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ηc-nucleus bound state energies are calculated for various nuclei. Essential input for the calculations, 
namely the medium-modified D and D∗ meson masses, as well as the density distributions in nuclei, 
are calculated within the quark-meson coupling (QMC) model. The attractive potentials for the ηc meson 
in the nuclear medium originate from the in-medium enhanced D D∗ loops in the ηc self-energy. Our 
results suggest that the ηc meson should form bound states with all the nuclei considered.
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1. Introduction

The study of the interactions of charmonium states, such as 
ηc and J/�, with atomic nuclei offers opportunities to gain new 
insight into the properties of the strong force and strongly inter-
acting matter [1,2]. Because charmonia and nucleons do not share 
light quarks, the Zweig rule suppresses interactions mediated by 
the exchange of mesons made of light quarks. It is therefore vital 
to explore other potential sources of attraction which could poten-
tially lead to binding of charmonia to atomic nuclei.

A large body of work looking for alternatives to the meson-
exchange paradigm has accumulated over the last three decades [3–
6]. There are works based on the charmonium color polariz-
ability [7,8], responsible for long-range van der Waals type of 
forces [9–16]. Others employ charmed meson loops, with light 
quarks created from the vacuum [13,17–20]. There are studies 
based on QCD sum rules [21–24] and phenomenological poten-
tials [25,26]. More recently, there appeared lattice QCD simulations 
of the binding of charmonia to nuclear matter and finite nu-
clei [27], as well as light mesons and baryons [28]. The lattice 
QCD simulations of Ref. [27] have demonstrated that quarkonium-
nucleus bound states exist for A < 5. Ref. [27] also infers a 
charmonium-nuclear matter binding energy B N M ∼ 60 MeV. How-
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ever, these simulations have been performed at the flavor SU (3)-
symmetric point, with unphysical pion masses, mπ ∼ 805 MeV.

Model studies have suffered from scarce experimental data 
on the low-energy charmonium-nucleon interaction. However, this 
situation started to change for the J/� case with the recent mea-
surement, by the JLab GlueX Collaboration [29], of the γ p →
J/� p total cross section near threshold. It will further improve 
with the completion of other close-to-threshold J/� photopro-
duction experiments at JLab [30,31]. Regarding production on nu-
clei, there is a JLab proposal to measure J/� photoproduction 
off the deuteron [32]. On the other hand, unfortunately, there 
are not many experiments specially directed towards the ηc me-
son and its binding to nuclei, perhaps because it is more difficult 
to produce and detect. Recent studies on ηc production in heavy 
ion collisions (pp, p A, A A) at the LHC have been carried out in 
Refs. [33–37] towards the experimental study of its underlying pro-
duction mechanisms. However, J/� measurements are a first step 
towards to experimental study of binding of charmonia to nuclei. 
From the theory side, lattice QCD simulations of the free-space 
charmonium-nucleon interaction have become available within the 
last decade [38–42]. Unfortunately they have either been quenched 
or used large pion masses, which therefore require extrapolation to 
the physical mass [16].

Although crucial for constraining models, experimental knowl-
edge of the free-space charmonium-nucleon interaction is not 
enough for assessing the likelihood of charmonium binding in 
nuclei. The overwhelming evidence that the internal structure of 
hadrons changes in medium [4,6,43,44] must be taken into ac-
count when addressing charmonium in nuclei. As shown in pre-
le under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by 
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vious studies [13,17–20], the effect of the nuclear mean fields on 
subthreshold D D̄ states is of particular relevance. Those studies 
have revealed that modifications induced by the strong nuclear 
mean fields on the D mesons’ light-quark content enhance the 
self-energy in such a way as to provide an attractive J/�−nucleus 
effective potential. In the present paper we extend our previous 
study on the J/�-nucleus bound states [17,19] to the case of ηc

charmonium. ηc-nucleus bound states have also been predicted 
in other approaches [1,2,11,21,24], albeit with predictions for the 
binding energies varying over a wide range.

It is worth stressing that compared to the situation for the 
lighter φ meson [45–54], which couples strongly to above-threshold 
K K̄ states, the charmonium states are expected to have a small 
width in medium and therefore the signal for the formation of 
such bound states may be experimentally cleaner.

This paper is organized as follows. In Sec. 2 we discuss the 
computation and present results for the mass shift of the ηc in 
symmetric nuclear matter. Using the results of Sec. 2, together 
with the density profiles of the nuclei calculated within the quark-
meson coupling model, in Sec. 3 we present results for the scalar 
ηc-nucleus potentials, as well as the corresponding bound state en-
ergies. Finally, Sec. 4 is devoted to a summary and conclusions.

2. Calculation of the ηc scalar potential in symmetric nuclear 
matter

For the computation of the ηc scalar potential in nuclear matter 
we use an effective Lagrangian approach at the hadronic level [55], 
which is an SU (4)-flavor extension of light-flavor chiral-symmetric 
Lagrangians of pseudoscalar and vector mesons [56].

The extracted interaction Lagrangian density for the ηc D D∗ ver-
tex is given by

Lηc D D∗ =
igηc D D∗(∂μηc)

[
D̄∗μ · D − D̄ · D∗μ]

−igηc D D∗(ηc)
[

D̄∗μ · (∂μD) − (∂μ D̄) · D∗μ]
, (1)

where D(∗) represents the D(∗)-meson field isospin doublet, and 
gηc D D∗ is the coupling constant to be specified below.

We employ the effective interaction Lagrangian Eq. (1) to com-
pute the ηc and self energy in vacuum and symmetric nuclear 
matter, following our previous works [17–20,50–54], and consid-
ering only they would be dominant D D∗ loop. The ηc self-energy 
is thus given by

�ηc (k
2) = 8g2

ηc D D∗

π2

∞∫
0

dk k2 I(k2) (2)

for an ηc at rest, where

I(k2) = m2
ηc

(−1 + k0 2/m2
D∗)

(k0 + ωD∗)(k0 − ωD∗)(k0 − mηc − ωD)

∣∣∣∣∣
k0=mηc −ωD∗

+ m2
ηc

(−1 + k0 2/m2
D∗)

(k0 − ωD∗)(k0 − mηc + ωD)(k0 − mηc − ωD)

∣∣∣∣∣
k0=−ωD∗

,

(3)

and ωD(∗) = (k2 + m2
D(∗) )

1/2, with k = |�k|. The integral in Eq. (2)
is divergent and thus needs regularization. For this purpose we 
employ a phenomenological vertex form factor

uD(∗) (k2) =
(


2
D(∗) + m2

ηc


2 + 4ω2 (k2)

)2

, (4)

D(∗) D(∗)

2

with cutoff parameter 
D(∗) , as in Refs. [17–20,50–54]. Thus, to 
regularize Eq. (2) we will introduce the factor uD (k2)uD∗ (k2) into 
the integrand.

The cutoff parameter 
D (we use 
D∗ = 
D ) is an unknown 
input to our calculation. However, it may be determined phe-
nomenologically using, for example, a quark model. In fact, in 
Ref. [17] its value has been estimated to be 
 ≈ 2500 MeV, and 
it serves us as a reasonable guide to quantify the sensitivity of our 
results to its value. Therefore we vary it over the interval 1500-
3000 MeV.

Because SU (4) flavor symmetry is strongly broken in Nature, 
we use experimental values for the meson masses [57] and em-
pirically known values for the coupling constants, as explained 
below. For the D meson mass, we take the averaged masses of 
the neutral and charged states, and similarly for the D∗ . Thus 
mD = 1867.2 MeV and mD∗ = 2008.6 MeV. For the coupling con-
stants, gηc D D∗ = 0.60 gψ D D was obtained in Ref. [58] as the residue 
at the poles of suitable form factors using a dispersion formulation 
of the relativistic constituent quark model, where gψ D D = 7.64
was estimated in Ref. [59] using the vector meson dominance 
model and isospin symmetry. In this study we use the coupling 
constant, gηc D D∗ = (0.60/

√
2) gψ D D 	 0.424 gψ D D , where the fac-

tor (1/
√

2) is introduced to give a larger SU (4) symmetry breaking 
effect than Ref. [58]. In this connection we mention that recent 
investigations of SU (4) flavor symmetry breaking in hadron cou-
plings of charmed hadrons to light mesons are not conclusive; 
while two studies based on Schwinger-Dyson equations of QCD 
find large deviations from SU (4) symmetry [60,61], studies using 
QCD sum rules [62,63], a constituent quark model [64] and a holo-
graphic QCD model [65] find moderate deviations.

We are interested in the difference between the in-medium, 
m∗

ηc
, and vacuum, mηc , masses of the ηc ,

�mηc = m∗
ηc

− mηc , (5)

with the masses obtained self-consistently from

m2
ηc

= (m0
ηc

)2 + �ηc (k
2 = m2

ηc
), (6)

where m0
ηc

is the bare ηc mass and �ηc (k
2) is given by Eq. (2). 

The 
D -dependent ηc-meson bare mass, m0
ηc

, is fixed by fitting 
the physical ηc-meson mass, mηc = 2983.9 MeV.

The in-medium ηc mass is obtained in a similar way, with 
the self-energy calculated with the medium-modified D and D∗
masses. The nuclear density dependence of the ηc-meson mass 
is determined by the intermediate-state D and D∗ meson inter-
actions with the nuclear medium through their medium-modified 
masses. The in-medium masses m∗

D and m∗
D∗ are calculated within 

the quark-meson coupling (QMC) model [17,18], in which effective 
scalar and vector meson mean fields couple to the light u and d
quarks in the charmed mesons [17,18]. The QMC model has proven 
to be very successful in studying the properties of hadrons in 
nuclear matter and finite nuclei [66–70]. This model considers in-
finitely large, uniformly symmetric, spin-isospin-saturated nuclear 
matter in its rest frame, where all the scalar and vector mean field 
potentials, which are responsible for the nuclear many-body inter-
actions, become constant in the Hartree approximation [66,69,70].

In Fig. 1 we present the resulting medium-modified masses for 
the D and D∗ mesons, calculated within the QMC model [17], as 
a function of ρB/ρ0, where ρB is the baryon density of nuclear 
matter and ρ0 = 0.15 fm−3 is the saturation density of symmetric 
nuclear matter. The net reductions in the masses of the D and D∗
mesons are nearly the same as a function of density, with each 
decreasing by around 60 MeV at ρ0.

The behavior of the D meson mass in medium (finite density 
and/or temperature) has been studied in a variety of approaches. 
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Fig. 1. In-medium D and D∗ meson masses calculated within the QMC model. 
Adapted from Ref. [17].

Fig. 2. ηc mass shift as a function of the nuclear matter density for various values 
of the cutoff parameter.

Some of these [71–73] find a decreasing D meson mass at finite 
baryon density, while others [74–78], interestingly, find the oppo-
site behavior. However, it is important to note that none of the 
studies in nuclear matter are constrained by the saturation prop-
erties of nuclear matter, although it is constrained in the case of 
the present work. Furthermore, some of these works employ a non 
relativistic approach and relativistic effects might be important.

In Fig. 2, we present the ηc-meson mass shift, �mηc , as a func-
tion of the nuclear matter density, ρB , normalized to ρ0, for four 
values of the cutoff parameter 
D . As can be seen from the figure, 
the effect of the in-medium D and D∗ mass change is to shift the 
ηc mass downwards. This is because the reduction in the D and 
D∗ masses enhances the D D∗-loop contribution in nuclear mat-
ter relative to that in vacuum. This effect increases the larger the 
cutoff mass 
D .

The results described above support a small downward mass 
shift for the ηc in nuclear matter and open the possibility to study 
the binding of ηc mesons to nuclei, to which we turn our attention 
in the next section.

3. ηc -nucleus bound states

We now discuss the situation where the ηc -meson is produced 
inside a nucleus A with baryon density distribution ρ A

B (r). The nu-
clei we consider here are 4He, 12C, 16O, 40Ca, 48Ca, 90Zr, 197Au, 
and 208Pb. Their nuclear density distributions are also calculated 
within the QMC model, except for 4He, whose parametrization was 
obtained in Ref. [79]. Using a local density approximation, the ηc -
meson potential within nucleus A is given by

Vηc A(r) = �mηc (ρ
A
B (r)), (7)
3

Table 1
ηc -nucleus bound state energies for different values of the cutoff parameter 
D . All 
dimensionful quantities are in MeV.

n� Bound state energies


D = 1500 
D = 2000 
D = 2500 
D = 3000
4
ηc

He 1s −1.49 −3.11 −5.49 −8.55

12
ηc

C 1s −5.91 −8.27 −11.28 −14.79
1p −0.28 −1.63 −3.69 −6.33

16
ηc

O 1s −7.35 −9.92 −13.15 −16.87
1p −1.94 −3.87 −6.48 −9.63

40
ηc

Ca 1s −11.26 −14.42 −18.31 −22.73
1p −7.19 −10.02 −13.59 −17.70
1d −2.82 −5.22 −8.36 −12.09
2s −2.36 −4.51 −7.44 −10.98

48
ηc

Ca 1s −11.37 −14.46 −18.26 −22.58
1p −7.83 −10.68 −14.23 −18.32
1d −3.88 −6.40 −9.63 −13.41
2s −3.15 −5.47 −8.54 −12.17

90
ηc

Zr 1s −12.26 −15.35 −19.14 −23.43
1p −9.88 −12.86 −16.53 −20.70
1d −7.05 −9.87 −13.38 −17.40
2s −6.14 −8.87 −12.29 −16.24
1f −3.90 −6.50 −9.81 −13.65

197
ηc

Au 1s −12.57 −15.59 −19.26 −23.41
1p −11.17 −14.14 −17.77 −21.87
1d −9.42 −12.31 −15.87 −19.90
2s −8.69 −11.53 −15.04 −19.02
1f −7.39 −10.19 −13.70 −17.61

208
ηc

Pb 1s −12.99 −16.09 −19.82 −24.12
1p −11.60 −14.64 −18.37 −22.59
1d −9.86 −12.83 −16.49 −20.63
2s −9.16 −12.09 −15.70 −19.80
1f −7.85 −10.74 −14.30 −18.37

where r is the distance from the center of the nucleus.
In Fig. 3 we present the ηc-meson potentials for a selection 

of the nuclei mentioned above and various values of the cutoff 
parameter 
D . From the figure one can see that the ηc potential 
in nuclei is attractive in all cases but its depth depends on the 
value of the cutoff parameter, being deeper the larger 
D is. For 
example, it varies, from −18 MeV to −32 MeV for 4He and from 
−15 MeV to −26 MeV for 208Pb, when the cutoff varies from 1500 
MeV to 3000 MeV. This dependence is, indeed, an uncertainty in 
the results obtained in our approach.

Using the ηc-meson potentials obtained in this manner, we next 
calculate the ηc -meson–nucleus bound state energies for the nuclei 
listed above by solving the Klein-Gordon equation(
−∇2 + μ2 + 2μV (�r)

)
φηc (�r) = E2φηc (�r), (8)

where μ = mηc mA/(mηc + mA) is the reduced mass of the ηc-
meson-nucleus system with mηc (mA ) the mass of the ηc -meson 
(nucleus A) in vacuum, and V (�r) is the ηc-meson-nucleus poten-
tial given in Eq. (7).

The bound state energies (E) of the ηc -nucleus system, given 
by E = E −μ, where E is the energy eigenvalue in Eq. (8), are cal-
culated for four values of the cutoff parameter 
D and are listed 
in Table 1. These results show that the ηc -meson is expected to 
form bound states with all the nuclei studied and this prediction 
is independent of the value of the cutoff parameter 
D . However, 
the particular values for the bound state energies are clearly de-
pendent on 
D , namely, each of them increases in absolute value 
as 
D increases. This was expected from the behavior of the ηc
potentials, since these are deeper for larger values of the cutoff 
parameter. Note also that the ηc binds more strongly to heavier 
nuclei. We have also solved the Schröedinger equation with the 
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Fig. 3. ηc -nucleus potentials for various nuclei and values of the cutoff parameter 
D .
potential Eq. (7) to obtain the single-particle energies [6] and com-
pared these with those given in Table 1. The results found in both 
cases are essentially the same.

Note that we have ignored the natural width of 32 MeV in free 
space of the ηc but understand this could be an issue related to 
the observability of the predicted bound states. Furthermore, we 
have no reason to believe the width will be suppressed in medium. 
Thus, even though it could be difficult to resolve the individual 
states, it should be possible to see that there are bound states 
which is the main point of this work. It remains to be seen by 
how much the inclusion of a repulsive imaginary part will affect 
the predicted bound states. We believe this can be done in future 
work.

Another effect that could potentially have important conse-
quences for the formation of the bound states presented here, 
since it is repulsive, is the Ericson-Ericson-Lorentz-Lorenz (EELL) 
double scattering correction. However, we estimate that this effect, 
even though it may play an important role for the light isoscalar 
η meson [80], is much reduced in the present case. This is be-
cause in the QMC model we work at the Hartree level and ignore 
the effect of nucleon correlations, or nonlocal interactions. Further-
more the EELL effect was aimed at low energy pion scattering with 
the assumption qr → 0. For heavy mesons like the ηc the mo-
menta are much higher and the inverse correlation length < 1/r >

that appears in the EELL effect will certainly be much reduced by 
cancellations associated with the oscillatory behavior of the expo-
nential. This plus the fact that we only work at the Hartree level 
and ignore exchange corrections that appear in the Hartree-Fock-
based treatment.

4. Summary and discussion

We have calculated the spectra of ηc -nucleus bound states for 
various finite nuclei. The meson-nucleus potentials were calculated 
4

using a local density approximation, with the inclusion of the D D∗
meson loop in the ηc self-energy. The nuclear density distributions, 
as well as the in-medium D and D∗ meson masses were consis-
tently calculated by employing the quark-meson coupling model. 
Using the meson potentials in nuclei, we have solved the Klein-
Gordon equation and obtained meson–nucleus bound state ener-
gies. The sensitivity of our results to the cutoff parameter 
D used 
in the vertex form factors appearing in the ηc self-energy has also 
been explored. Interestingly, the ηc-nucleus bound state energies 
calculated here are larger than the corresponding J/� energies 
calculated in Ref. [18], by some of us, using the same approach. 
Needless to say, this deserves further investigation.

Our results show that one should expect the ηc to form bound 
states for all the nuclei studied, even though the precise values of 
the bound state energies are dependent on the cutoff mass values 
used in the form factors. The discovery of such bound states would 
represent an important step forward in our understanding of the 
nature of strongly interacting systems.
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