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We studied the struture and formation spetra of harmed meson-nuleus systems, with the

aim of understanding the harmed meson-nuleon interations and the properties of the harmed

mesons in the nulear medium. The

¯

Dmesi nulei are of speial interest, sine they have tiny de-

ay widths due to the absene of strong deays for the

¯

DN pair. Employing an effetive model for

the

¯

DN and DN interations and solving the Klein�Gordon equation for

¯

D and D in �nite nulei,

we found that the D

−
-

11

B system has 1s and 2p mesi nulear states and that the D

0

-

11

B system

binds in a 1s state. We also alulated the formation spetra of the [D−
-

11

B] and [D0

-

11

B] mesi

nulei for an antiproton beam on a

12

C target. Our results suggest that it is possible to observe

the 2p D

−
mesi nulear state with an appropriate experimental setup, although its ontribution

is very small ompared to the quasifree ontribution.
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1. Introdution

The study of hadron-nuleus systems is one of the ways to provide us with information on

the properties of hadron in nulear medium. The hadron-nuleus bound systems are lassi�ed into

two ategories; one is Coulomb-assisted atomi states and the other is nulear states generated by

the strong interation. Among them, pioni and kaoni atoms have been intensively investigated

over the years[1, 2, 3, 4, 5, 6℄. Reently, the properties of harmed mesons in nuleus are very

interesting subjets beause of improvements of experimental failities whih generates plenty of

harmed mesons. One of the �rst works on harmed mesi nulei was done in Ref. [7℄, where the

1s, 2s and 1p nulear states of D

−
in

208

Pb were evaluated using the quark-meson oupling model

of Ref. [8℄. The nulear energy levels of the

¯

Dmeson in

208

Pb and

40

Ca were obtained in [9℄ within

a model for the harmed meson-nuleon interation based on the pion exhange. In addition,

¯

DNN

and

¯

D

∗
NN bound states were predited in [10, 11℄ as well as a bound state of DNN in [12℄.

In this paper, we investigate of the possibility of observing D

−
-

11

B and D

0

-

11

B bound states in

12

C( p̄,D+
) and

12

C( p̄, ¯D0

) nulear reations. Although we expet that the harmed meson ould be

bound in nuleus. However, it isn't equal that we ould observe the bound states in the formation

spetra. The aim of this paper is to show the formation spetra via p̄ beam with the Green's funtion

method. This work is based on our reent results [13℄.

2. Formulation

From the harmed meson-nuleon sattering amplitudes and orresponding harmed meson

self-energies in Refs. [14, 15, 16℄, we obtain the optial potential of a meson in the nuleus, whih

is essential to alulate the formation spetra of the meson-nuleus bound states. Relying on the

loal density approximation, we evaluate the optial potential for the D

−
(D

0

) mesons. Figs. 1

and 2 show the optial potential with

11

B for D

−
meson and D

0

meson, respetively. We note

that, aording to the harmed meson-nuleon sattering amplitudes and self-energies, the present

optial potentials we used depend on energy.

We solve the Klein-Gordon equation with the potentials to obtain the bound states.

[−Ñ2+m

2+2mV

opt

(r,E)]f(r) = (E−V

oul

(r))2f(r) (2.1)

Here, m is the meson-nuleus redued mass and V

oul

(r) is the Coulomb potential with a �nite

nulear size. For the D

0

meson ase, the Coulomb potential term should be removed. We show the

alulated binding energies of D

−
meson and D

0

meson nulear bound states for

11

B in Table 1.

The atomi states of D

−
meson in

11

B were shown in Table 1 of Ref. [13℄.

D

−
meson D

0

meson

State binding energy [MeV℄ width [MeV℄ binding energy [MeV℄ width [MeV℄

1s 21.7 0.5 6.5 10.8

2p 14.5 2.4 � �-

Table 1: Binding energies and widths of D

−
meson and D

0

meson-nulear states in

11

B.
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Figure 1: Optial potential for D

−
-

11

B systems as funtion of radial r at E = 0 [MeV℄. Solid line is the real

part and dashed line is the imaginary part.

These states are produed by the

12

C( p̄,D+) and 12

C( p̄, ¯D0

) reations. Their formation spetra

in this work are alulated in the following manner. First, we separate the ross setion into the

nulear response funtion S(E) and the elementary ross setion for the p(p̄, ¯D)D reation within

the impulse approximation for D meson prodution

(

d

2

s

dWdE

D

)

A( p̄, ¯D)(A−1)⊗D
=

(

ds

dW

)

LAB

p( p̄, ¯D)D
×S(E

D

) . (2.2)

The differential ross setion of the elementary proess p(p̄, ¯D)D in the laboratory frame (LAB),

(ds/dW)LAB
p( p̄, ¯D)D

, an be evaluated using some appropriate models or be taken from experimental
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Figure 2: Optial potential for D

0

-

11

B systems as funtion of radial r at E = 0 [MeV℄. Solid line is the real

part and dashed line is the imaginary part.
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Figure 3: Momentum transfer as a funtion of the antiproton momentum in the LAB frame.

data. For this ross setion, we use the theoretial results of Ref. [17℄. The nulear response fun-

tion S(E
D

) ontains information on the dynamis between D-meson and the �nal (A−1) nuleus.

To alulate the nulear response funtion, we employ the Green's funtion method. Namely, the

nulear response funtion with a omplex potential is formulated in Ref. [18℄ as

S(E
D

) =−
1

p

Im

å

f

∫

d

3

rd

3

r

′
t

�

f

(rrr)G(E
D

;r

r

r,rrr′)t
f

(rrr′), (2.3)

where t

f

denotes the transition amplitude of the initial state p̄+A

Z to the proton�hole �nal nuleus

and the outgoing D-

¯

D meson pair, and G(E
D

;r

r

r,rrr′) is the Green's funtion of the D meson inter-

ating with the nuleus. The summation is taken over all possible �nal states f . The detail of this

formulation is written in Ref. [13℄.

3. Numerial Results

We show our numerial results for the formation spetra of the D

−
- and D

0

-

11

B systems,

whih are produed in the

12

C( p̄,D+
) and

12

C( p̄, ¯D0

) reations, respetively. We onsider forward

sattering for the outgoing D

+
or

¯

D

0

meson to maximally suppress the momentum transferred to

the mesi nulear bound states. In Fig. 3, we show the momentum transfer in these reations as

a funtion of the antiproton momentum in the LAB frame. We see the large momentum transfer

about 1 GeV/.

In this work, we use the inident antiproton beam as 8 GeV/, at whih we expet to obtain,

both a large elementary ross setion [19℄ and a momentum transfer lose to the smallest possible,

as seen in Fig. 3. From the theoretial results of Ref. [17℄, we take 760 nb/sr for the pp̄→ D

+
D

−

reation and 40 nb/sr for the pp̄→D

0

¯

D

0

reation for the differential ross setion of the elementary

proess (ds/dW)LAB at forward angle of the emitted D

+/ ¯D0

meson. Thus, at P

p̄

= 8 GeV/.

Fig. 4 shows the alulated spetrum of

12

C( p̄,D+
) reation as a funtion of the emitted D

+

meson energy. This reation produes the D

−
meson bound states. We an see a bump struture

3
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Figure 4: Calulated spetra of

12

C(p̄,D+
) reation as a funtion of the emittedD

+
meson energy at forward

angle [13℄. The inident antiproton beam is 8 GeV/. The partial ontributions of some shell on�gurations

of the �nal nuleus are also shown in the �gure. The vertial dashed line indiates theD

−
meson prodution

threshold.

around T

D

+ = 5250 MeV plaed below the D

−
prodution threshold. We have heked that this

omes from the ontribution of the 2p bound state oupled to the 1p

3/2 hole state. However,

its ontribution is very small ompared to the quasifree ontribution above the D

−
prodution

threshold, whih is aused by the large momentum transfer in the reation.

Fig. 5 shows the alulated spetrum of

12

C( p̄, ¯D0

) reation as a funtion of the emitted

¯

D

0

meson energy. In this spetrum, we do not see any peak struture of the 1s nulear state listed in

Table 1. This is again beause of the large momentum transfer of the reation.
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Figure 5: Same as in Fig. 4, but for the

12

C(p̄, ¯D0

) reation as a funtion of the emitted

¯

D

0

meson energy at

forward angle [13℄.
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4. Summary

In this work we have alulated the formation spetra of the harmed/anti-harmed mesi

nulear states in the

12

C( p̄,D+
) and

12

C( p̄, ¯D0

) antiproton reations.

First, we have solved the Klein-Gordon equation to obtain the bound states. We have found 1s

and 2p nulear states for the D

−
meson and only the 1s level for the D

0

meson.

Next, we have alulated the harmed and anti-harmed mesi nulear formation spetra by

employing the Green's funtion method. The momentum of the antiproton beam has been �xed

8 GeV/, and the �nal meson D

+
/

¯

D

0

are taken in the forward diretion. We have found that we

ould see the 2p D

−
bound state in the formation spetrum as a small peak. However, its peak

struture is very small ompared to the quasifree ontribution. For the D

0

meson ase, we ouldn't

see any peak strutures from the bound states. The main reason is the large momentum transfer of

this formation reation.

To see the bound states more learly, we should onsider different prodution reations with

small momentum transfer. One possibility is to examine the ( p̄,D+N) and ( p̄,D+2N) reations,

with a muh smaller or even zero momentum transfer, although the formation ross setions ould

be suppressed as well beause of the omplexity of the reation mehanisms.
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