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Abstract We study the interaction of the nD̄s1(2460) and
nD̄s1(2536) systems from the perspective that the Ds1(2460)

and Ds1(2536) states are molecular states of K D∗ and K ∗D,

respectively. We use an improved version of the fixed center
approximation to the Faddeev equations which fulfills exact
elastic unitarity at the threshold of the systems. We predict the
existence of resonant states below threshold and also deter-
mine the scattering length, effective range and correlation
functions of these systems, showing that the results contain
important information to test the assumed molecular nature
of the two Ds1 states.

1 Introduction

Originally developed to deal with astronomical issues [1,2],
femtoscopic correlation functions have recently emerged as
a very useful tool to learn about hadron interactions, by mea-
suring pairs of particles in ultrarelativistic pp, pA, AA reac-
tions [3–17]. These measurements give us the opportunity to
learn about the interaction of pairs of particles which often
cannot be obtained from scattering experiments. Theoretical
developments have followed, proposing methods to evaluate
them [18–23], making predictions for different systems or
comparing with data [24–50]. A recent paper digs into the
relevant issue of the relationship of correlation functions and
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usual production experiments that measure invariant mass
distributions in the same reactions [51]. Similarly, the simul-
taneous consideration of spectroscopy and the correlation
data opens new ways for a steady progress in our under-
standing of hadron dynamics [52].

The success in the study of the two body correlation func-
tions has opened the doors to the study of three body cor-
relation functions [53–58]. But out of these, we find par-
ticularly useful the study of the correlation functions of a
stable particle and a resonance, which is just emerging as a
new promising field. The first of such experiments is under-
way [59], looking at the correlation function of a proton
and the f1(1285) axial vector resonance. The f1(1285),

together with related axial vector meson resonances, appears
in a natural way as a consequence of the interaction of pseu-
doscalar mesons with vector mesons in S-wave in the con-
text of the chiral unitary approach [60–65]. Concretely, the
f1(1285) appears from the interaction of the K ∗ K̄ , K̄ ∗K
systems, via the combination K ∗ K̄ − K̄ ∗K in isospin I = 0.

The measurement of such correlation functions can shed
light on the structure of these resonances, where a current
debate is underway about their nature as ordinary states
(qq̄ for mesons or qqq for baryons), tetraquarks or pen-
taquarks, molecular states, etc. [66–74]. A step in this direc-
tion was given in Ref. [75], where the correlation function
of p f1(1285) was calculated from the perspective of the
f1(1285) as a molecular state, and it was found that dif-
ferences appeared in the correlation functions depending on
the structure assumed for the f1(1285).

In Ref. [75] the fixed center approximation (FCA) [76–85]
was used to study the p f1(1285), assuming the K ∗ K̄ , K̄ ∗K
system as the cluster and the proton as the external particle
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interacting with the constituents of the cluster. The method
not only led to finding a bound state about 40 MeV below the
p f1(1285) threshold, but also predicted the corresponding
correlation functions. However, it was found that the FCA
formula did not exactly fulfill elastic unitarity around the
p f1(1285) threshold, but it could be re-established by mul-
tiplying the FCA amplitude by a factor close to unity, which
allowed to properly evaluate the correlation functions.

Following this work, the issue of elastic unitarity was
retaken in Ref. [86] and the standard FCA was improved
to exactly fulfill elastic unitarity. In Ref. [86] the correlation
function of the nD̄s0(2317) interaction was studied assum-
ing the Ds0(2317) to be a molecular state formed from DK ,

Dsη interactions [87–94], mostly made from a DK system
in I = 0. Some models [95] begin with a cs̄ seed and
show that the coupling of this seed to the DK component
gives rise to the Ds0(2317) resonance. By elastic unitarity
we mean that the Quantum Mechanics scattering amplitude
for nD̄s0(2317) scattering must behave, close to threshold,
as

( f QM )−1 ≈ −1

a
+ 1

2
r0k

2 − ik, (1)

with k being the modulus of the momentum in the nD̄s0

rest frame, a the scattering length and r0 the effective range.
Although a, r0 depend on the dynamics of the process, the
−ik term is independent of the dynamics and is what makes
f QM to fulfill unitarity, relating Im{ f QM } to the cross sec-
tion of the reaction. The improvement to the FCA formula
came from considering elastic propagation of the n and the
D̄s0(2317) as a cluster different than the scattering of the n
from the K̄ to the D̄ in the cluster. The procedure followed the
steps used in nuclear physics problems, where the interaction
of an external particle with a nucleus proceeds via the eval-
uation of an optical potential, followed by the solution of
the Lippmann–Schwinger equation (Schrödinger equation)
with this potential [96–99]. This was the guiding principle to
construct the fully unitary formula for the interaction of the
external particle with the cluster in Ref. [86].

In the present work, we continue the line initiated in
Refs. [75,86] and we study the interaction of the nD̄s1(2460)

and nD̄s1(2536) systems. The Ds1(2460) and Ds1(2536)

states have also been advocated as molecular states, mostly
formed respectively from D∗K and DK ∗ [90,100–103]
and lattice QCD calculations also support this picture [87,
104,105]. The relevance of the latter meson–meson chan-
nels has also been shown within the formalism followed
in Refs. [106,107], which considers qq̄ as well as meson–
meson coupled channels. Coming back to our present study,
the choice of n and D̄s1 is because we avoid the Coulomb
interaction and we have the N K̄ , N K̄ ∗ interactions, which
are attractive and facilitate the formation of states below
threshold. We use the unitary formalism of Ref. [86], but

are able to simplify considerably the analytical form of the
final amplitude, which allows one to see clearly the exact
unitarity of the formula.

From the physical point of view, we find bound states
below the nD̄s1 thresholds and evaluate the correlation func-
tion for the two systems, plus the scattering length and effec-
tive range.

The paper proceeds as follows: In Sect. 2, we discuss
the formalism for the three body interaction. In Sect. 3, we
address the issue of the elastic unitarity of the approach. The
correlation function is discussed in Sect. 4, and in Sect. 5
we show the numerical results, concluding in Sect. 6 with a
summary and conclusions.

2 Formalism

2.1 The n D̄s1(2460) system

In theC = 1, S = 1 sector, the D∗K interaction dynamically
generates Ds1(2460), a state with I = 0 and J P = 1+ [101],

which, using the isospin phase convention D∗ =
{
D∗+

−D∗0

}

and K =
{
K+
K 0

}
, can be written as

|Ds1(2460)〉 = 1√
2

(
|D∗+K 0〉 + |D∗0K+〉

)
. (2)

As previously mentioned, we consider the nD̄s1(2460)

system instead of pDs1(2460) since, not only we avoid deal-
ing with the Coulomb interaction when determining the cor-
responding correlation function, but also the nK̄ interaction
present in one of the two-body subsystems is known to be
attractive and dynamically generates the�(1405) [108–112].

Within the framework of the FCA [75,84,85], we con-
sider the D̄∗ K̄ to cluster as D̄s1(2460) and the n to rescatter
successively with either the D̄∗ or K̄ forming the mentioned
cluster (see Fig. 1). This means that we need to describe
both the nD̄∗ and nK̄ interactions (we refer the reader to
Appendix A for more details on the calculation of the corre-
sponding two-body t-matrices). Since the cluster has I = 0,

the isospin combination for nD̄s1(2460) is given by

|InD̄s1
= 1/2, I3 = −1/2〉 = |IN = 1/2, I3 = −1/2〉

⊗ |ID̄s1
= 0, I3 = 0〉, (3)

where

|ID̄s1
= 0, I3 = 0〉 = 1√

2
|ID̄∗ = 1/2, I3 = 1/2〉

⊗ |IK̄ = 1/2, I3 = −1/2〉 − 1√
2
|ID̄∗ = 1/2, I3 = −1/2〉

123
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Fig. 1 Diagrams contributing in the FCA to the n(D̄∗ K̄ )cluster,

n(D̄K̄ ∗)cluster interaction

⊗ |IK̄ = 1/2, I3 = 1/2〉, (4)

and we can use Eqs. (3) and (4) to determine the ampli-
tudes describing the interaction between the nD̄∗/nK̄ sys-
tems. To do this, we just need to combine either the ket
|IN = 1/2, I3 = −1/2〉 with the kets |ID̄∗ , I3〉 in Eqs. (3)
and (4) in terms of kets |IN D̄∗ , I3〉 or |IN = 1/2, I3 = −1/2〉
with the kets |IK̄ , I3〉 in terms of |IN K̄ , I3〉 and calculate the
transition amplitude

〈InD̄s1
= 1/2, I3 = −1/2|t |InD̄s1

= 1/2, I3 = −1/2〉 (5)

for these two rearrangements of the |InD̄s1
= 1/2, I3 =

−1/2〉 state.
Following this procedure, and naming t1(t2) as the ampli-

tude describing the nD̄∗(nK̄ ) system, we obtain [75,84,113–
115]

t1(
√
snD̄∗) ≡ t1 = 3

4
t I=1
nD̄∗ + 1

4
t I=0
nD̄∗ ,

t2(
√
snK̄ ) ≡ t2 = 3

4
t I=1
nK̄

+ 1

4
t I=0
nK̄

, (6)

where t I
n D̄∗ and t I

nK̄
represent the two-body t-matrices

describing, respectively, the interactions nD̄∗ → nD̄∗ and
nK̄ → nK̄ in a given isospin I. To calculate the invariant
masses

√
snD̄∗ and

√
snK̄ , we assume that the binding of the

D̄s1(2460) is shared between its constituents, i.e., D̄∗ and K̄ ,

such that the masses of D̄∗, M̃D̄∗ , and K̄ , M̃K̄ , forming the
cluster of mass MC are proportional to their respective val-
ues, MD̄∗ and MK̄ , when they are free particles. To be more
specific, we have M̃D̄∗ + M̃K̄ = MC , with M̃D̄∗ = ξMD̄∗ ,
M̃K̄ = ξmK̄ and ξ = MC/(MD̄∗ + mK̄ ). In this form, the
arguments of t1 and t2 are given by

snD̄∗ = (pn + pD̄∗)2 = M2
N + (ξMD̄∗)2 + 2ξMD̄∗q0,

snK̄ = (pn + pK̄ )2 = M2
N + (ξMK̄ )2 + 2ξMK̄q

0, (7)

where q0 = (s − M2
N − M2

C )/2MC stands for the energy of
the neutron in the rest frame of the cluster and MN for its
mass.

Following the formalism in Refs. [75,84,85], we need to
multiply t1 and t2 by weighting factors to relate the S-matrix
of n interacting with the D̄∗ and K̄ forming D̄s1(2460) and
that of n interacting with D̄s1(2460), considering the latter
as an elementary particle. This is done by setting

t1 → t̃1 = MC

MD̄∗
t1, t2 → t̃2 = MC

MK̄
t2. (8)

As mentioned before, to satisfy elastic unitarity and be
able to calculate correlation functions with the T -matrix
determined from the FCA, we need to reformulate the FCA
of Ref. [75] to account for the propagation of particle-cluster
intermediate states, with the cluster propagating as a whole.
To do this, it is convenient to write the T -matrix obtained with
the FCA in terms of four partition functions: T̃11, T̃12, T̃21

and T̃22. Each partition function T̃i j considers contributions
to the scattering that begins with the neutron colliding with
particle i of the cluster and finalizes with the neutron inter-
acting with particle j of the cluster. These partition functions
fulfill the coupled equations

T̃11 = t̃1 + t̃1G0T̃21,

T̃12 = t̃1G0T̃22,

T̃21 = t̃2G0T̃11,

T̃22 = t̃2 + t̃2G0T̃12. (9)

In Eq. (9),G0 is the propagator of the nucleon in the cluster
D̄s1(2460) (the latter, described by a form factor FC (q) in
momentum space), and it is given by

G0(
√
s) =

∫
d3q

(2π)3

MN

ωN (q)

1

2ωC (q)

× FC (q)√
s − ωN (q) − ωC (q) + iε

, (10)

where
√
s is the center-of-mass energy of the nD̄s1 system,

ωN =
√
M2

N + q2 and ωC =
√
M2

C + q2. The form factor
FC (q) is written as

FC (q) = F(q)

N (11)

F(q) =
∫

| p|<qmax,| p−q|<qmax

d3 p

(2π)3

1

MC − ωD̄∗( p) − ωK̄ ( p)

× 1

MC − ωD̄∗( p− q) − ωK̄ ( p− q)
(12)

123
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with N being a normalization factor,

N = F(0)

=
∫

| p|<qmax

d3 p

(2π)3

(
1

MC − ωD̄∗( p) − ωK̄ ( p)

)2

. (13)

The regulator qmax is set to properly reproduce the binding
of the cluster, which is attained with qmax = 820 MeV [116].
When we perform the integral in d3 p in the form factor, the
maximum value allowed for | p| is 2qmax and FC (q) becomes
zero at this value.

It should be noticed that Eq. (10) differs from that of
former works due to the incorporation of recoil correc-
tions. That is to say, we substitute the (2MC )−1 factor by
(2ωC (q))−1 and, instead of (q0 − ωN (q) + iε)−1, we write
(
√
s − ωN (q) − ωC (q) + iε)−1. We should also note that

this G0 function is meant for the three body system and is
not the ordinary G function for two particles, that appears
in the study of the two body problem of the cluster. Here,
for the cluster we only need its mass, which we take from
experiment, and the value of qmax, needed in the study of
the cluster as a molecule, in the regularization of the two
body G function, which is needed to evaluate the form fac-
tor [84,117,118].

Equation (9) can be solved analytically, finding

T̃ =
(
T̃11 T̃12

T̃21 T̃22

)
,

T̃11 = t̃1
1 − t̃1 t̃2G2

0

,

T̃22 = t̃2
1 − t̃1 t̃2G2

0

,

T̃12 = T̃21 = t̃1 t̃2G0

1 − t̃1 t̃2G2
0

. (14)

At this point, we should mention that the vector meson-
baryon amplitudes describing the nD̄∗ system carry a ε · ε′
factor, where ε (ε′) stands for the spatial part of the polar-
ization vector of the incoming (outgoing) vector mesons (see
Ref. [61] for more details). This factor, however, is common
to all contributions present in the T̃ -matrix, since when sum-
ming over the polarizations of the internal vector mesons, we
have that

∑
pol ε

′
iε

′′
j ε

′′
j εi = εεε · εεε′ and so on. This means that

the factor εεε · εεε′ can be factorized in the T̃ -matrix, resulting
in T̃ being degenerate for spins 3/2 and 1/2.

Next, we consider contributions from the coherent prop-
agation of n and the cluster. For this we have to sum the
diagrams shown in Fig. 2. Mathematically, the contribu-
tions of the diagrams can be written as: (a) T̃11G

(1)
C T̃11, (b)

T̃11G
(1)
C T̃12, (c) T̃21G

(1)
C T̃11, (d) T̃21G

(1)
C T̃12, (e) T̃12G

(2)
C T̃21,

(f) T̃12G
(2)
C T̃22, (g) T̃22G

(2)
C T̃21, (h) T̃22G

(2)
C T̃22.

Here, G(1)
C and G(2)

C represent the neutron–cluster propa-
gation, and since the neutron can interact with either particle
1 or 2 of the cluster, the form factor used in G(1)

C and G(2)
C is

different. Following Ref. [86], we have

G(i)
C (

√
s) =

∫
d3q

(2π)3

MN

ωN (q)

1

2ωC (q)

× [F (i)
C (q)]2

√
s − ωN (q) − ωC (q) + iε

, (15)

where i = 1, 2, and the form factors F (i)
C (q) can be written

in terms of Eq. (11) as [119]

F (1)
C (q) = FC

(
MK̄

MD̄∗ + MK̄
q
)

F (2)
C (q) = FC

(
MD̄∗

MD̄∗ + MK̄
q
)

, (16)

with the assumption that the external momenta of the n are
small compared to q. The terms of Fig. 2 can be summed as∑

i j T
′
i j with T ′

i j = ∑
m T̃imG

(m)
c T̃mj . However, we should

iterate this n-cluster propagation, which is then accomplished
via a Lippmann–Schwinger like expression leading finally to
Ti j , written in matrix form as

T = T̃ + T̃ GCT

=
[
1 − T̃ GC

]−1
T̃ , (17)

where GC =
(
G(1)

C 0

0 G(2)
C

)
. Equation (17) can be solved

analytically as in Ref. [86], finding

T =
2∑

i, j=1

Ti j ,

= T̃11 + 2T̃12 + T̃22 + (T̃ 2
12 − T̃11T̃22)(G

(1)
C + G(2)

C )

1 − T̃11G
(1)
C − T̃22G

(2)
C − (T̃ 2

12 − T̃11T̃22)G
(1)
C G(2)

C

.

(18)

However this formula can be reduced and written directly
in terms of t̃1, t̃2, G0, G

(1)
C , G(2)

C as

T = t̃1 + t̃2 + (2G0 − G(1)
C − G(2)

C )t̃1 t̃2

1 − G(1)
C t̃1 − G(2)

C t̃2 − (G2
0 − G(1)

C G(2)
C )t̃1 t̃2

. (19)

The amplitudes t̃1, t̃2 are defined in Eq. (8) in terms of t1, t2,
which are discussed in Appendix A. Note that setting G(1)

C =
G(2)

C = 0, produces T = ∑2
i, j=1 T̃i j , as expected, finding

the result obtained in Ref. [75]. By examining Eq. (19), the
impact of considering the elastic propagation of the n and
D̄s1 as a cluster becomes clearer, as we shall see below.

123
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Fig. 2 Feynman diagrams taking into account the elastic propagation
of n and the cluster

2.2 The n D̄s1(2536) system

Following Ref. [101], the state Ds1(2536) can be considered
to be dynamically generated from the DK ∗ interaction in the
C = 1, S = 1 sector, with I = 0 and J P = 1+. In this way,

|Ds1(2536)〉 = 1√
2

(
|D+K ∗0〉 + |D0K ∗+〉

)
. (20)

Comparing Eqs. (20) and (2), to study the nD̄s1(2536) sys-
tem we just simply need to replace D̄∗ → D̄ and K̄ → K̄ ∗.
By doing this, the two body amplitudes t1 and t2 are now
given by

t1(
√
snD̄) ≡ t1 = 3

4
t I=1
nD̄

+ 1

4
t I=0
nD̄

,

t2(
√
snK̄ ∗) ≡ t2 = 3

4
t I=1
nK̄ ∗ + 1

4
t I=0
nK̄ ∗ , (21)

with

snD̄ = (pn + pD̄)2 = m2
n + (ξMD̄)2 + 2ξMD̄q

0,

snK̄ ∗ = (pn + pK̄ ∗)2 = m2
n + (ξMK̄ ∗)2 + 2ξMK̄ ∗q0,

ξ = MC

MD̄ + MK̄ ∗
. (22)

Next, the normalized t1 and t2 amplitudes are given by

t1 → t̃1 = MC

MD̄
t1, t2 → t̃2 = MC

MK̄ ∗
t2, (23)

with MC standing now for the mass of Ds1(2536).

For this system, the form factor is given now by

F(q) =
∫

| p|<qmax,| p−q|<qmax

d3 p

(2π)3

1

MC − ωD̄( p) − ωK̄ ∗( p)

× 1

MC − ωD̄( p− q) − ωK̄ ∗( p− q)
(24)

with the normalization

N =
∫

| p|<qmax

d3 p

(2π)3

(
1

MC − ωD̄( p) − ωK̄ ∗( p)

)2

. (25)

Here we setqmax = 1025 MeV in order to properly reproduce
the binding for the D̄s1(2536) [116].

The last thing to mention are the changes in the form
factors in G(1)

C and G(2)
C , which for the nD̄s1(2536) system

are given by F (1)
C (q) = FC

(
MK̄∗

MD̄+MK̄∗ q
)

and F (2)
C (q) =

FC
(

MD̄
MD̄+MK̄∗ q

)
.

3 Elastic unitarity

In quantum mechanics, the scattering amplitude f QM and
the two-body T -matrix are related via [120]

− 8π
√
s

2MN
T−1 = ( f QM )−1. (26)

For energies near the threshold, we can use the Effective
Range Expansion (ERE) [121] and write

− 8π
√
s

2MN
T−1 = ( f QM )−1 ≈ −1

a
+ 1

2
r0q

2
cm − iqcm, (27)

where a is the scattering length, r0 represents the effective
range, and qcm is the modulus of the center-of-mass momen-
tum of the nD̄s1 system. Note that it is the factor −iqcm in
Eq. (27) the one that guarantees unitarity. One can prove that
the T -matrix in Eq. (19) satisfies exactly unitarity. This is
done by looking at the linear terms in qcm of T−1.

In order to see this, we note that the imaginary part of G
can be written as

Im{G0} = − 2MN

8π
√
s
qcm FC (qcm),

Im{G(i)
C } = − 2MN

8π
√
s
qcm[F (i)

C (qcm)]2, (28)

123
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but the form factor behaves as

FC (q) � 1 − 1

6
〈r2〉q2

cm, (29)

and also similarly for F (i)
C , with FC (0) = F (i)

C (0) = 1.

Hence, near threshold, we have at linear level in qcm

Im{G0} � Im{G(i)
C } � − 2MN

8π
√
s
qcm, (30)

taking
√
s at threshold.

From Eq. (19), the inverse of T is given by

T−1 = 1 − G(1)
C t̃1 − G(2)

C t̃2 − (G2
0 − G(1)

C G(2)
C )t̃1 t̃2

t̃1 + t̃2 + (2G0 − G(1)
C − G(2)

C )t̃1 t̃2
. (31)

Then, expanding Eq. (31) up to linear terms in qcm and
using Eq. (30), we satisfy unitarity exactly, as shown below.

Writing explicitly the real and imaginary parts of G0,

G(1)
C , G(2)

C , we have

G2
0 = (Re{G0})2 − (Im{G0})2 + 2iRe{G0}Im{G0},

G(1)
C G(2)

C = Re{G(1)
C }Re{G(2)

C } − Im{G(1)
C }Im{G(2)

C }
+ i(Re{G(1)

C }Im{G(2)
C } + Re{G(2)

C }Im{G(1)
C }). (32)

The imaginary part of G0, G
(1)
C , G(2)

C can be written as
in Eq. (28). We are interested in unitarity near the threshold.
Then, up to linear order terms in qcm

Im{G0} � Im{G(i)
C } � − 2MN

8π
√
s
qcm, (33)

where
√
s is taken at threshold.

As mentioned before, it is the −iqcm term in Eq. (27) that
guarantees unitarity. Hence, using Eq. (33) and keeping terms
up to those linear in qcm, we expand Eq. (31) and retain only
linear terms in qcm, and also multiply the result by the factor
−8π

√
s/2MN . With this, we have, understanding that only

linear terms in qcm for T−1
∣∣
lin are kept,

−8π
√
s

2MN
T−1

∣∣∣∣
lin

� −8π
√
s

2MN

1

D
(
i

2MN

8π
√
s
qcm t̃1 + i

2MN

8π
√
s
qcm t̃2

+ i
2MN

8π
√
s
qcm(2Re{G0} − Re{G(1)

C } − Re{G(2)
C })t̃1 t̃2

)
,

(34)

where D = t̃1 + t̃2 + (2Re{G0}− Re{G(1)
C }− Re{G(2)

C })t̃1 t̃2.
Hence, we write

−8π
√
s

2MN
T−1

∣∣∣∣
lin

� −8π
√
s

2MN
i

2MN

8π
√
s
qcm

× t̃1 + t̃2 + (2Re{G0} − Re{G(1)
C } − Re{G(2)

C })t̃1 t̃2
t̃1 + t̃2 + (2Re{G0} − Re{G(1)

C } − Re{G(2)
C })t̃1 t̃2

.

(35)

Leading, finally, to

− 8π
√
s

2MN
T−1

∣∣∣∣
lin

= −iqcm, (36)

as it should be. With this, we prove that the T -matrix satisfies
exactly the elastic unitarity.

Once the unitarity of the T -matrix has been established,
the scattering length and effective range are obtained as in
Ref. [75]:

a = 2MN

8π
√
s
T |th , (37)

r0 = 1

μ

[
∂

∂
√
s

(
−8π

√
s

2MN
T−1 + iqcm

)]
th

, (38)

where μ is the reduced mass of the three-body system, given
by μ = MNMC/(MN + MC ). As we are close to threshold,√
s = MN + MC + q2

cm/2μ and the subscript th means we
are calculating at threshold.

4 Correlation function

Following Ref. [34], we can write the correlation function
for the nD̄s1 system, CnD̄s1

, in terms of the corresponding
T -matrix. The correlation function involves the half-off-shell
scattering matrix, T( p, q), with p an external momentum
and q a variable in the loop. Once again we find the form
factor F (i)

C ( p)F ( j)
C (q) � F ( j)

C (q) since p is small. Then we
must differentiate in the T -matrix the terms with the last
interaction involving either particle 1 or 2, which leads us to
the formula

CnD̄s1
(p) = 1 + 4π

∫ ∞

0
dr r2S12(r)

×
{∣∣ j0(pr) + T ′G ′∣∣2 − j2

0 (pr)
}

, (39)

whereT ′G ′ = (T11+T21)G1(
√
s, r)+(T12+T22)G2(

√
s, r)

and G1(
√
s, r), G2(

√
s, r) are given by

G1(
√
s, r) =

∫
d3q

(2π)3

MN

ωN (q)

1

2ωC (q)

× j0(qr)F
(1)
C (q)√

s − ωN (q) − ωC (q) + iε
,

G2(
√
s, r) =

∫
d3q

(2π)3

MN

ωN (q)

1

2ωC (q)

123
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× j0(qr)F
(2)
C (q)√

s − ωN (q) − ωC (q) + iε
. (40)

In Eq. (39), S12(r) represents the source function, which
gives the probability at given r for the pair production and is
parameterized as a Gaussian

S12(r) = 1

(4πR2)3/2 exp(−r2/4R2), (41)

with R being a parameter which, for pp collisions, is of the
order of 1 fm, and for heavy-ion collisions R ∼ 5 fm (we
shall vary R in the range 1−2 fm). The j0(x) in Eq. (40)
refers to the spherical Bessel function, and p to the mod-
ulus of the center-of-mass momentum of the nD̄s1 system.
The form factors F (1)

C (q) and F (2)
C (q) in Eq. (40) are those

of Eq. (16). We recall that we have considered the approx-
imation F (i)

C (q)F (i)
C ( p) � F (i)

C (q)F (i)
C (0) = F (i)

C (q), since
| p| � |q|, with p being the three-momentum of the neutron.

5 Numerical results

5.1 The nD̄s1(2460) system

In Fig. 3 we show the scattering amplitude T for the
nD̄s1(2460) system. The solid line represents |T |2, the
dashed line the real part of the amplitude, Re[T ], and the
dashed dot-dot line the imaginary part, Im[T ]. The vertical
dashed line in

√
s = 3399 MeV represents the particle +

cluster threshold, (MC + MN ). The peak in |T |2 is located
around 3265 MeV, about 130 MeV below the nD̄s1(2460)

threshold. Its width is about 90 MeV. The width originates
from the transition of nK̄ to π	.

As we assume the D̄s1(2460) to be a K̄ D̄∗ molecular state,
the attraction stems from the nK̄ interaction, responsible for
the formation of the �(1380) and �(1420) states (replacing
the old �(1405)) [108–112].

The correlation function for the system is given in Fig. 4.
The solid line represents the correlation function using R =
1.0 fm, the dashed line R = 1.5 fm and the dotted line
R = 2.0 fm. We vary pcm up to 350 MeV/c, which corre-
sponds to a value of approximately

√
s = 100 MeV above

the nD̄s1(2460) threshold. From Ref. [122], we know that
for energies of the order of 200 MeV above the threshold,
the FCA is not accurate. That is the reason we do not go
further up in momentum. But, as seen in the figure, the rele-
vant structure goes up to 150 MeV/c, or 25 MeV excitation
energy.

The behavior at low momentum in Fig. 4 is common when
there is a state below threshold [43]. For R = 2.0 fm the
correlation function slowly approaches 1 as we go further in
pcm, and we note that the convergence worsens for smaller
R.

Fig. 3 Re[T ], Im[T ] and |T |2 for the nD̄s1(2460) interaction as a
function of

√
s

Fig. 4 Correlation function for the nD̄s1(2460) interaction varying the
value of R

These results are similar to those obtained for the corre-
lation function of nD̄∗

s0(2317) in Ref. [86]. The shapes are
similar and the strength of the correlation function (diversion
from unity) is a bit bigger here than for the nD̄∗

s0(2317) case.
We also observe that the correlation function falls faster as a
function of p than in the case of the nD̄∗

s0(2317) system.
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Fig. 5 Re[T ], Im[T ] and |T |2 for the nD̄s1(2536) interaction as a
function of

√
s

The scattering parameters a and r0 for the nD̄s1(2460)

system are given by

a = (0.59 − i0.21) fm,

r0 = (0.65 − i0.16) fm. (42)

This result fora is very similar to that obtained in Ref. [86],
however, the real part of r0 is about one half the one obtained
for the nD̄∗

s0(2317) case.

5.2 The nD̄s1(2536) system

Next, we show in Fig. 5 the behavior of the three-body ampli-
tude T for the nD̄s1(2536) system. Again, the solid line
represents |T |2, the dashed line the real part of the ampli-
tude, Re[T ], and the dashed dot-dot line the imaginary part,
Im[T ]. The threshold vertical dashed line is now located at√
s = 3475 MeV. Looking at |T |2, there exists a state with

mass around 3426 MeV (∼ 50 MeV of biding energy with
respect to the nD̄s1 threshold), and a width of ∼ 60 MeV is
found. The N K̄ ∗ interaction here, which provides the attrac-
tion for the formation of the �(1800) state [121], facilitates
the formation of a state below threshold.

Looking at the correlation function shown in Fig. 6, for
this system, we find a similar behavior when compared to
the nD̄s1(2460) system. A depletion at low momentum and
a growth as we go further in momentum, approaching slowly
the unity. The strength of the correlation function is a bit
bigger than in the nD̄s1(2460) case.

Fig. 6 Correlation function for the nD̄s1(2536) interaction varying the
value of R

The scattering parameters a and r0 for the nD̄s1(2536)

system are given by

a = (0.71 − i0.18) fm,

r0 = (0.16 + i0.32) fm. (43)

As we can see, the value of a is similar to that of the
former system studied, but the value of r0 is quite different,
in particular the real part which is about four times smaller.

At this point it is interesting to recall that the shape and
the R dependence of the correlation function that we have
found, suggests the presence of a bound state of the system,
as is the case here, and which has been discussed before
in [41,46,48].

6 Summary and conclusions

We have studied the interaction of a neutron with the states
D̄s1(2460) and D̄s1(2536) using an approach based on the
Fixed Center Approximation to the Faddeev equations, but
improved to satisfy elastic unitarity at threshold. This is
essential in order to obtain the scattering length, effective
range and correlation function, which have been determined
in this work. We have also assumed that the Ds1(2460) and
Ds1(2536) states are dynamically generated from the K D∗
and K ∗D interaction, respectively, as comes naturally in the
context of the local hidden gauge approach. The system is
subject to an overall attraction from the nK̄ or nK̄ ∗ interac-
tion, which generate the two �(1405) states or the �(1800)
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resonance, respectively, within the context of the chiral uni-
tary approach, which is equivalent to the local hidden gauge
approach in this case. This attraction is responsible for the
appearance of a resonant state below the nDs1 threshold,
bound by about 130 MeV and with a width of about 90 MeV
in the case of nD̄s1(2460) and 50 MeV binding with a width
of 60 MeV in the case of nD̄s1(2536). The unusual width
below the threshold is a consequence of the composite struc-
ture of the cluster, since K̄ N can go to π	. This makes this
structure, which one can investigate by looking at the D∗π	

invariant mass in experiments, very different than what one
would expect if the Ds1 states corresponded to elementary
particles.

In addition to this information, we evaluate the scattering
length and effective range for the systems and the correlation
functions. The correlation functions have a structure corre-
sponding to a general case when one has a bound state below
threshold, which one could confirm once the experimental
numbers are available. All this information together should
give incentives to measure these correlation functions from
where we can obtain information on the nature of the two Ds1

resonances. Parallelly, the study of the three body invariant
mass distributions of D∗π	 in different experiments should
also be encouraged to see the states predicted in the present
approach.
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Appendix A: Two-body amplitudes

To determine the total amplitude T in Eq. (19), we need the
t̃1 and t̃2 amplitudes, which, as shown in Eq. (6), depend on
two-body t-matrices in specific isospin configurations. In the
case of the nD̄s1(2460) system [nD̄s1(2536)], we need the
K̄ N [K̄ ∗N ] and N D̄∗ [N D̄] two-body t-matrices in isospin
I = 0 and I = 1. In the following, we summarize the
main aspects for determining such amplitudes, for which the
Bethe–Salpeter equation

t = [1 − VG]−1V (A1)

is solved within a coupled-channel approach. In Eq. (A1), G
is a two-hadron loop function regularized with a cut-off qmax,

and the kernel V is obtained from effective Lagrangians.

A.1 The K̄ N system

Here we follow the chiral unitary approach of Ref. [123]
with the coupled channels K̄ N , π	, η� and K
 for the
case of I = 0 and K̄ N , π	, π�, η	 and K
 for I = 1.

A cut-off qmax = 630 MeV is used when calculating G. The
V I
i j amplitudes describing the i → j transition in isospin I

and in the center-of-mass frame, with i, j representing the
coupled channels, are given by

V I
i j = − 1

4 f 2C
I
i j (k

0 + k′0), (A2)

with f = 1.15 fπ and fπ = 93 MeV. In Eq. (A2), k0 and k′0
are the energies of the meson present in the initial and final
channels, respectively, and they are given by

k0 = s + m2
i − M2

i

2
√
s

, k′0 = s + m2
j − M2

j

2
√
s

(A3)

with
√
s representing the center-of-mass energy andmi( j), Mi( j)

being the masses of the initial (final) mesons and baryons
constituting the channel i( j), respectively. The coefficients
C I=0
i j are given in Table 2 of Ref. [123], while C I=1

i j can be
found in Table 3 of Ref. [123].
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A.2 The N D̄∗ and N D̄ interactions

Using the hidden local symmetry approach of Ref. [124],
the D̄∗0n, D̄∗− p interaction proceeds via the exchange of
ρ, ω in the t-channel. This is analogous to the case of
the pseudoscalar-baryon chiral Lagrangian, which can be
obtained from the exchange of vector mesons in the t-
channel. Considering the quark content, it is interesting to

notice that changing the c̄ quark to an s̄ quark,

{
D̄0∗
D̄−∗

}
→{

K+
K 0

}
only the u, d quarks, in the form of vector mesons, can

be exchanged between the kaon and the nucleon. This means
that the K N interaction is completely analogous to that of
N D̄∗. Thus, we can use the amplitudes obtained in Ref. [123]
for the K N interaction and simply change MK → MD̄∗ . In
this way, in the center-of-mass frame, the amplitudes describ-
ing the N D̄∗ → N D̄∗ interaction are given by

V I
i j = − 1

4 f 2
π

L I (k0 + k′0), (A4)

with L I=0 = 0 and L I=1 = −2 and k0(k′0) being the energy
of the D̄∗ meson in the initial (final) state.

The same analogy can be used between the D̄ and K
mesons. Thus, the N D̄ interaction is given by Eq. (A4), with
k0(k′0) being now the energy of the D̄ meson in the initial
(final) state.

A.3 The K̄ ∗N interaction

In Ref. [125], using a coupled channel formalism, the K̄ ∗N
interaction was studied and, for total isospin 0, a state which
was identified with �(1800) was found to be generated.
Considering the result found in Ref. [125], here we follow
Ref. [75] where the t-matrix describing the K̄ ∗N → K̄ ∗N
transition in total isospin 0 is parameterized for energies close
to that of �(1800) as

T I=0
K̄ ∗N (

√
s) = g2

K̄ ∗N√
s − M�∗ + i��∗/2

, (A5)

where M�∗ is the mass of the �(1800), ��∗ its width
and gK̄ ∗N = 3.65, which is an average between the val-
ues considered in Ref. [126] (gK̄ ∗N = 4) and Ref. [125]
(gK̄ ∗N = 3.3).

In the case of total isospin 1, the coupled channels
K̄ ∗N , ρ�, ρ	, ω	, K ∗
, φ	 were considered in
Ref. [125] and the corresponding amplitudes are given by

V I=1
i j = − 1

4 f 2C
I=1
i j (k0 + k′0)ε · ε′. (A6)

In Eq. (A6), ε (ε′) represents the spatial part of the polariza-
tion vector related to the vector meson in the initial (final)
state. The C I=1

i j coefficients can be found in Table 9 of

Ref. [125]. When solving Eq. (A1), we have taken into
account the finite width of the ρ and K ∗ vector mesons.
We do this by convoluting G with the corresponding spectral
distribution, as done in Ref. [127]:

G̃(
√
s, M,m) = 1

C

∫ (MV +2�V )2

(MV −2�V )2
dm̃2 G(

√
s, m̃,m)

×
(

− 1

π

)
Im

{
1

m̃2 − M2
V + iMV�V

}
, (A7)

with

C =
∫ (MV +2�V )2

(MV −2�V )2
dm̃2

(
− 1

π

)
Im

{
1

m̃2 − M2
V + iMV�V

}
. (A8)

References

1. R.H. Brown, R.Q. Twiss, Lond. Edinb. Dublin Philos. Mag. J. Sci.
45, 663 (1954). https://doi.org/10.1080/14786440708520475

2. R.H. Brown, R.Q. Twiss, Nature 178, 1046 (1956). https://doi.
org/10.1038/1781046a0

3. V.M.S.L. Fabbietti, O.V. Doce, Annu. Rev. Nucl. Part. Sci. 71, 377
(2021). https://doi.org/10.1146/annurev-nucl-102419-034438

4. S. Acharya et al. (Alice Collaboration), Phys. Lett. B 774, 64
(2017). https://doi.org/10.1016/j.physletb.2017.09.009

5. S. Acharya et al. (Alice Collaboration), Phys. Rev. C 99, 024001
(2019). https://doi.org/10.1103/PhysRevC.99.024001

6. S. Acharya et al. (Alice Collaboration), Phys. Rev. Lett.
123, 112002 (2019). https://doi.org/10.1103/PhysRevLett.123.
112002

7. S. Acharya et al. (Alice Collaboration), Phys. Lett. B 797, 134822
(2019). https://doi.org/10.1016/j.physletb.2019.134822

8. S. Acharya et al. (Alice Collaboration), Phys. Lett. B 805, 135419
(2020). https://doi.org/10.1016/j.physletb.2020.135419

9. S. Acharya et al. (Alice Collaboration), Phys. Rev. Lett.
124, 092301 (2020). https://doi.org/10.1103/PhysRevLett.124.
092301

10. S. Acharya et al. (Alice Collaboration), Nature 588, 232 (2020).
https://doi.org/10.1038/s41586-020-3001-6

11. S. Acharya et al., Phys. Lett. B 822, 136708 (2021). https://doi.
org/10.1016/j.physletb.2021.136708

12. S. Acharya et al. (Alice Collaboration), Phys. Rev. Lett.
127, 172301 (2021). https://doi.org/10.1103/PhysRevLett.127.
172301

13. S. Acharya et al. (Alice Collaboration), Phys. Rev. D 106, 052010
(2022). https://doi.org/10.1103/PhysRevD.106.052010

14. L. Adamczyk et al. (Star Collaboration), Phys. Rev. Lett.
114, 022301 (2015). https://doi.org/10.1103/PhysRevLett.114.
022301

15. J. Adam et al., Phys. Lett. B 790, 490 (2019). https://doi.org/10.
1016/j.physletb.2019.01.055

16. A. Feijoo, M. Korwieser, L. Fabbietti, Phys. Rev. D 111, 014009
(2025). https://doi.org/10.1103/PhysRevD.111.014009

17. S. Acharya et al. (Alice Collaboration), Eur. Phys. J. C 83, 340
(2023). https://doi.org/10.1140/epjc/s10052-023-11476-0

18. S.E. Koonin, Phys. Lett. B 70, 43 (1977). https://doi.org/10.1016/
0370-2693(77)90340-9

123

https://doi.org/10.1080/14786440708520475
https://doi.org/10.1038/1781046a0
https://doi.org/10.1038/1781046a0
https://doi.org/10.1146/annurev-nucl-102419-034438
https://doi.org/10.1016/j.physletb.2017.09.009
https://doi.org/10.1103/PhysRevC.99.024001
https://doi.org/10.1103/PhysRevLett.123.112002
https://doi.org/10.1103/PhysRevLett.123.112002
https://doi.org/10.1016/j.physletb.2019.134822
https://doi.org/10.1016/j.physletb.2020.135419
https://doi.org/10.1103/PhysRevLett.124.092301
https://doi.org/10.1103/PhysRevLett.124.092301
https://doi.org/10.1038/s41586-020-3001-6
https://doi.org/10.1016/j.physletb.2021.136708
https://doi.org/10.1016/j.physletb.2021.136708
https://doi.org/10.1103/PhysRevLett.127.172301
https://doi.org/10.1103/PhysRevLett.127.172301
https://doi.org/10.1103/PhysRevD.106.052010
https://doi.org/10.1103/PhysRevLett.114.022301
https://doi.org/10.1103/PhysRevLett.114.022301
https://doi.org/10.1016/j.physletb.2019.01.055
https://doi.org/10.1016/j.physletb.2019.01.055
https://doi.org/10.1103/PhysRevD.111.014009
https://doi.org/10.1140/epjc/s10052-023-11476-0
https://doi.org/10.1016/0370-2693(77)90340-9
https://doi.org/10.1016/0370-2693(77)90340-9


Eur. Phys. J. C          (2025) 85:1136 Page 11 of 13  1136 

19. R. Lednicky, V.L. Lyuboshits, Yad. Fiz 35, 1316 (1981). https://
lib-extopc.kek.jp/preprints/PDF/1981/8110/8110137.pdf

20. S. Pratt, Phys. Rev. D 33, 1314 (1986). https://doi.org/10.1103/
PhysRevD.33.1314

21. S. Pratt, M.B. Tsang, Phys. Rev. C 36, 2390 (1987). https://doi.
org/10.1103/PhysRevC.36.2390

22. S. Pratt, T. Csorgo, J. Zimanyi, Phys. Rev. C 42, 2646 (1990).
https://doi.org/10.1103/PhysRevC.42.2646

23. W. Bauer, C.K. Gelbke, S. Pratt, Annu. Rev. Nucl. Part. Sci. 42, 77
(1992). https://doi.org/10.1146/annurev.ns.42.120192.000453

24. K. Morita, T. Furumoto, A. Ohnishi, Phys. Rev. C 91,
024916 (2015). https://doi.org/10.1103/PhysRevC.91.024916.
arXiv:1408.6682 [nucl-th]

25. A. Ohnishi, K. Morita, K. Miyahara, T. Hyodo, Nucl. Phys.
A 954, 294 (2016). https://doi.org/10.1016/j.nuclphysa.2016.05.
010. arXiv:1603.05761 [nucl-th]

26. M.N. Platonova, V.I. Kukulin, Phys. Rev. C 81, 014004
(2010). https://doi.org/10.1103/PhysRevC.81.014004.
arXiv:1612.08694 [nucl-th]. [Erratum: Phys. Rev. C 94,
069902 (2016)]

27. T. Hatsuda, K. Morita, A. Ohnishi, K. Sasaki, Nucl. Phys.
A 967, 856 (2017). https://doi.org/10.1016/j.nuclphysa.2017.04.
041. arXiv:1704.05225 [nucl-th]

28. D.L. Mihaylov, V. Mantovani Sarti, O.W. Arnold, L. Fab-
bietti, B. Hohlweger, A.M. Mathis, Eur. Phys. J. C 78,
394 (2018). https://doi.org/10.1140/epjc/s10052-018-5859-0.
arXiv:1802.08481 [hep-ph]

29. J. Haidenbauer, Nucl. Phys. A 981, 1 (2019). https://doi.org/10.
1016/j.nuclphysa.2018.10.090. arXiv:1808.05049 [hep-ph]

30. K. Morita, S. Gongyo, T. Hatsuda, T. Hyodo, Y. Kamiya, A.
Ohnishi, Phys. Rev. C 101, 015201 (2020). https://doi.org/10.
1103/PhysRevC.101.015201. arXiv:1908.05414 [nucl-th]

31. Y. Kamiya, T. Hyodo, K. Morita, A. Ohnishi, W. Weise, Phys. Rev.
Lett. 124, 132501 (2020). https://doi.org/10.1103/PhysRevLett.
124.132501. arXiv:1911.01041 [nucl-th]

32. Y. Kamiya, K. Sasaki, T. Fukui, T. Hyodo, K. Morita, K. Ogata, A.
Ohnishi, T. Hatsuda, Phys. Rev. C 105, 014915 (2022). https://doi.
org/10.1103/PhysRevC.105.014915. arXiv:2108.09644 [hep-ph]

33. Y. Kamiya, T. Hyodo, A. Ohnishi, Eur. Phys. J. A 58,
131 (2022). https://doi.org/10.1140/epja/s10050-022-00782-y.
arXiv:2203.13814 [hep-ph]

34. I. Vidana, A. Feijoo, M. Albaladejo, J. Nieves, E. Oset, Phys.
Lett. B 846, 138201 (2023). https://doi.org/10.1016/j.physletb.
2023.138201. arXiv:2303.06079 [hep-ph]

35. Z.-W. Liu, J.-X. Lu, L.-S. Geng, Phys. Rev. D 107,
074019 (2023). https://doi.org/10.1103/PhysRevD.107.074019.
arXiv:2302.01046 [hep-ph]

36. M. Albaladejo, J. Nieves, E. Ruiz-Arriola, Phys. Rev. D 108,
014020 (2023). https://doi.org/10.1103/PhysRevD.108.014020.
arXiv:2304.03107 [hep-ph]

37. J.M. Torres-Rincon, À. Ramos, L. Tolos, Phys. Rev. D 108,
096008 (2023). https://doi.org/10.1103/PhysRevD.108.096008.
arXiv:2307.02102 [hep-ph]

38. V.M. Sarti, A. Feijoo, I. Vidaña, A. Ramos, F. Giacosa, T. Hyodo,
Y. Kamiya, Phys. Rev. D 110, L011505 (2024). https://doi.org/
10.1103/PhysRevD.110.L011505. arXiv:2309.08756 [hep-ph]

39. R. Molina, Z.-W. Liu, L.-S. Geng, E. Oset, Eur. Phys. J. C 84,
328 (2024). https://doi.org/10.1140/epjc/s10052-024-12694-w.
arXiv:2312.11993 [hep-ph]

40. R. Molina, C.-W. Xiao, W.-H. Liang, E. Oset, Phys. Rev. D 109,
054002 (2024). https://doi.org/10.1103/PhysRevD.109.054002.
arXiv:2310.12593 [hep-ph]

41. Z.-W. Liu, J.-X. Lu, M.-Z. Liu, L.-S. Geng (2024).
arXiv:2404.18607 [hep-ph]

42. A. Feijoo, M. Korwieser, L. Fabbietti, Phys. Rev. D 111,
014009 (2025). https://doi.org/10.1103/PhysRevD.111.014009.
arXiv:2407.01128 [hep-ph]

43. N. Ikeno, G. Toledo, E. Oset, Phys. Lett. B 847, 138281
(2023). https://doi.org/10.1016/j.physletb.2023.138281.
arXiv:2305.16431 [hep-ph]

44. M. Albaladejo, A. Feijoo, I. Vidaña, J. Nieves, E. Oset
(2023). https://doi.org/10.1140/epja/s10050-025-01650-1.
arXiv:2307.09873 [hep-ph]

45. A. Feijoo, L.R. Dai, L.M. Abreu, E. Oset, Phys. Rev. D 109,
016014 (2024). https://doi.org/10.1103/PhysRevD.109.016014.
arXiv:2309.00444 [hep-ph]

46. K.P. Khemchandani, L.M. Abreu, A. Martinez Torres, F.S.
Navarra, Phys. Rev. D 110, 036008 (2024). https://doi.org/10.
1103/PhysRevD.110.036008. arXiv:2312.11811 [hep-ph]

47. L.M. Abreu, P. Gubler, K.P. Khemchandani, A. Martinez Torres,
A. Hosaka, Phys. Lett. B 860, 139175 (2025). https://doi.org/10.
1016/j.physletb.2024.139175. arXiv:2409.05170 [hep-ph]

48. L.M. Abreu, J.M. Torres-Rincon, Phys. Rev. D 112, 016003
(2025). https://doi.org/10.1103/vffb-kv1t. arXiv:2503.13668
[hep-ph]

49. P. Encarnación, M. Albaladejo, A. Feijoo, J. Nieves (2025).
arXiv:2507.08466 [hep-ph]

50. À. Ramos, J.M. Torres-Rincon, A. de Fagoaga, E. Cabré (2025).
arXiv:2507.22593 [hep-ph]

51. M. Albaladejo, A. Feijoo, J. Nieves, E. Oset, I. Vidaña, Phys.
Rev. D 110, 114052 (2024). https://doi.org/10.1103/PhysRevD.
110.114052. arXiv:2410.08880 [hep-ph]

52. A. Feijoo, V.M. Sarti, J. Nieves, A. Ramos, I. Vidaña, Phys. Rev.
D 111, 014022 (2025). https://doi.org/10.1103/PhysRevD.111.
014022. arXiv:2411.10245 [hep-ph]
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