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We study the interaction of a neutron with the D̄�
s0ð2317Þ resonance and look at the amplitude below

threshold and close above threshold. The study is done from the perspective that the D�
s0ð2317Þ resonance

is a molecular state of DK in I ¼ 0. To study this interaction, we use the fixed center approximation to
Faddeev equations that considers the DK molecule as the cluster and the neutron as the external particle.
We improve the fixed center approach to implement elastic unitarity around threshold, which is needed to
obtain scattering parameters and to evaluate the nD̄�

s0ð2317Þ correlation function that we determine here.
One interesting result of the study is the appearance of a resonant state below threshold with a binding of
about 130 MeV and a width of about 80 MeV, which we suggest to look at in reactions measuring the
invariant mass of πΣD̄. The ALICE collaboration has initiated studies of this type, by looking at the
pf1ð1285Þ correlation function, and we can only encourage work in this direction, which should provide
much valuable information on the nature of many resonant states.

DOI: 10.1103/bb31-rdjb

I. INTRODUCTION

Correlation functions are gradually catching up as a tool
to learn about hadron interactions, particularly for pairs of
hadrons, which cannot be formed in scattering experiments
[1,2]. Theoretical work on this issue follows [3–26]. The
combination of data from correlation functions and spec-
troscopy measurements has proved particularly useful to
learn about hadron dynamics [27]. A recent update of
theoretical and experimental papers on the issue can be
seen in Refs. [24,28]. Given the success of two body
correlations, the idea has been extended to the study of
three body correlations [29–34]. While certainly some
dynamical information can be obtained from these studies,
we take advantage to warn one about the goal of finding the
three body forces from there, since they are not an
observable, in the sense that they are tied to the implicit
off shell dependence of the two body amplitudes of the
model used to analyze the data. This has been discussed in

Ref. [28] and the extreme model dependence of the induced
three body force has been shown in Ref. [35] (see also
Refs. [36,37]). Yet, we find quite instructive the study of the
correlation function of a particle, and a resonance, particu-
larly if this resonance is a dynamically generated state from
the interaction of two other particles. Work in this direction
has already begun with the measurement of the correlation
function of a proton and the f1ð1285Þ [38]. The f1ð1285Þ
state appears as a dynamically generated state from the
interaction of K�K̄ − K̄�K in isospin I ¼ 0 [39–44], and
experimentally it is observed from a cluster of KK̄π [38].
In Ref. [28] the theoretical study of the correlation

function for the pf1ð1285Þ system was undertaken, and
it was found to have some sizeable structure, starting from a
value around 0.4 at threshold and converging smoothly to 1
around 300 MeV=c. The system was found to develop a
bound state around 40 MeV below threshold, with a width
of about 70 MeV, stemming mostly from the decay of pK̄
to πΣ. Most notably, it was also shown that the correlation
function and the possible state below threshold were quite
different if the f1ð1285Þ resonance were an ordinary meson
state rather than a molecule of K�K̄ − K̄�K nature. In
Ref. [28], the correlation function was obtained using the
scattering matrices of a proton with a cluster of K�K̄, K̄�K
nature, which were obtained using the fixed center approxi-
mation (FCA) to the Faddeev equations [45–51]. One of the
issues raised in Ref. [28] was the one of the elastic unitarity
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of the three body amplitude obtained. It was shown to be
satisfied only approximately, but it was restored by renorm-
alizing the amplitude with a factor close to unity. In the
present work we shall devote some attention to this problem
and provide a general framework that respects the elastic
unitarity, and apply the method to a different problem, the
interaction of a neutron with the D̄�

s0ð2317Þ state.
The D�

s0ð2317Þ state is again an example of a dynami-
cally generated state. It is generated from the channels
D0Kþ, DþK0, and Dþ

s η [52–59], being mostly a DK state
in isospin I ¼ 0. This is also supported by lattice QCD
simulations [60–63], and a detailed analysis of lattice QCD
data done in Ref. [64] quantifies the probability of DK in
the wave function of the D�

s0ð2317Þ around 72%. The state
is bound by about 42 MeV with respect to the D0Kþ

threshold and decays to the Dþ
s π

0 channel [65], an isospin
violating mode, as a consequence of which the width is
extremely small (< 3.8 MeV).
We have chosen the nD̄�

s0ð2317Þ instead of the
pD�

s0ð2317Þ, for two reasons. One is technical, since the
system chosen has no Coulomb interaction, which sim-
plifies the formalism, and more important, we have the nK̄
interaction, which is attractive and leads to the Λð1405Þ.
Then we can hope to get some bound state of nD̄�

s0ð2317Þ
which will have repercussions on the correlation function
of this system, reflecting the molecular nature of the
D�

s0ð2317Þ state. We should note that the system nD̄K̄
has been studied in Ref. [66] and a bound state of this
system is found. Our aim is different since we want to
evaluate the correlation function of nD̄�

s0ð2317Þ and the
experimentalist isolates the D̄�

s0ð2317Þ and the neutron, so
we are dealing with a particular configuration in the whole
nD̄ K̄ system and study it above the nD̄�

s0ð2317Þ threshold.

This paper is organized as follows. In Sec. II, we explain
the improved formalism of the FCA to implement elastic
unitarity around threshold and to evaluate the nD̄�

s0ð2317Þ
correlation function. In Sec. III, we show our numerical
results, and Sec. IV is devoted to conclusions.

II. FORMALISM

A. FCA

The FCA has been often used to study three body
systems and in some cases it has been tested with results
using Faddeev or variational calculations aiming at getting
bound states of the systems. For instance, the DND� state
has been studied in Ref. [67] using the Gaussian expan-
sion method [68,69], and in Ref. [70] using the FCA, with
similar results. Similarly, the D�D�D� system has been
studied in Ref. [71] using the Gaussian expansion method
and in Ref. [72] with the FCA with similar results, and
also similar to those found in Ref. [73] using the ladder
amplitude formalism. The limits to the use of FCA can
also be seen when applied to obtain states above threshold
[74]. More information on the issue can be found in the
review paper [75].
In the FCA to nðD̄K̄Þcluster, with the cluster in I ¼ 0,

we have the diagrams as shown in Fig. 1. Taking into
account that the D̄K̄ has isospin I ¼ 0, the nD̄ interaction
in Fig. 1(a) is given in Refs. [28,76–79] as

t1 ¼
3

4
tð1ÞnD̄ þ 1

4
tð0ÞnD̄;

t2 ¼
3

4
tð1ÞnK̄ þ 1

4
tð0ÞnK̄; ð1Þ

FIG. 1. Diagrams appearing in the FCA to the nðD̄ K̄Þcluster interaction.
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where tðIÞnD̄ is the scattering matrix of nD̄ in isospin I, and

tðIÞnK̄ the nK̄ scattering matrix in the isospin I. We show these
matrices in the Appendix.
We divert a bit from the formalism of Ref. [28] and write

four partition functions, Tij with i, j ¼ 1, 2. T11 sums all
the diagrams where the neutron collides first with particle 1
of the cluster (the D̄) and finishes with a collision with
particle 1. T12 sums all diagrams where the first collision is
with particle 1 and the last one with particle 2 (the K̄). T21

sums all diagrams where the first collision is with particle 2
and the last one with particle 1 and, finally, in T22 the first
collision is with particle 2 and the last one with particle 2. A
similar splitting of the partition functions was done
in Ref. [80].
With the previous definitions, it is easy to see the coupled

equations,

T11 ¼ t1 þ t1G̃T21;

T12 ¼ t1G̃T22;

T21 ¼ t2G̃T11;

T22 ¼ t2 þ t2G̃T12; ð2Þ

where G̃ in the nucleon propagator folded with the cluster
wave function that we detail below. Equation (2) have a
trivial solution as

T11¼
t1

1− t1t2G̃
2
; T22¼

t2
1− t1t2G̃

2
;

T12¼T21¼
t1t2G̃

1− t1t2G̃
2
: ð3Þ

The total scattering amplitude is given by

T ¼ T11 þ T22 þ T21 þ T12 ¼
t1 þ t2 þ 2t1t2G̃

1 − t1t2G̃
2

: ð4Þ

This is the same expression obtained in Refs. [28,76,77],
but the new separation shows the meaning of each term in
the total T matrix of Eq. (4).
Once again, following the formalism of Refs. [28,76,77],

we implement weight factors to go from the nD̄, nK̄ frames
where the Smatrix is written in terms of t1, t2 amplitudes, to
the framewhere theSmatrix iswritten in terms of the neutron
and the cluster. This is easily implemented by substituting

t1 → t̃1 ¼
Mc

MD̄
t1; t2 → t̃2 ¼

Mc

MK̄
t2; ð5Þ

and

G̃ð ffiffiffi
s

p Þ¼
Z

d3q
ð2πÞ3

MN

ENðqÞ
1

2ωcðqÞ
FcðqÞffiffiffi

s
p

−ENðqÞ−ωcðqÞþ iϵ

ð6Þ

where MN and Mc are the masses of the neutron and
the cluster, respectively, ENðqÞ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M2

N þ q2
p

, ωcðqÞ ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M2

c þ q2
p

. In Eq. (6),FcðqÞ is the form factor of the cluster
normalized as Fcð0Þ ¼ 1, given by

FcðqÞ ¼
FðqÞ
N

; ð7Þ

with

FðqÞ ¼
Z
jpj<qmax;jp−qj<qmax

d3p
ð2πÞ3

1

Mc − ωD̄ðpÞ − ωK̄ðpÞ

·
1

Mc − ωD̄ðp − qÞ − ωK̄ðp − qÞ ; ð8Þ

and

N¼Fð0Þ¼
Z
jpj<qmax

d3p
ð2πÞ3

�
1

Mc−ωD̄ðpÞ−ωK̄ðpÞ
�

2

; ð9Þ

where qmax is the regulator in the loop functions used in the
dynamical generation of the D�

s0ð2317Þ from DK. In
Ref. [20], we found qmax ¼ 710 MeV that produced the
right binding of the state. There is also a small change in
Eq. (6) with respect to former works, where a global factor
ð2McÞ−1 is substituted by ð2ωcðqÞÞ−1 inside the integral and
also Mc → ωcðqÞ in the neutron propagator to take into
account recoil corrections, normally ignored in the FCA. The
T matrix is then written as

T̃ ¼ t̃1 þ t̃2 þ 2t̃1t̃2G̃

1 − t̃1t̃2G̃
2

: ð10Þ

We also need the arguments of the t1 and t2 matrices.
Following Refs. [28,76] we write

s1ðnD̄Þ ¼ M2
N þ ðξmD̄Þ2 þ 2ξmD̄q

0;

s2ðnK̄Þ ¼ M2
N þ ðξmK̄Þ2 þ 2ξmK̄q

0; ð11Þ

with q0 the neutron energy in the cluster rest frame,

q0 ¼ s −M2
n −M2

c

2Mc
; ξ ¼ Mc

MD̄ þmK̄
; ð12Þ

where the factor ξ is introduced to account for the binding of
the D̄K̄ state, assuming the binding in D̄ and K̄ proportional
to their masses. We can see that ξmK̄ þ ξmD̄ ¼ Mc. The
variables s1, s2 of Eq. (11) correspond to the invariant mass
squared of the nD̄ and nK̄ systems, respectively. They are
derived from, for instance, s2 ¼ ðpN þ pK̄Þ2 ¼ M2

N þ
ðξmK̄Þ2 þ 2ξmK̄q

0. We have assumed the mass of the D̄
or K̄ reduced by the binding. The evaluation of the invariant
s1, s2 is done in the cluster rest frame, for convenience,where

CORRELATION FUNCTION FOR THE … PHYS. REV. D 112, 094019 (2025)

094019-3



the products pN · pD̄ and pN · pK̄ vanish for the s-wave
function of the cluster.
Note that G̃ð ffiffiffi

s
p Þ in Eq. (6) is just the ordinaryG function

for the propagation of a neutron and a cluster, which is
regularized by the form factor FcðqÞ, which provides a
natural convergence factor for the loop function.

B. Elastic unitarity of the T̃ matrix

Take an extreme case where t̃2 is large and t̃1 negligible.
We would have

T̃ ¼ t̃2: ð13Þ

While this might be a good approximation for T̃ at the
nD̄�

s0ð2317Þ threshold and below, let us see what happens at
threshold. With the Mandl and Shaw normalization for
meson and baryon fields that we follow [81], we have

T̃ ¼ −
8π

ffiffiffi
s

p
2MN

fQM; ð14Þ

where fQM is the standard quantum mechanics form of the
scattering amplitude. Then

−
8π

ffiffiffi
s

p
2MN

T̃−1 ≡ ðfQMÞ−1 ≃ −
1

a
þ 1

2
r0q2cm − iqcm; ð15Þ

with qcm the neutron momentum in the nD̄�
s0 rest frame.

Equation (15) allows us to obtain the scattering length and
effective range for the nD̄�

s0 collision. The elastic unitarity
resides in the factor −iqcm of Eq. (15).
Equation (15) using the extreme case of Eq. (13) can give

a reasonable value for a, but it does not provide the factor
−iqcm, and then we cannot rely either on the term q2cm that
provides the effective range. Then, we can also not trust the
correlation functions that we would obtain from this T
matrix. The rescue to the problem comes from nuclear
physics. In the interaction of a particle with nuclei, ignoring
the interaction of the external particle with two nucleons
(this would correspond to ignoring, in our approach, the
t̃1 t̃2G̃ term) one obtains the particle nucleus “optical
potential” as tρ, with t the scattering matrix of the external
particlewith the nucleons and ρ the nuclear density. This, up
to a normalization, can be interpreted as t1 þ t2 þ � � � þ tN .
In our case of two particles, this would be t̃1 þ t̃2, which is
what we get for T̃ in this case. But once the optical potential
is obtained, one uses it within the Schrödinger equation to
obtain the particle-nucleus scattering matrix [82–85]. This
means that in our approach we still have to consider the
coherent nD̄�

s0 propagation. This is done in the following
way, accounting also for the multiple rescattering of the
particles. We should note that the terms t̃1t̃2G̃ already
contain some nD̄�

s0 propagation through the G̃ function.
This made the T̃ matrix in Ref. [28] nearly unitary, and exact

unitarity was fulfilled with a renormalization factor close to
1. Here, we provide a more accurate and general approach.
To consider the coherent propagation of the nD̄�

s0 system,
we would have the diagrams shown in Fig. 2. We define T̃ij

as in Eq. (3) with ti → t̃i. In Fig. 2 we implement the
coherent propagation of the T̃ij terms obtained before. We
omit the terms T̃ijGcT̃klwith j ≠ k because this involves the
neutron going from particle 1 to 2 (or 2 to 1) in the cluster,
which is already accounted for by the t̃1t̃2G̃ terms of T̃. The
sum of the terms of Fig. 2 is given by

T̃sum ¼ T̃11Gc1T̃11þ T̃11Gc1T̃12þ T̃21Gc1T̃11þ T̃21Gc1T̃12

þ T̃12Gc2T̃21þ T̃12Gc2T̃22þ T̃22Gc2T̃21

þ T̃22Gc2T̃22; ð16Þ

where Gc1ð
ffiffiffi
s

p Þ and Gc2ð
ffiffiffi
s

p Þ are given by

Gc1ð
ffiffiffi
s

p Þ¼
Z

d3q
ð2πÞ3

MN

ENðqÞ
1

2ωcðqÞ
½Fc1ðqÞ�2ffiffiffi

s
p

−ENðqÞ−ωcðqÞþ iϵ
;

ð17Þ

Gc2ð
ffiffiffi
s

p Þ¼
Z

d3q
ð2πÞ3

MN

ENðqÞ
1

2ωcðqÞ
½Fc2ðqÞ�2ffiffiffi

s
p

−ENðqÞ−ωcðqÞþ iϵ
;

ð18Þ

which are regularized with the form factors Fc1ðqÞ
and Fc2ðqÞ.
We have to defineFc1ðqÞ andFc2ðqÞ. In Fig. 2, let us take

the first term corresponding to T̃11Gc1T̃11. In the lower box,
we have a nucleon as an external line and the other one
appears inside a loop.One has to see the form factor attached
to the diagram of Fig. 1(a). This is evaluated in Ref. [76]
when the two particles of the cluster have the same mass,
providing a form factor Fcððk − k0Þ=2Þ. However, when the
masses of the particles in the cluster are different, this form
factor is different, and one obtains [86]

Fc1 → Fc

�
m2

m1 þm2

ðk − qÞ
�
; ð19Þ

Fc2 → Fc

�
m1

m1 þm2

ðk − qÞ
�
: ð20Þ

Assuming that k is small compared to q in the loop, we
obtain,

Fc1ðqÞ ¼ Fc

�
m2

m1 þm2

q

�
; ð21Þ

Fc2ðqÞ ¼ Fc

�
m1

m1 þm2

q

�
: ð22Þ
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By using Eq. (7) we can check that, for an average value of
jkj ∼ 150 MeV=c for the K̄ momentum in the cluster
distributed isotropically, the changes from Eqs. (20) to
(22) are about 3% as an average and much smaller from
Eqs. (19) to (21). It should be noted that when the loop is
closed with the upper box in the diagram, we get an extra,
Fcð m2

m1þm2
ðq − k0ÞÞ or Fcð m1

m1þm2
ðq − k0ÞÞ, with the external

k0 neglected again because it is small. Hence, we get the
square of Fc1ðqÞ, Fc2ðqÞ in the loop functions of Eqs. (17),
(18). We should also note that in the t1t2G̃ term, the form
factor that appears when the masses of m1 and m2 are
different is

Fc

�
q −

m2

m1 þm2

k −
m1

m1 þm2

k0
�

→ FcðqÞ; ð23Þ

neglecting the momenta k and k0 of the external particles. To
justify the use of the same form factors in the iterated
diagrams, one can see details in theAppendixA of Ref. [87].
The sum of the terms in Eq. (16) can be done in a

compact way by writing the matrix,

T̃ij ¼
�
T̃11 T̃12

T̃21 T̃22

�
; ð24Þ

and adding the T̃ij terms obtained prior to the coherent
propagation, we have

T̃ 0ð2Þ
ij ¼ T̃ij þ T̃ilGcT̃lj; ð25Þ

where

Gc ≡
�
Gc1 0

0 Gc2

�
: ð26Þ

Equation (25) is the expansion to second order of the
Lippmann-Schwinger equation.
The full unitarization (Lippmann-Schwinger equation)

means that the kernels T̃ij are iterated through multiple
nD̄�

s0 intermediate steps, instead of the one step that one has
in Eq. (25). Similar to the Lippmann-Schwinger equation,
this is accomplished via

T̃ 0
ij ¼ T̃ij þ T̃ijGcT̃ 0

ij; ð27Þ

which in the matrix form has the solution,

T̃ 0 ¼ ½1 − T̃Gc�−1T̃: ð28Þ

Finally, our unitary matrix has the form

T̃ 0
sum ¼ T̃ 0

11 þ T̃ 0
12 þ T̃ 0

21 þ T̃ 0
22

¼ T̃11 þ 2T̃12 þ T̃22 þ ðT̃2
12 − T̃11T̃22ÞðGc1 þ Gc2Þ

1 − T̃11Gc1 − T̃22Gc2 − ðT̃2
12 − T̃11T̃22ÞGc1Gc2

:

ð29Þ

In order to test the elastic unitarity, we look at the linear
terms in iqcm that emerge from T̃ 0

sum in Eq. (29) close to
threshold. Since, close to threshold,

ffiffiffi
s

p ¼ Mn þMc þ
q2cm
2μ

; μ ¼ MnMc

Mn þMc
; ð30Þ

FIG. 2. Terms entering the coherent propagator of the nD̄�
s0.
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with μ the nD̄�
s0 reduced mass, we check the exact unitarity

by looking if Funi ¼ 1, where

Funi ¼ lim
qcm→0

�
8πð ffiffiffi

s
p

th þ q2cm
2μ Þ

2MN

�
T̃ 0
sum

� ffiffiffi
s

p
th þ

q2cm
2μ

��−1

−
8π

ffiffiffiffiffi
sth

p
2MN

ðT̃ 0
sumð

ffiffiffi
s

p
thÞÞ−1

�
=ðiqcmÞ; ð31Þ

where the subscript “th” refers to the nD̄�
s0ð2317Þ threshold

(MN ≡Mn). Note that

Gcið
ffiffiffi
s

p Þ ¼ ReGcið
ffiffiffi
s

p Þ þ i ImGcið
ffiffiffi
s

p Þ; ð32Þ

G̃ð ffiffiffi
s

p Þ ¼ ReG̃ð ffiffiffi
s

p Þ þ i Im G̃ð ffiffiffi
s

p Þ; ð33Þ

and we have

ImGci ¼ −
2MN

8π
ffiffiffi
s

p qcmF2
ciðqcmÞ; ð34Þ

Im G̃ ¼ −
2MN

8π
ffiffiffi
s

p qcmFcðqcmÞ; ð35Þ

with

FcðqcmÞ ≃ 1 −
1

6
hr2iq2cm; ð36Þ

with hr2i the mean–square radius of the cluster wave
function and similar expansions for FciðqcmÞ. Hence, up
to linear terms in qcm, ImGci (i ¼ 1, 2) and Im G̃ are
identical. Then, close to threshold, an expansion in terms of
qcm goes as

T̃ 0
sumðqcmÞ ≃ T̃ 0

sumjth þ iαqcm; ð37Þ

with α a constant. Hence, Eq. (31) is well defined. We have
checked that Funi ¼ 1 within numerical accuracy. Then the
scattering length and effective range are obtained as in
Ref. [20],

a ¼ 2MN

8π
ffiffiffi
s

p T̃ 0
sumjth; ð38Þ

r0 ¼
1

μ

�
∂

∂
ffiffiffi
s

p
�
−
8π

ffiffiffi
s

p
2MN

ðT̃ 0
sumÞ−1 þ iqcm

��
th
: ð39Þ

C. Correlation function

Following the formalism of Ref. [15], which is in line
with the Koonin-Pratt formalism [88] adapted to our type of
amplitudes, the correlation function is written as

CnD̄�
s0
ðpÞ ¼ 1þ 4π

Z
∞

0

drr2S12ðrÞ

·
���j0ðprÞ þ ½ðT̃ 0

11 þ T̃ 0
21ÞG̃1ðs; rÞ

þ ðT̃ 0
12 þ T̃ 0

22ÞG̃2ðs; rÞ�
��2 − j20ðprÞ

	
; ð40Þ

where G̃1ðs; rÞ and G̃2ðs; rÞ are given now by

G̃1ðs; rÞ ¼
Z

d3q
ð2πÞ3

1

2ωD̄s0
ðqÞ

MN

ENðqÞ

·
j0ðqrÞFc1ðqÞffiffiffi

s
p

− ωD̄s0
ðqÞ − ENðqÞ þ iϵ

; ð41Þ

G̃2ðs; rÞ ¼
Z

d3q
ð2πÞ3

1

2ωD̄s0
ðqÞ

MN

ENðqÞ

·
j0ðqrÞFc2ðqÞffiffiffi

s
p

− ωD̄s0
ðqÞ − ENðqÞ þ iϵ

; ð42Þ

with Fc1ðqÞ in Eq. (21) and and Fc2ðqÞ in Eq. (22). The
reason for the new form of Eq. (40) is that the scattering
matrix needed here to reproduce the wave function is the
half-off-shell T̃ 0 matrix. One line corresponds to momen-
tum p and the other to the variable q in the loop. In our case,
this would be the on-shell T̃ 0 matrix multiplied by the form
factors Fc1ðpÞFc1ðqÞ [or Fc2ðpÞFc1ðqÞ], Fc2ðpÞFc2ðqÞ [or
Fc1ðpÞFc2ðqÞ] but we assume Fc1ðpÞ ¼ Fc2ðpÞ ≃ 1,
because p is small, and hence inside the loop function
we have Fc1ðqÞ or Fc2ðqÞ, depending on whether the
T̃ 0 matrix finishes with the interaction in particle-1
(T̃ 0

11 þ T̃ 0
21) or in particle-2 ðT̃ 0

12 þ T̃ 0
22Þ.

The momentum p of the particles in the rest frame of the
pair is

p ¼
λ1=2ðs;M2

N;M
2
D̄�

s0
Þ

2
ffiffiffi
s

p ; ð43Þ

with λ the Källen function. S12ðrÞ in Eq. (40) is the source
function, which encodes the probability that the two
particles of the correlation function are produced at relative
distance r. It is usually parametrized as

S12ðrÞ ¼
1

ð4πR2Þ3=2 exp
�
−

r2

4R2

�
; ð44Þ

and the value of R is tied to the type of experiment used to
measure the correlation function, R ≃ 1 fm for pp ultra-
relativistic collisions, R ≃ 5 fm for heavy-ion collisions.
We shall thus take three values of R around R ¼ 1 fm.
A recent paper [35] discusses that the source function is

not universal and depends on the model used to describe the
two-particle scattering matrix because of different off-shell
extrapolations of the various models employed. While this
statement is certainly correct, the use of realistic models
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shows that the uncertainties are at the level of 2%–5% in the
case of NN correlation functions [89], and 2%–3% when
studying meson-baryon correlation functions [90], so we do
not worry about this issue here. We should note that the
factor j0ðqrÞ in Eqs. (41), (42) already acts as a regulator of
G̃i (i ¼ 1, 2) and the use of the extra FciðqÞ in Eqs. (41),
(42) has a minor extra effect. As shown in Ref. [90],
where instead of the form factors FciðqÞ one has a step
function θðqmax − jqjÞ, a change of qmax from 630 MeV to
1000 MeV produces changes in the correlation function of
the order of 2%.

III. NUMERICAL RESULTS

We show here results for the amplitude obtained below
threshold, the threshold scattering parameters, a and r0, and
the correlation functions.

A. Resonance state below the nD̄�
s0ð2317Þ threshold

We take the T̃ 0
sum amplitude and look at it below the

nD̄�
s0ð2317Þ threshold. We show the results in Fig. 3. The

real and imaginary parts of the amplitude have the shape of
a typical Breit Wigner amplitude, with the imaginary part
having a peak and the real part going from negative to
positive at the peak of the imaginary part. The peak of
jT̃ 0

sumj2 appears around 130 MeV below threshold and has a
width of about 80 MeV. This is already interesting because
if the D�

s0ð2317Þ state were an ordinary state, and there was
a nD̄�

s0ð2317Þ bound state, we should expect it to be very
narrow, with a width coming from the natural decay of the
D̄�

s0ð2317Þ into D̄sπ, which is very small because the decay
is isospin forbidden. Instead we obtain a width of the order
of 80 MeV, far larger than the decay width of the
D̄�

s0ð2317Þ, which is smaller than 3.8 MeV, according to
the particle data group [91] (of the order of 100 KeV in
theoretical calculations [92]).
In the case of the D�

s0ð2317Þ as a molecular state of DK,
the interaction of the neutron with (D̄K̄) involves the
interaction of the neutron with K̄, which gives rise to
the two Λð1405Þ states [93,94]. The width originates from
the decay widths of these resonances, which comes from
decay to πΣ. The πΣ channel according to the relationship
of s2 and s in Eq. (11), opens up at

ffiffiffi
s

p ¼ 3063 MeV, and is
visible in Fig. 3 as a kink in the real and imaginary parts of
T̃ 0
sum. The thresholds for nK̄ and nD̄ appear for

ffiffiffi
s

p
above

the nD̄�
s0ð2317Þ threshold and lead to no visible structure.

We also find that the binding is larger than what we would
expect from the binding of the two Λð1405Þ [around
45 MeV for the lower mass Λð1405Þ state]. An explanation
on why one obtains bigger binding in the three body system
than in the two body one is provided in the Appendix of
Ref. [70] and has to do with the relationship of the invariant
mass of the external particle and the cluster, and the
invariant mass of the external particle with one particle

of the cluster. Needless to say that the observation of this
peak in some reaction would tell us much about the nature
of the D�

s0ð2317Þ state.
Since the width of the state that we find is related to the

K̄N → πΣ transition, one should look at D̄πΣ, looking for a
peak in the mass distribution of these three particles. This is
a standard technique in the LHCb collaboration using pp
collisions at high energy and selecting trios of particles
to identify their origin. This is the way heavy hadrons
decaying to three particles are identified [95,96].

B. Scattering length and effective range
for nD̄�

s0ð2317Þ scattering
By looking at the amplitude T̃ 0

sum close to threshold, we
can determine the scattering length and effective range for
nD̄�

s0ð2317Þ scattering using Eqs. (38), (39). The obtained
scattering length a and effective range r0 are

a ¼ 0.60 − i0.29 fm; ð45Þ

r0 ¼ 1.14 − i0.11 fm: ð46Þ

These numbers are similar as those obtained in Ref. [28],
but the imaginary part of r0 has the opposite sign to the one
obtained in Ref. [28] for pf1ð1285Þ scattering.

C. Correlation functions

Next we look at the nD̄�
s0ð2317Þ correlation function of

Eq. (40). We plot the results in Fig. 4 for three values of the
R parameter of the source function. By taking R ¼ 1 fm for
discussion, we see that we obtain a typical correlation

FIG. 3. Scattering amplitude T̃ 0
sum for thenD̄�

s0ð2317Þ interaction
as a function of

ffiffiffi
s

p
. The red dashed line shows the real part of the

amplitude T̃ 0
sum, the blue dotted line the imaginary part of T̃ 0

sum, and
the black solid line the modulus squared of T̃ 0

sum. The vertical lines
indicate the nD̄�

s0ð2317Þ threshold and the appearance of the πΣ
channel in K̄n → πΣ, corresponding to s2 of Eq. (11).
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function for the case when one has some bound state below
threshold. One can see that the shape obtained in Fig. 4 is
similar to Fig. 3(d3) of Ref. [14], corresponding to the case
labeled there as a strongly bound scenario with real
potentials (see also Ref. [97]), or the KþΣ0 correlation
function of Ref. [21], which is tied to the N�ð1535Þ state
with a width more in line with the state found here. The
shape and strength are very similar to those obtained in
Ref. [28] for the correlation function of pf1ð1285Þ scatter-
ing, where also a resonant state below threshold was found.
Experimentally the correlation function would be measured
by selecting a neutron and then the pair D̄sπ with invariant
mass around the 2317 MeV of the D̄�

s0ð2317Þ.

IV. CONCLUSIONS

We have studied the interaction of a neutron with the
D̄�

s0ð2317Þ resonance and evaluated the scattering param-
eters close to threshold, a, r0, plus the correlation function
for small neutron momenta in the nD̄�

s0ð2317Þ rest frame.
We have also looked at the scattering amplitude below
threshold and have found a clean resonant state with
binding about 130 MeV and a width of about 80 MeV.
This is a distinctive feature due to the nature assumed for
the D̄�

s0ð2317Þ state as mostly a (D̄ K̄) bound state.
For the theoretical frame, we started using the fixed

center approximation to the Faddeev equations, where the
D̄�

s0ð2317Þ was assumed to be the cluster and the neutron
the external particle. Yet, it was shown that the standard
amplitude of the FCA does not satisfy elastic unitarity close
to threshold, which is essential to determine the effective
range and the correlation function. The needed corrections
to the standard formula were obtained by looking at the
analogous case of particle-nucleus interaction, where one
obtains first an optical potential, by looking at the dynamics
of the problem, and then one solves the Schrödinger

equation (Lippmann Schwinger equation for scattering).
We identified the terms that had to be iterated through a
coherent propagation of the neutron and the cluster, and
finally we obtained a formula that contains the basic
features of the dynamics and fulfills exactly unitarity at
threshold. This is a novel aspect of the work, with a
necessary improvement of the FCA for application to
scattering above threshold, which opens the door to study-
ing many similar problems of scattering of external
particles with molecular states of any type.
Coming back to the state found below threshold, since

the width comes from decay of K̄n to πΣ, the state should
be investigated in the mass distribution of D̄πΣ. This is a
distinctive feature of the molecular picture because in the
case in which the D̄�

s0ð2317Þ was an elementary particle, if
there would be a nD̄�

s0ð2317Þ bound state, it should be
found in the D̄sπn system and one should expect a much
smaller width than in the case that the D̄�

s0ð2317Þ is a
molecular state.
The measurement of the correlation function, the scatter-

ing length and the effective range, together with the
resonant state below threshold, would provide very useful
information to test the predictions based on the molecular
picture of the D�

s0ð2317Þ resonance, eventually giving it
extra support. We are looking forward to such experiments
in the future, which undoubtedly will improve our under-
standing of the hadronic spectrum.
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APPENDIX: K̄N AND D̄N SCATTERING
AMPLITUDES

We need the following amplitudes.

FIG. 4. Correlation function of nD̄�
s0ð2317Þ for the different

values of R.
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1. K̄N, I = 0

We use the chiral unitary approach of Ref. [98] using the
coupled channels, K̄N, πΣ, ηΛ, and KΞ. The transition
potentials are given by

Vij¼−
1

4f2
Dijðk0þk00Þ; f¼ 1.15×93MeV; ðA1Þ

with k0 and k00 the energies of the mesons,

k0 ¼ sþm2
i −M2

i

2
ffiffiffi
s

p ; k00 ¼ sþm2
j −M2

j

2
ffiffiffi
s

p ; ðA2Þ

with mi, Mi the initial meson and baryon masses for each
transition and mj, Mj the same ones for the final meson-
baryon state. The coefficients Dij are given in Table 2
of Ref. [98]. The scattering matrix is obtained in matrix
form as

T ¼ ½1 − VG�−1V: ðA3Þ

2. K̄N, I = 1

Now the coupled channels are K̄N, πΣ, πΛ, ηΣ, and KΞ
and the transition potentials are given by

Vij ¼−
1

4f2
Fijðk0þk00Þ; f¼ 1.15×93MeV; ðA4Þ

with the coefficients Fij given in Table 3 of Ref. [98].
The amplitudes Vij of Eq. (A1) are based on the lowest

order chiral Lagrangian (see Ref. [99]) and the framework
to evaluate Tij requires just one parameter to regularize the
G function of Eq. (A3). Further developments incorporate

higher-order Lagrangians involving many parameters that
are fitted to experimental data [100–105], and one aims at
describing data at higher energies. Yet, as can be seen in
Ref. [98], the description of K̄N data is exceptionally good
already at the lowest order level of chiral Lagrangians used
here, in the range of energies where we are concerned in the
present work.

3. D̄N, I = 0, 1

The D̄N interaction is equivalent to theKN one, which is
also studied in Ref. [98]. Given the equivalent of
ðKþ; K0Þ → ðD̄0; D−Þ, one finds then

Vij ¼ −
1

4f2
Lijðk0 þ k00Þ; f ¼ 93 MeV; ðA5Þ

with the coefficients Lij given in Table I, which immedi-
ately leads to

VðI¼0Þ ¼ −
1

4f2
Lð0Þðk0 þ k00Þ; ðA6Þ

VðI¼1Þ ¼ −
1

4f2
Lð1Þðk0 þ k00Þ; ðA7Þ

with Lð0Þ ¼ 0 and Lð1Þ ¼ −2. We see that for I ¼ 0 the
interaction is zero, whereas for I ¼ 1 it is repulsive.
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