMS, and LHCb) have the capacity to study charmonia and
bottomonia and have already produced some results, such as
the discovery of a χb(3P ) system [48]. There are also approved
proposals for new experiments, such as Belle II [49].

The calculation presented in this article is the first attempt
to calculate in a systematic way the spectrum of charmonia
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within a quark model, including loop corrections, and makes
it possible to perform a comparison with the already existing
and the future experimental data. Something similar has
already been done for bottomonia in Ref. [31]. Our results
for the spectrum of charmonia are fitted to the experimental
data [50], so that the calculated masses of the mesons
of interest are the sum of a bare energy term, computed
within the relativized QM by Godfrey and Isgur [2], and a
self-energy correction, computed thanks to the formalism of
the unquenched quark model (UQM) [31,51]. In our UQM
calculation, we consider as intermediate states a complete
set of accessible SUf(4)⊗SUspin(2) ground-state (i.e., 1S)
mesons. 1S intermediate states, being at lower energies than
P -wave and D-wave intermediate meson states, give the main
contribution to the self energies of the charmonium states that
we are going to study. Furthermore, we present some results
for the strong decay widths of charmonium 3S, 2P , 1D, and
2D states, calculated within a modified version of the 3P0

pair-creation model [32]. This is done to set the values of the
3P0 model’s parameters we use to compute the vertex function
of the UQM [see Eq. (2a)].

Finally, we use our results for the cc̄ spectrum to discuss
the nature of the X(3872) resonance. Specifically, we analyze
the interpretation of this meson as a cc̄ state with 1++ or 2−+
quantum numbers. According to our results, the X(3872) is
compatible with the meson χc1(23P1), with J PC = 1++. Thus
our results are in agreement with the experimental analysis
from the LHCb collaboration [42].

II. FORMALISM

A. Self-energies

The Hamiltonian we consider,

H = H0 + V, (1)

is the sum of an “unperturbed” part, H0, acting only in the bare
meson space, and of a second part V , which can couple a meson
state to a continuum made up of meson-meson intermediate
states.

The dispersive equation, resulting from a nonrelativistic
Schrödinger equation, can be written as

�(Ea) =
∑
BC

∫ ∞

0
q2dq

|Va,bc(q)|2
Ea − Ebc

, (2a)

where the bare energy Ea satisfies

Ma = Ea + �(Ea). (2b)

Ma in Eq. (2b) is the physical mass of the meson A, with
self-energy �(Ea). In Eq. (2a) one has to take the contributions
from various channel BCs into account. A channel BC is a
meson-meson intermediate state, with relative momentum q
and quantum numbers Jbc and � coupled to the total angular
momentum of the meson A. The matrix element Va,bc of
Eq. (2a) results from the coupling, due to the operator V ,
between the intermediate state BC and the unperturbed quark-
antiquark wave function of the meson A; Ebc = Eb + Ec is the
total energy of the channel BC, calculated in the rest frame
of A. Finally, if the bare energy of the meson A, i.e., Ea ,

is greater than the threshold Ebc, the self-energy of Eq. (2a)
contains poles, and is a complex number [see Eq. (15)].

Because the physics of the dynamics depends on the matrix
elements Va,bc(q), one has to choose a precise form for the
transition operator V , which is responsible for the creation of
qq̄ pairs: Our choice is that of the unquenched quark model of
Ref. [31], so a 3P0 model.

B. Unquenched quark model

In the unquenched quark model [31,51] the effects of qq̄
sea pairs are introduced explicitly into the quark model (QM)
through a QCD-inspired 3P0 pair-creation mechanism. This
approach, which is a generalization of the unitarized quark
model by Törnqvist and Zenczykowski [12], was motivated
by the work by Isgur and coworkers on the flux-tube breaking
model. They showed that the QM emerges as the adiabatic
limit of the flux-tube model to which the effects of qq̄ pair
creation can be added as a perturbation [52]. Therefore, our
approach is based on a QM to which the quark-antiquark pairs
with vacuum quantum numbers are added perturbatively. The
pair-creation mechanism is inserted at the quark level and the
one-loop diagrams are computed by summing over the possible
intermediate states.

Under these assumptions, the meson wave function is made
up of a zeroth order quark-antiquark configuration plus a
sum over all the possible higher Fock components due to the
creation of 3P0 quark-antiquark pairs. To leading order in pair
creation, the meson wave function is given by

|ψA〉 = N
[
|A〉 +

∑
BC�J

∫
d �q |BC �q �J 〉 〈BC �q �J |T †|A〉

Ea − Eb − Ec

]
,

(3)

where T † represents the 3P0 quark-antiquark pair-creation
operator [53], A is the meson, B and C are the intermediate vir-
tual mesons, and Ea , Eb =

√
M2

b + q2 and Ec =
√

M2
c + q2

are their respective energies, �q and � the relative radial
momentum and orbital angular momentum of B and C, and J

is the total angular momentum, with �J = �Jb + �Jc + ��.
The 3P0 quark-antiquark pair-creation operator of Eq. (3)

can be written as [53]

T † = −3 γ0

∫
d �p3 d �p4 δ( �p3 + �p4) C34 F34 e−r2

q ( �p3− �p4)2/6

× [χ34 × Y1( �p3 − �p4)](0)
0 b

†
3( �p3) d

†
4( �p4), (4)

where b
†
3( �p3) and d

†
4( �p4) are the creation operators for a quark

and an antiquark with momenta �p3 and �p4, respectively. The
quark and antiquark pair is characterized by a color singlet
wave function C34, a flavor singlet wave function F34, a
spin triplet wave function χ34 with spin S = 1, and a solid
spherical harmonic Y1( �p3 − �p4) that indicates that the quark
and antiquark are in a relative P wave. Because the operator
T † creates a pair of constituent quarks with an actual size, the
pair-creation point has to be smeared out by a Gaussian factor,
whose width rq was determined from meson decays to be in
the range 0.25–0.35 fm [16,52,54].

015207-2



INTERPRETATION OF THE X(3872) AS A . . . PHYSICAL REVIEW C 88, 015207 (2013)

A

B

C

q1

q2

q3

q4

q5

q6

q7

q8

_

_

_

_

A

B

C

q1

q2
q3

q4

q5

q6

q7

q8

_

_

_

_

(b)(a)

FIG. 1. Two diagrams can contribute to the process A → BC. qi

and q̄i stand for the various initial (i = 1 − 4) and final (i = 5 − 8)
quarks or antiquarks, respectively. Picture from Ref. [31]; APS
copyright.

The pair-creation strength γ0 is a dimensionless constant,
fitted to the strong decay widths of cc̄ states (see Sec. III A
for details). The matrix elements of the pair-creation operator
T † were derived in explicit form in the harmonic oscillator
basis as in Ref. [53], using standard Jacobi coordinates. The
meson wave functions have good flavor symmetry and depend
on a single oscillator parameter α, which, according to the
literature [27,55,56], is taken to be α = 0.50 GeV.

In the UQM, the coupling Va,bc between the continuum
channel BC and the unperturbed wave function of the meson
A can be calculated as

Va,bc(q) =
∑
�J

〈BC �q �J | T † |A〉 . (5)

In general, two different diagrams can contribute to the
transition matrix element 〈BC �q �J | T † |A〉 (see Fig. 1): In
the first one, the quark in A ends up in B, while in the second
one it ends up in C. In the majority of cases, one of these two
diagrams vanishes; however, for some matrix elements, both
must be taken into account [31], as for example, this is the case
of the coupling ηc → J/
J/
, where the initial |cc̄〉 state is
coupled to the final state |cc̄; cc̄〉 and the created pair is a cc̄
one.

Finally, the expression for the self-energy of the meson A,
Eq. (2a), can be rewritten as

�(Ea) =
∑
BC�J

∫ ∞

0
q2dq

|〈BC �q �J |T †|A〉|2
Ea − Eb − Ec

. (6)

C. Godfrey and Isgur’s relativized quark model

There is a huge number of studies on meson spectroscopy,
based on different pictures for mesons; they include qq̄ mesons
[2,4,35,57], meson-meson molecules [25,29,30,58–60],
tetraquarks [61,62], and quarkonium hybrids [63–65] and
references can be found in review papers like [66].

The relativized QM by Godfrey and Isgur [2] is a potential
model for qq̄ meson spectroscopy. This model assumes a
relativistic dispersion relation for the quark kinetic energy,
a QCD-motivated running coupling constant αs(r), and a

flavor-dependent potential smearing parameter σ , and replaces
factors of quark mass with quark kinetic energy.

The Hamiltonian of the model [2] is given by

H =
√

q2 + m2
1 +

√
q2 + m2

2 + Vconf + Vhyp + Vso, (7)

where m1 and m2 are the masses of the constituent quark and
antiquark inside the meson, q is their relative momentum (with
conjugate coordinate r), Vconf , Vhyp, and Vso are the confining,
hyperfine, and spin-orbit potentials, respectively.

The confining potential,

Vconf = −
(

3

4
c + 3

4
br − αs(r)

r

)
�F1 · �F2, (8)

contains a constant c, a linear confining term, and a Coulomb-
like interaction, depending on the renormalized running
coupling constant of QCD, αs(r) (for more details see Ref. [2]);
moreover, one has

〈qq̄| �F1 · �F2|qq̄〉 = − 4
3 . (9)

The hyperfine interaction is written as [2]

Vhyp = − αs(r)

m1m2

[
8π

3
�S1 · �S2 δ3(�r)

+ 1

r3

(
3 �S1 · �r �S2 · �r

r2
− �S1 · �S2

)]
�Fi · �Fj . (10)

The spin-orbit potential [2],

Vso = Vso,cm + Vso,tp, (11)

is the sum of two contributions, where

Vso,cm = −αs(r)

r3

(
1

mi

+ 1

mj

)

×
( �Si

mi

+
�Sj

mj

)
· �L �Fi · �Fj (12a)

is the color-magnetic term and

Vso,tp = − 1

2r

∂H conf
ij

∂r

( �Si

m2
i

+
�Sj

m2
j

)
· �L (12b)

is the Thomas-precession term.

III. RESULTS

A. Strong decay widths

In this section, we show our results for the strong decay
widths of 3S, 2P , 1D, and 2D charmonium states above the
DD̄ threshold (see Table III).

The decay widths are calculated within the 3P0 model
[16,55,56] as

�A→BC = �A→BC(q0)
∑
�,J

|〈BC �q0 �J |T †|A〉|2. (13)

�A→BC(q0) is the standard relativistic phase space factor
[55,56],

�A→BC = 2πq0
Eb(q0)Ec(q0)

Ma

, (14)
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TABLE I. Masses of open charm mesons used in
the calculations.

State Mass (GeV) Source

D 1.867 [50]
D∗(2007) 2.009 [50]
Ds 1.969 [50]
D∗

s 2.112 [50]

depending on the relative momentum q0 between B and C and
on the energies of the two intermediate state mesons, Eb =√

M2
b + q2

0 and Ec =
√

M2
c + q2

0 (see Table I for the values
of Mb and Mc). The operator T † inside the 3P0 amplitudes
〈BC �q0 �J |T †|A〉 is that of Eq. (4), which also contains the
quark form factor of Refs. [52,54]. The introduction of this
quark form factor, which is just a Gaussian function in the
relative momentum between the quark and the antiquark of
the created pair, in the 3P0 model transition operator deter-
mines slightly different values for the model parameters (see
Table II). Specifically, the value of the pair-creation strength γ0,
which is fitted to the reproduction of the experimental strong
decay widths of Table III, is greater than that which would be
obtained in the standard 3P0 model [55,56], i.e., γ0 = 0.4.

Another difference between our calculation and those of
Refs. [55,56] is the substitution of the pair-creation strength
γ0 with the effective strength γ eff

0 of Appendix B. The
introduction of this effective mechanism suppresses those
diagrams in which a heavy qq̄ pair is created. More details
on this mechanism can be found in Refs. [22,31].

Finally, the results of our calculation, obtained with the
values of the model parameters of Table II, are reported
in Table III. This set of parameters is also used in the
self-energy calculation of Sec. III B to compute the vertices
〈BC �q �J |T †|A〉 of Eqs. (6) and (15).

B. Bare energy calculation within the relativized quark model.
Self-energies of cc̄ states

The relativized QM [2], which is described in Sec. II C, is
here used to compute the bare energies of the cc̄ states that we
need in the self-energy calculation. In our study, we computed
the bare energies Ea’s of Eq. (2b) as the eigenvalues of Eq. (7).
At variance with QM calculations, such as that of Ref. [2],
we did not fit the eigenvalues of Eq. (7) to the experimental
data [50]. In our case, the quantities fitted to the spectrum of
charmonia [50] are the masses Ma’s of Eq. (2b) and therefore

TABLE II. Parameters of the 3P0 model.

Parameter Value

γ0 0.510
α 0.500 GeV
rq 0.335 fm
mn 0.330 GeV
ms 0.550 GeV
mc 1.50 GeV

the fitting procedure is an iterative one. Our resulting values
for the parameters of Godfrey and Isgur’s model are shown in
Table IV.

Once the values of the bare energies are known, it is possible
to calculate the self-energies �(Ea)’s of 1S, 2S, 1P , 2P ,
and 1D cc̄ states through Eq. (6). If the bare energy of the
meson A is above the threshold BC, i.e., Ea > Mb + Mc,
the contribution to the self-energy due to the meson-meson
channel BC is computed as

�(Ea; BC) = P
∫ ∞

Mb+Mc

dEbc

Ea − Ebc

qEbEc

Ebc

|〈BC �q �J |T †|A〉|2

+ 2πi

{
qEbEc

Ea

|〈BC �q �J |T †|A〉|2
}

Ebc=Ea

,

(15)

where the symbol P represents the principal part
integral, which can be computed numerically, and
2πi{ qEbEc

Ea
|〈BC �q �J |T †|A〉|2}Ebc=Ea

is the imaginary part of
the self-energy, related to the decay width by

�A→BC = Im [�(Ea; BC)] . (16)

Finally, the results of our UQM calculation, obtained with
the set of parameters of Tables II and IV and with the effective
pair-creation strength γ eff

0 of Appendix B, are shown in Table V
and Fig. 2.

C. Nature of the X(3872) resonance

The quark structure of the X(3872) resonance, observed
for the first time by the Belle Collaboration in the decay of
the B meson [37] and then confirmed by CDF [67], D0 [68],
and BABAR [69], still remains an open puzzle. Indeed, at the
moment, there are two possible interpretations for the meson:
a weakly bound 1++ molecule [25,29,30,38] or a charmonium
state, with 1++ quantum numbers [41]. Before the recent
results by the LHCb collaboration [42] were published, there
were actually two possible sets of quantum numbers for the
charmonium hypothesis: 1++ or 2−+ [70], while the others
were excluded by more than 3σ [71]. It is thus necessary,
to study properties of the X(3872) such as the decay modes,
to make an assumption regarding its quark structure that is
compatible with the quantum numbers.

The first and easiest possibility is to consider the X(3872)
as a cc̄ state [41]. In our theorethical analisys, we kept
a priori the possibility of both the 1++ or 2−+ quantum
numbers. However, our conclusions were that the 2−+ quantum
numbers had to be rejected and that the only ones compatible
with the measured mass of the X(3872) are the 1++. This is
in agreement with the results of the LHCb collaboration [42].
Thus, we considered either the possibility that the X(3872)
would correspond to a 23P1 resonance [χc1(2P ), JPC = 1++]
or to a 11D2 (JPC = 2−+) one, according to the estimations
of the QM [2,56]. Indeed, QM predictions show that 23P1 and
11D2 states are the only ones compatible with 1++ or 2−+
quantum numbers and lying approximately in the same energy
region as the X(3872). The relativized QM [2] predicts these
states to be at energies of 3.95 and 3.84 GeV, respectively.
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TABLE III. Strong decay widths in heavy meson pairs (in MeV) for 3S, 2P , 1D, and 2D charmonium states. The values of the model
parameters are given in Table II. 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.

State DD DD∗ D∗D∗ DsDs DsD
∗
s D∗

s D
∗
s Total Expt.

ηc(31S0) – 38.8 52.3 – – – 91.1 –

(4040)(33S1) 0.2 37.2 39.6 3.3 – – 80.3 80 ± 10
hc(21P1) – 64.6 – – – – 64.6 –
χc0(23P0) 97.7 – – – – – 97.7 –
χc2(23P2) 27.2 9.8 – – – – 37.0 –

(3770)(13D1) 27.7 – – – – – 27.7 27.2 ± 1.0

3(13D3) 1.7 – – – – – 1.7 –
ηc2(21D2) – 62.7 46.4 – 8.8 – 117.9 –

(4160)(23D1) 11.2 0.4 39.4 2.1 5.6 – 58.7 103 ± 8

2(23D2) – 43.5 49.3 – 11.3 – 104.1 –

3(23D3) 17.2 58.3 48.1 3.6 2.6 – 129.8 –

Our idea is thus to see whether the introduction of loop
corrections into the QM can help clarify the problem of the
nature of the X(3872). Indeed, we think that the uncommon
properties of the X(3872) are due to its proximity to the
DD̄∗ decay threshold and cannot easily be explained within a
standard quark-antiquark picture for mesons.

In our calculation of Table V, we have re-fitted the spectrum
of charmonia through Eq. (2b); here, the mass of a meson
results from the sum of a bare energy term computed within
the relativized QM of Ref. [2], with a self-energy correction
computed within the unquenched quark model formalism of
Refs. [31,51]. According to our results for the masses of the
23P1 and 11D2 states, i.e., 3.908 and 3.741 GeV, respectively,
the X(3872) is compatible with the meson χc1(2P ) and
includes an extra component due to the coupling to the meson-
meson continuum, which is responsible for the downward
energy shift.

In Table VI our UQM result for χc1(2P )’s mass, that in
our picture corresponds to the X(3872), is compared to those
obtained by other authors, introducing continuum coupling
effects in their calculations.

In particular, in Refs. [20,23] the authors calculated the
charmonium spectrum, including the influence of open-charm
channels. The bare masses were calculated within the Cornell
potential [35], while the continuum coupling effects were
evaluated within a refined version of the Cornell coupled-
channel model [35]. The result they obtained for the mass of
the χc1(23P1) meson seems incompatible with such an inter-
pretation for the X(3872); on the contrary, the authors stated
that the assignments 13D2 and 13D3 seem most promising for
the identification of the X(3872).

TABLE IV. Values of Godfrey and Isgur’s model parameters,
obtained by fitting the results of Eq. (2b) to the experimental data [50].

mc = 1.562 GeV b = 0.1477 GeV2 αcr
s = 0.600

� = 0.200 GeV c = 0.069 GeV σ0 = 1.463 GeV
s = 2.437 εc = −0.2500 εt = 0.0300
εso(V ) = −0.0314 εso(S) = 0.0637

In Ref. [22] the author calculated the spectrum of cc̄
mesons up to 2P states, considering the effects of open-
charm loops on charmonium masses. The bare energies were
computed within the standard nonrelativistic potential model,
including spin-orbit, tensor and hyperfine interactions. The
vertices, that describe the coupling of the cc̄ meson to the
continuum, were computed within a 3P0-type model for pair
creation. The result for 23P1’s mass the author obtained, i.e.,
3990 MeV, seems incompatible with X(3872)’s experimental
mass.

In Ref. [26], the authors computed the self-energy cor-
rections to the masses of charmonium states, considering the
effects of open and nearby closed meson-meson channels. The
authors extracted potential model’s predictions for the bare
masses from Ref. [56] and computed the meson-meson loop
corrections within an approach related to the Dyson summation
for the inverse meson propagator. Their result for the mass of
the χc1(23P1) seems compatible with the interpretation of the
X(3872) as a 23P1 cc̄ state.

Apart from Ref. [26], that uses a different method, the main
difference between our result and those of Refs. [20,22,23] is
due to the presence of the constituent quark form factors in the
3P0 operator [16,52,54] that we have used.

The second possibility is to treat the X(3872) as a DD̄∗
molecular state with 1++ quantum numbers [25,29]. Accord-
ing to Ref. [72], the DD̄∗ system with 1++ quantum numbers
can be found by pion exchange and forms a meson molecule.
More recent molecular model calculations [73], including
quark exchange kernels for the transitions DD̄∗ → ρJ/
,
ωJ/
, need to introduce a large isospin mixing due to the mass
difference between D0D̄∗0 and D+D̄∗− to correctly predict
the ωJ/
 decay mode of the X(3872) [38]. Nevertheless,
in Ref. [25] the authors observe that the one-pion exchange
binding mechanism should be taken with greater caution in
the DD̄∗ case than in the NN case (see also Refs. [40,74,75]).

Another important test for the properties of the X(3872)
consists of estimating its strong and radiative decay rates
[38,40,41]. In Ref. [41], the authors re-examine the re-
scattering mechanism for the X(3872), which decays to
J/ψρ(ω) through the exchange of D(∗) mesons between
intermediate states D(D̄) and D̄∗(D∗). Their results for the
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TABLE V. Self-energies, �(Ea) (in MeV; see column 12), for charmonium states due to coupling to the meson-meson continuum, calculated
with the effective pair-creation strength of Eq. (B1) and the values of the UQM parameters of Table II. Columns 3–11 show the contributions
to �(Ea) from various channels BC, such as DD̄, DD̄∗, and so on. In column 13 are reported the values of the bare energies Ea , calculated
within the relativized QM [2], with the values of the model parameters of Table IV. In column 14 are reported the theoretical estimations Ma

of the masses of the cc̄ states, which are the sum of the self-energies �(Ea) and the bare energies Ea . Finally, in column 15 are reported the
experimental values of the masses of the cc̄ states, as from the PDG [50].

State J PC DD̄ D̄D∗ D̄∗D∗ DsD̄s DsD̄
∗
s D∗

s D̄
∗
s ηcηc ηcJ/
 J/
 J/
 �(Ea) Ea Ma Mexpt.

DD̄∗ D̄sD
∗
s

ηc(11S0) 0−+ – −34 −31 – −8 −8 – – −2 −83 3062 2979 2980
J/
(13S1) 1−− −8 −27 −41 −2 −6 −10 – −2 – −96 3233 3137 3097
ηc(21S0) 0−+ – −52 −41 – −9 −8 – – −1 −111 3699 3588 3637

(23S1) 1−− −18 −42 −54 −2 −7 −10 – −1 – −134 3774 3640 3686
hc(11P1) 1+− – −59 −48 – −11 −10 – −2 – −130 3631 3501 3525
χc0(13P0) 0++ −31 – −72 −4 – −15 0 – −3 −125 3555 3430 3415
χc1(13P1) 1++ – −54 −53 – −9 −11 – – −2 −129 3623 3494 3511
χc2(13P2) 2++ −17 −40 −57 −3 −8 −10 0 – −2 −137 3664 3527 3556
hc(21P1) 1+− – −55 −76 – −12 −8 – −1 – −152 4029 3877 –
χc0(23P0) 0++ −23 – −86 −1 – −13 0 – −1 −124 3987 3863 –
χc1(23P1) 1++ – −30 −66 – −11 −9 – – −1 −117 4025 3908 3872
χc2(23P2) 2++ −2 −42 −54 −4 −8 −10 0 – −1 −121 4053 3932 3927
ηc2(11D2) 2−+ – −99 −62 – −12 −10 – – −1 −184 3925 3741 –

(3770)(13D1) 1−− −11 −40 −84 −4 −2 −16 – 0 – −157 3907 3750 3775

2(13D2) 2−− – −106 −61 – −11 −11 – −1 – −190 3926 3736 –

3(13D3) 3−− −25 −49 −88 −4 −8 −10 – −1 – −185 3936 3751 –

ratio Rρ/ω ≈ 1, between the decay modes X(3872) → J/ψρ
and X(3872) → J/ψω, and for the rate X(3872) → D0D̄0π0,
favor a charmonium cc̄ interpretation for the X(3872). In
Ref. [40], the author uses semiquantitative methods to study
some properties of the X(3872); he points out that the binding
mechanism and the production rates are incompatible with
the molecule interpretation. However, these results have been
criticized in several works [43,74,76–79]. In particular in
Ref. [78], the authors point out that the production rates in the
molecular interpretation are compatible with Tevatron data
once the charm-meson re-scattering effects are taken into

0 1 1 0 1 2 2 2 3 JPC

X 3872

2.8

3.2

3.6

4.0

M
GeV

FIG. 2. (Color online) Comparison between the calculated
masses (black lines) of 1S, 2S, 1P , 2P , and 1D charmonium states
via Eq. (2b) and the experimental ones [50] (blue boxes). The new
values of the parameters of Godfrey and Isgur’s model are taken from
Table IV.

account. In Refs. [80,81] the authors observe also prompt
production from the CDF collaboration and discuss whether a
meson-meson molecule with a dimension of a few fm and
intrinsic fragility can be promptly produced. By contrast,
Refs. [25,29,30,38] suggest a molecular interpretation for the
X(3872).

Finally, we do not think that our previous arguments can,
on their own, clarify the picture of the X(3872) resonance
completely. Thus, we think that it may be necessary to
analyze other properties of this meson, such as strong and
electromagnetic decays, to draw a definitive conclusion.

D. Discussion of the results

In this paper we have presented the results of an unquenched
quark model calculation of the self-energy corrections to the
spectrum of 1S, 2S, 1P , 2P , and 1D charmonium states. In
the unquenched quark model, developed in the baryon sector
in Ref. [51] and in the meson sector in Ref. [31], the effects
of quark-antiquark sea pairs are introduced explicitly into the

TABLE VI. Our UQM result for the mass of the
χc1(23P1) meson, that in our picture corresponds to the
X(3872), is compared to those of other calculations.

χc1(23P1)’s mass (MeV) Reference

3908 This paper
4007.5 [20]
3990 [22]
3920.5 [23]
3896 [26]
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QM through a QCD-inspired 3P0 pair-creation mechanism.
The UQM parameters are fitted to the reproduction of strong
decay widths, as is shown in Sec. III A.

The self-energies are corrections to the bare meson masses
arising from the coupling to the meson-meson continuum.
Neglected in naive QMs, these loop effects provide an
estimation of the quality of the quenched approximation used
in QM calculations in which only valence quarks are taken into
account. Something similar also happens in the case of lattice
QCD, where one has to unquench the calculations to evaluate
the contribution of the sea quarks to a certain observable.
Therefore, one could say that these kinds of studies can
be thought of as tests of the QM and of its range of applicability,
and also as an enlargement of the model. Several studies on
the goodness of the quenched approximation in the QM have
already been conducted, such as those of Refs. [31,51,54], in
both the baryon and meson sectors. If the departure from the
QM results is substantial, one can see new physics emerging
or better extra degrees of freedom. This is the case of the
X(3872), which in our picture can be described as a cc̄ state
plus higher Fock components mainly due to DD̄∗ and D∗D̄∗
loops.

Our results for the self-energies of charmonia show that
the pair-creation effects on the spectrum of heavy mesons
are relatively small. Specifically for charmonium states, they
are of the order of 2–6%, while we have shown in Ref. [31]
that the bottomonium mass shifts induced by the coupling
to the meson-meson continuum are less than approximately
1%. The relative mass shifts, i.e., the difference between the
self-energies of two meson states, are in the order of a few tens
of MeV. However, as QMs can predict the meson masses with
relatively high precision in the heavy quark sector—higher
than can be obtained in the light meson sector or in baryon
spectroscopy—even these corrections can become significant,
such as in the case of the X(3872).

It is interesting that the relative contribution of these cor-
rections to meson masses decreases as the masses of the con-
stituent quarks involved in the calculation increase. Moreover,
qq̄ pair creation is a relativistic effect, i.e., more important for
low energy states. This is why we think that it would be quite
interesting to use this formalism in the study of light mesons,
for which relativistic effects, including qq̄ pair creation, could
make important corrections to the meson masses.

In conclusion, in this paper we have calculated the
charmonium spectrum with self-energy corrections due to
coupling to the meson-meson continuum. In particular we
have analyzed the case of the X(3872) resonance and we can
say that, in our picture, it is a χc1(23P1) cc̄ meson with 1++
quantum numbers.
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APPENDIX A: SUf(4) COUPLINGS

The SUf(4) flavor couplings that we have to calculate
in the 3P0 model are 〈FB(14)FC(32)|FA(12)F0(34)〉 for the
first diagram of Fig. 1, and 〈FB(32)FC(14)|FA(12)F0(34)〉 for
the second diagram, where FX(ij ) represents the flavor wave
function for the meson X (i.e., the initial meson A, the final
mesons B and C or the 3P0 created pair 0) made up of the
quarks i and j . These overlaps can be easily calculated if we
adopt a matrix representation of the mesons [19]. In this case,
the two diagrams become, respectively,

〈FB(14)FC(32)|FA(12)F0(34)〉 = Tr
[
FAFT

B F0F
T
C

]
= 1

2 Tr
[
FAFT

B F T
C

]
,

〈FB(32)FC(14)|FA(12)F0(34)〉 = Tr
[
FAFT

C F0F
T
B

]
= 1

2 Tr
[
FAFT

C FT
B

]
. (A1)

For the SUf(5) flavor couplings, which have already been
used for the bottomonium self-energies in a preceding paper
[31], the formulas are

〈FB(14)FC(32)|FA(12)F0(34)〉 = Tr
[
FAFT

B F0F
T
C

]
= 1√

5
Tr

[
FAFT

B F T
C

]
,

〈FB(32)FC(14)|FA(12)F0(34)〉 = Tr
[
FAFT

C F0F
T
B

]
= 1√

5
Tr

[
FAFT

C FT
B

]
. (A2)

APPENDIX B: EFFECTIVE STRENGTH γ eff
0

It is known that the standard 3P0 model should not be
applied for heavy-quark pair creation [31]; alternatively,
the contribution from heavy channels should somehow be
suppressed. Thus, to minimize the contributions from cc̄ loops
in Eq. (6), we use the modified pair-creation mechanism
of Refs. [22,31]. This involves substituting the pair-creation
strength of the 3P0 model γ0, with an effective strength γ eff

0 ,
defined as

γ eff
0 = mn

mi

γ0, (B1)

with i = n (i.e., u or d), s, c, and b (see Table II).
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