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In anticipation of the new wave of ALICE experiments on particle-resonance correlation functions, we
study the interaction of a kaon with the D,(2317) resonance. Assuming the D%,(2317) to be a DK molecular
state in isospin / = 0, we employ the fixed center approximation to describe the kaon scattering off the DK
cluster, and implement elastic unitarity in the KD*;(2317) amplitude via an optical potential and the
Lippmann-Schwinger equation. We evaluate the scattering length, effective range, and correlation function,

which exhibits a shape characteristic of a strongly attractive interaction. Notably, the amplitude develops a
narrow resonant peak about 40 MeV below the KD%,(2317) threshold, signaling a three-body bound state.
We discuss the experimental feasibility of observing this state through the invariant mass distribution
of KD °, and argue that such three-body states, predicted by various theoretical approaches, offer promising

targets for future experimental searches, providing valuable insights into the nature of exotic hadronic

resonances.

DOI: 10.1103/5qjm-71vr

I. INTRODUCTION

ALICE collaboration has started a new wave of experi-
ments investigating the correlation functions stemming from
the interaction of stable particles with resonances. The first
steps in this direction involve the pf(1285) system, where
the f,(1285) is detected via the KKz decay mode [1,2]. The
aim of the project is to learn about the nature of many
resonances, which are the subject of permanent debate (see
review papers on this issue [3—12]). Correlation functions
offer a possibility to study the interaction of a particular
resonance with many different sources, accumulating novel
information that should shed light on the issue of the nature
of the resonance investigated. Among multiple resonances to
be investigated, some of them play a particular role since
they can correspond to exotic states that cannot be cast into
the standard gg or 3¢ nature for mesons and baryons,
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respectively, or correspond to dynamically generated, molec-
ularlike states that emerge from the interaction of other
particles, usually within coupled channels [11,12]. This is
the case for the f;(1285) state, which is considered
to be a molecular state originating from the KK* — KK*
interaction with isospin / = 0 [13-18]. A long list of tests
supporting this nature is discussed in Ref. [19]. Theoretical
work following this new trend has started to appear, and in
Ref. [20] the correlation function for the pf;(1285) inter-
action was evaluated, finding a significant deviation from
unity, which should be contrasted with the coming exper-
imental results [1].

The work of Ref. [20] used the popular fixed center
approximation (FCA) to the Faddeev equations [21-30], in
which there is an external particle, the proton, interacting
with a cluster of two particles, the f(1285) as a composite
state of KK*-KK*, where the cluster is assumed to remain
unchanged during the interaction, as is generally assumed
when one studies the interaction of particles with nuclei
[31-34]. The work of Ref. [20] faced a new challenge when
it was found that the FCA, normally used to look for bound
states below the threshold of the external particle and the
cluster, did not fulfill elastic unitarity at the threshold, a
condition necessary to determine the effective range in the
effective range expansion of the three-body amplitude and
the correlation function. An ad hoc solution was found in
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that work by multiplying the amplitude by a factor close to

unity, which rendered the approach unitary. The formal
solution to this problem was found in Ref. [35] when
studying the interaction of a neutron with the D?,(2317). In
that case the D*,(2317) was also assumed to be generated
by the interaction of D K.

In both cases considered in Refs. [20,35], a bound state
for the three-body system was also found, providing novel
information that calls for an experimental search. These
predictions are tied to the nature of the f(1285) and
D?,(2317) resonances as dynamically generated from the
interaction of more elementary particles, and are quite dif-
ferent from predictions assuming these resonances to be
elementary fields. One clear example is shown in the results
of Ref. [19], where the K f1(1285) interaction was studied
along the lines of Ref. [35] and the correlation function was
evaluated. The interaction was found to be strong enough to
produce a correlation function diverting sizeably from
unity, and to generate a bound state close to the threshold.
On the other hand, it was found in Ref. [36] that assuming
the f1(1285) as an elementary matter field, the interaction
was zero.

More work has followed along these lines, and in
Ref. [37], as a complement of the nD*,(2317) interaction
studied in Ref. [35], the correlation functions for the
nD,,(2460) and nD,, (2536) systems were evaluated, with
bound states also found. A further application of the new
unitary techniques to the three-body interaction was pre-
sented in Ref. [38], which predicts a superexotic bound
state of K**D**K** nature with total spin J = 3.

As a complement of the work done in Ref. [35], in the
present work we study the interaction of a kaon with the
D?,(2317) resonance. The D%,(2317) is also assumed to be
generated from the interaction of the DK and D,# channels
[3947], mostly DK in isospin [ =0, which is also
supported by lattice QCD calculations [48-52]. This is a
new method to study the nature of the D},(2317) since in
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FIG. 1. Diagrams entering the FCA approach for K? interacting

with the cluster DK.

Ref. [35], one is faced with the interaction of the neutron
with K and D, while here one is considering the interaction
of a kaon with K and D. These interactions are completely
different from the dynamical point of view, so the predictions
should be very different and will provide complementary
information on the nature of the D?,(2317) resonance,
which is one of the motivations behind the work.

II. FORMALISM

We follow closely the work of Ref. [19], which contains
the developments and improvements of the FCA, as
implemented in Refs. [35,37,38].!

We study the interaction of a kaon with the D¥;(2317)
assumed to be a molecular state of DK in isospin / = 0.
The first step is to sum the diagrams involved in the
conventional FCA, which are depicted in Fig. 1.

The external K° can interact with the D and the K of the
cluster. The DK interaction is attractive, in fact it produces
the D¥,(2317), while the KK interaction is repulsive, but
given the large strength of the DK attraction, one expects
that this attraction will overcome the repulsion and lead to a
three-body bound state of DKK nature.

One of the assumptions in the FCA is that the cluster
remains unchanged during the collision with the external
particle. In this sense, it is commonly believed that the FCA
is good when the external interacting particle is lighter than
those of the cluster. While this certainly helps, it is not a
necessary condition. The FCA also works if the cluster is
much bound, as is the case here with about 45 MeV binding
for the DK in the D%,(2317) state. A detailed discussion on
this issue is done in Sec. 4 of Ref. [55], and we mention
some examples that serve to support the scheme in the
present case. In Refs. [56,57] the NKK system and coupled
channels were studied by solving the Faddeev equations,
yielding results similar to those of Ref. [58], where Faddeev
equations were solved using effective potentials. By apply-
ing the FCA in Ref. [59] similar results as in the former
works were obtained concerning the bound states of the

'We take advantage here to clarify a discussion made in
Ref. [20] concerning the cancellation between off-shell contri-
butions of two-body amplitudes and three-body terms in Faddeev
equations when using chiral Lagrangians. This is correct for one
representation of the fields in the Lagrangian, the one commonly
used [exponential, or polar representation, U = exp(i¢hz/f) in
SU(2), with ¢ the pion field], but different ones can be taken in
which the exact cancellation would not hold [53] (see also
Appendix A of Ref. [54]). In particular, it is shown in Ref. [53]
that there is a choice of field representation in which the three-
body terms cancel. Physically this would mean that one would
have to introduce explicit three-body terms to obtain the same
three-body amplitude at the end. What concerns us is that, with
the common chiral Lagrangians that we use, the cancellation
occurs and it is fair to use on-shell two-body amplitudes, without
the off-shell extrapolation that these chiral Lagrangians would
provide, and to neglect the three-body terms provided by the
same Lagrangians.
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three-body system. Other relevant information comes from
the study of the KK interaction in Ref. [59], with KK as a
cluster, where the limits of the FCA approximation are
shown, reporting that for energies below and not close to
the threshold the amplitude is similar to the one obtained
from Faddeev equations [60], but the approximation fails
for energies above and far away from the threshold. A
strong support for the improved FCA that we are using here
comes from the recent measurement of the correlation
function for the pf(1285) in Ref. [61], a system analogous
to the one studied here, and the agreement found with the
predictions of Ref. [62] (see the comment at the end of
the paper).

In the FCA we need the scattering amplitudes of the
external particle with the components of the cluster. Let us
call ¢; and ¢, the amplitudes for collision of a K° with the D
and K components of the D%,(2317) cluster, respectively.
When considering the I = 0 structure of the DK cluster, the
amplitudes #; and ¢, are written as

1 :Zti)zKl +Zt§):1?v
3 1,
= Zﬁ{Kl +Zf§<_1<0- (1)

For reasons of normalization, by referring the final ampli-
tudes to the interaction of K° with the cluster as a whole of
mass M, we define the amplitudes

. M, _ Mg
h=—=0n, Iy =—1. (2)
mp mg

The arguments of these amplitudes are given by

51(DK) = (pgo + pp)* = mi + (Emp)* + 2Empqy.
52(KK) = (pgo + px)* = mi + (Emg)* 4 2Emgqq,  (3)

with g, the energy of K° in the rest frame of the cluster,

2 2
s—mKO—MC M,

et &= 4)

9o = N mp +m K ’
which assume that the binding energy of the D%;(2317) is
shared between the D and K of the cluster proportional to
their respective masses.

From Fig. 1 it is useful to separate the terms T 7 which
include all diagrams where the K° interacts first with

particle i of the cluster and finishes with particle j. One
finds

where G is the K propagator from one particle to the other
in the cluster, given by

B d3q 1 1
Go(Vs) = / (27)* 20k (q) 20¢(q)

Fel(q)
Vs —ok(q) - oc(q) + i€
X O(qlx — )0 (qimx — 45). (6)

where wg(q) = +\/q* + m%, wc(q) = \/q¢* + M%. The

presence of the ®() functions in Eq. (6) stems from the
q.q' dependence of the amplitudes [63],

X

t(q, q/) = t®(Qmax - |q|)®(Qmax - ‘qIDv (7)

resulting from a separable potential V(q,q') =
VO(Gmax — |9])O(gmax — |¢'])- In this case, the cutoff
Gmax Tegularizes the meson-meson loop functions entering
the evaluation of the Bethe-Salpeter equation (see the
Appendix) and leads to a formalism equivalent to the
one used in the chiral unitary approach with the on-shell

factorization [64]. In Eq. (6), qE,LZX refers to the DK
amplitude and qr@lx refers to the KK amplitude.
Furthermore, ¢} and ¢; refer to the momenta in the rest
frame of the propagating K° and the respective particles 1
and 2 of the cluster. A sensible prescription is taken for the
internal motion of the particles in the cluster [38], following
Refs. [65,66], assuming the momentum transferred to be
shared between the initial and final particles of the cluster in

a single scattering step, and then we find

q7=q<1—1’"’<°l_). (3)

In addition, F(q) is the form factor of the cluster, which
stems from the wave function of the cluster in momentum
space [63]

G()(Qmax - Ipl)
M - wp(q) — ok(q)

w(p) = : )

which leads to

Felq) :%»

_ d3p !
Flq) = / (27)* M¢ = wp(p) — wk(p)

Ip|<gmax.
[P—q|<gmax

1

“Mc—wpp—q) - ok —q)°

035042-3



JIA, LI, LIANG, SONG, and OSET

PHYS. REV. D 114, 035042 (2026)

N=FO= /Lv<qmax (311];3 (Mc - CUD(;) - a’K(P))z.
(10)

The cluster in general is a resonance which has a width.
Then M, in Eq. (10) would be complex. We deal with this
situation considering that the target has a mass distribution
and performing a convolution of the results with this mass
distribution. This has been done in the study of the
Kf1(1285) case in Ref. [19] with the result of a softening
of the three-body scattering amplitude at the threshold. In
the present case, with a cluster width of only 100 keV, the
associated effects are negligible.

For later purposes, it is interesting to put T ;of Eq. (5)in
the form of a matrix,

T= (T” T”). (11)
Ty Tn
Next we introduce the unitarization in the K°D?(2317)
system, with the D7,(2317) taken as a whole, which
proceeds by incorporating the diagrams shown in Fig. 2.
The need for the diagrams of Fig. 2 recalls what happens in
the interaction of an external particle with a nucleus, where
the tp (with p the density of the nucleus), which would
be equivalent to #; + ¢, in our formalism in the sum of the
diagrams of Fig. 1, provides the optical potential, which
must be used in the Lippmann-Schwinger equation to
obtain the particle-nucleus scattering amplitude.
The sum of diagrams in Fig. 2, including extra iterations
in the K°D*,(2317) propagation, can be represented in
terms of the equation

T =[1-TG T, (12)
with
(1)
G 0
GC - ¢ ) (13)
2)
0 G
where
(i) d3q 1 1
G p—
Y= | i)
FY () 0
. C) max ?7
V5 — () - wc(q) + i O\~ 41
(14)
with [67]
My mg
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FIG.2. Diagrams considering the elastic propagation of the K°
and the cluster D%,(2317).

The final amplitude is then given by [37]
(V) = DT
i

i+ 5+ (2G, - GY - G2 T,
1-GV% - 6% - (G5 - GG,
(16)

A. Scattering length and effective range

Once we have the total amplitude 7'°'(/s), one can obtain
the K°D7(2317) scattering length and effective range.
Taking into account the normalization of our amplitude
compared to the usual one employed in quantum mechanics,
we have

~8/5(T0) ! = (M)
I 1 .

:_E"—Eroqgm_IQCmv (17)
where g, is the K momentum in the K°D?;(2317) rest
frame. The term —iq., in Eq. (17) implies the elastic
unitarity of the K°D*,(2317) amplitude, and it was shown
analytically in Ref. [37] that the amplitude of Eq. (16) fulfills
exactly this unitarity. Then one obtains

Ttot

a:8ﬂ\/§

.
o= {%(—smm’t)—' n iqcmﬂ L9

with u the K°D%,(2317) reduced mass.
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B. Correlation function

Following Ref. [19] we write the correlation function

Ckp,(p) =1 +47z¢w drr’S,(r)
x{ljo(pr) + TG = j5(pr)},  (20)
where
TG = (T}, + T5)G (V5. r) + (T}, + T5,)Go(V/s, 1)
(21)

with S1,(r) the source function, given by

(1) = o R AR). (22)

and R the radius of the source, which is determined in
the experiment, or can also be obtained from a fit to the
correlation function data, as shown in Ref. [68], and

d*q 1 1
(2”)3 20k(q) 2wc(q

jolar)F¢ (q)
Vs —wk(g) —oclg) + i€’ .

Gi(V5.r) = / Ok~ )

III. RESULTS

We first show the results obtained for the scattering
length and the effective range. We find

a = (0517 —0.00016 i) fm, (24)
ro = (=0.511 +0.102 ) fm. (25)

The small imaginary part of a reflects the small imaginary
part of the DK amplitude arising from the small width of
the D%,(2317). Both a and ry have magnitudes of about
half of those of the pf(1285) scattering, but the sign of r
here is opposite to that found in pf;(1285). They are,
however, much closer to those obtained for the K f;(1285)
interaction in Ref. [19].

Next we show the results for the 7' matrix as a function
of the center-of-mass energy of the KD%,(2317) system,
/s, in Fig. 3. We find a structure typical of a narrow
resonance around 40 MeV below the KD?,(2317) thresh-
old. The modulus of the imaginary part has a peak around
2777 MeV and the real part goes through zero around that
energy. The absolute value of 7" shows a neat and narrow
peak. From |Im 7| at half height of its peak we find the
width of the state to be around 200 keV. The source of the
state found stems from the DK attraction. We have checked
the effect of the KK repulsion. If we remove fxx from the

Scattering amplitude (x10%)

o N

—— { —
_———t .——=

;

+

=

1

1 E I
2810 2820

2770 2780 2790 2800
V5 (MeV)
(a)

Scattering amplitude (x10%)

—6F 4
2775 2776 2777 2778 2779 2780
V5 (MeV)
(b)
FIG. 3. Results for 7°'(1/s) as a function of \/s: (a) relative to

the KD?,(2317) threshold, and (b) blow up in a narrow energy
window.

approach, the state appears at 2771 MeV. The effect of the
repulsion has been to move the position of the state 6 MeV
closer to the KD?,(2317) threshold.

One might be surprised that the binding energies
obtained and the width are bigger than those in the DK
system itself. This is an effect produced by expressing the
results in terms of the invariant mass distribution of
particle-cluster, +/s, rather than particle-particle, /51, an
effect well known in particle-nucleus collisions [69].

Since the D%;(2317) decays into D} z°, the peak that we
obtained should be searched in the invariant mass distri-
butions of K°D}7° A detailed discussion on how such
invariant mass distributions can be searched in present
facilities by LHCb or ALICE collaborations is given at the
end of Sec. III in Ref. [38]. Next we turn to the correlation
function of the KD?(2317) system. The results are shown
in Fig. 4.
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FIG. 4. Correlation function for the KD¥;(2317) system.

We observe a pattern very similar to the one found for
the pf;(1285) in Ref. [20], and the Kf;(1285) in
Ref. [19], all of which produce a bound state with similar
binding energies. In the qualitative picture for correlation
functions discussed in Refs. [70,71], it would correspond
to the case of a strongly attractive potential. The shapes of
the correlation functions in Fig. 4 are also similar to those
obtained for the D°K* and D*K" correlation functions
in Ref. [72].

As in the case of the pf,(1285) where the f;(1285) is
identified by a decay channel, the KK, in the measurement
of the K°D?,(2317) correlation function, the D?,(2317)
would be identified by its D z° decay, by looking for the
peak of the invariant mass distribution of D} z° to identify
the peak corresponding to the D’,(2317) state, while a K is
identified as coming from the same event. With the same
experimental machinery, one could look at the invariant
mass distribution of K°D%z° below the threshold to identify
the state predicted. We think that there is much to search,
and hopefully find, by making a thorough measurement of
three-body invariant mass distribution in this and other
related cases.

IV. CONCLUSIONS

Anticipating results in the new wave of ALICE experi-
ments on particle-resonance correlation functions, we have
carried out the evaluation of observables related to the
interaction of a kaon with the D¥,(2317) resonance. For
this purpose we have assumed that the D};(2317) is a
molecular state of DK in isospin / = 0. Then we have used
a version of the fixed center approximation, in which the
kaon interacts with the DK cluster without destroying it,
and made a mapping onto the conventional interaction of
particles with nuclei, which constructs an optical potential
that is later used within the Lippmann-Schwinger equation
to obtain the particle-nucleus scattering matrix. The FCA
provides the “optical potential,” and the propagation of the

elastic channel KD%,(2317) is implemented, producing
elastic unitarity in the KD%,(2317) scattering amplitude,
which is essential to evaluate scattering observables at low
energies.

We have then evaluated the scattering length, the
effective range, and the correlation function, which has a
shape corresponding qualitatively to a strongly attractive
potential.

As a side product, we observe that the amplitude develops
a very narrow resonant shape below the KD?,(2317)
threshold, corresponding to a three-body state bound by
about 40 MeV. We also discuss that while the measurement
of this correlation function requires the observation of a
kaon and the KD!;(2317) from the same event, the
D?,(2317) being detected via a peak in the D} z° mass
distribution, the same experimental framework could look
into the invariant mass distribution of three bodies, KDy z°
below the threshold, looking for the predicted state. We
anticipate that this search, and similar ones of predicted
three-body states, are bound to find many three-body states
which are predicted by different theoretical approaches (see
a review on this issue in Ref. [28]).

We would like to note that recently new results from an
ALICE experiment, measuring the correlation function for
the pf;(1285) system, were reported in Ref. [61] and
compared with the updated results of Ref. [20], obtained in
Ref. [62] prior to the experimental results. The agreement
between theory and experiment is quite good and this gives
extra support to the predictions made here.
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APPENDIX: ¢, t, AMPLITUDES

1. The DK amplitudes

For #; we need the DK amplitude in / = 0, 1. We take
advantage of the recent work done in Ref. [73] where the
interactions of the coupled channels, D°K*, D*K°, D},
and D}z, are considered, which allows one to obtain the
strong decay width of the D?;(2317) into the isospin
forbidden Dy z° channel. By using the local hidden gauge
approach [74-77] with the exchange of vector mesons, the
transition potentials V;; between these coupled channels
are evaluated in Ref. [73], and then the scattering matrix is

evaluated with the Bethe-Salpeter equation in matrix form,
T=[1-VG]'V, (A1)

with G the diagonal meson-meson loop function,
G = diag[G,], with

&g w§><zi>+wé @)
G;(s) =
(5) / (27)* 200 ()0 (3)
1
s— [00(F) + V@)L + e

(A2)

with a);l) (q) = +/q* + mﬁ.’)z
of channel i. A pole is obtained for a mass of Mp =
2317 MeV and a width of around 100 keV, and the
couplings g; (i = 1 to 4) are defined such that the amplitude
at the pole is given by

for j =1, 2, the two mesons

9i9;
J S_MR+IMRFR

Mg =2317 MeV, Tk ~100 keV.

T =

(A3)

The couplings are given in Ref. [73] and from them we can
get the [ = 0 scattering matrix, considering the intrinsic
isospin phase convention that we use, with the isospin
doublets (D*,-D), (K*, K°). The DK isospin states are
then

|IDK,I =0) = —(D*K° + D°K™),

|IDK, I =1,13 =0) = —(D*K° — D°K™). (A4)

§|~§\~

Then,

p—

[1=0 —

E(tD+K0,D+K0 + 2tD+K0,DOK+ + tD0K+.D0K+)
1 1
2s - M% + iMRFR

X (G ko + 29D k0Ipok+ T G ) (AS)

and from Ref. [73],

gp ko = (8129.49 + i 75.70) MeV,

gpoge = (8252.26 — i 69.15) MeV. (A6)

We cannot use these couplings to calculate the 7 =1
amplitude since they refer to the / = O state. Instead we
can use the results of Ref. [73] for the potentials in the
coupled channels, and taking channel 1 as D°K* and
channel 2 as DTK?, and we find

1
Vel = 5 (Vi1 +Vy =2Vy,) =0, (A7)
where the zero results by taking m,, = m,. Thus,
=0 (AB)

2. The KK amplitudes

These amplitudes are evaluated in Appendix A of
Ref. [19] with the result

., 44 /3 M
V5<1<1:Mz<2S—ZM%<), g="~
Vv

2f°
f =93 MeV, My = 800 MeV, (A9)
and
V1=1
el = KR Al10
W= v (A10)

with the factor % in VG to account for the identity of the two
kaons, and G given again in the cutoff form of Eq. (A2)
with g« = 650 MeV. Similarly, the isospin / = 0 poten-
tial V&2 is found null and thus

=2 = 0. (A11)
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