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We predict femtoscopy correlation functions for S-waveDðsÞϕ pairs of lightest pseudoscalar open-charm
mesons and Goldstone bosons from next-to-leading-order unitarized heavy-meson chiral perturbation
theory amplitudes. The effect of the two-state structure around 2300 MeV can be clearly seen in the
ðS; IÞ ¼ ð0; 1=2Þ Dπ, Dη, and DsK̄ correlation functions, while in the scalar-strange (1,0) sector, the
D�

s0ð2317Þ� state lying below the DK threshold produces a depletion of the correlation function near
threshold. These exotic states owe their existence to the nonperturbative dynamics of Goldstone-boson
scattering off DðsÞ. The predicted correlation functions could be experimentally measured and will shed
light into the hadron spectrum, confirming that it should be viewed as more than a collection of quark
model states.
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I. INTRODUCTION

For hadrons containing charm quarks, there is no
possibility of performing traditional scattering experiments
due to technical limitations imposed by the extremely short
lifetime of these heavy particles, and experimental infor-
mation on the interactions involving charmed hadrons is
commonly extracted from reactions where they are pro-
duced in the final state. In addition, lattice QCD (LQCD) is
seen as a benchmark scheme to constrain and validate the
effective field theories employed to describe the relevant
final state interactions (FSI) in the analyzed reactions.
The study of the lightest scalar open-charmD�

0ð2300Þ and
D�

s0ð2317Þ� provides an example of the performance of this
combined strategy [1–11]. These states are exotic in the sense
that they cannot be accommodated in simple constituent
quark models (see for instance the discussion in Ref. [12]).
However, both resonances are dynamically generated
from the S-wave scattering of Goldstone bosons (ϕ) off
the lightest pseudoscalar open-charm mesons [DðsÞ]. The T
matrix is obtained after solving the Bethe-Salpeter equation
with irreducible amplitudes evaluated at next-to-leading

order (NLO) in heavy-meson chiral perturbation theory
(HMChPT) [13,14] and adopting the on-shell renormaliza-
tion scheme [15–19]. All the unknown low-energy constants
(LECs) are determined from the LQCD DðsÞϕ scattering
lengths computed for different pion masses in Ref. [1]. The
scattering amplitudes fulfill elastic unitarity in coupled
channels and successfully describe [2,5] the DðsÞϕ LQCD
energy levels obtained by the Hadron Spectrum [20] and
RQCD [21] Collaborations for various pion masses.1

Moreover the theoretical framework is strongly sup-
ported [4,8,9] by recent high-quality ½DðD̄Þϕ� FSI data on
the BðsÞ → DðD̄Þϕϕ0 decays provided by the LHCb experi-
ment [27–31]. In the case of the D�

0ð2300Þ, the theory
predicts a double-pole pattern which provides a natural
explanation to various puzzles in the charm-meson spec-
trum [4], in particular to why a single broad D�

0ð2300Þ
resonance would have a mass almost equal to or even higher
than its strange siblingD�

s0ð2317Þ�. Actually, it was only in
the 2018 edition of theReview of Particle Physics (RPP) [32]
when the possible existence of a lighter state associated to the
D�

0ð2300Þ was first suggested based on the findings of
Refs. [2,4,6].
On the other hand, femtoscopy has been traditionally

utilized tomeasure the size of thequark-gluonplasma fireball
created in relativistic heavy-ion collisions. However, since it
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1The finite-volume scheme of Ref. [2] provides predictions
that also compare well with results from earlier [22,23] and
more recent [24–26] LQCD simulations carried out for different
no-physical Goldstone-boson masses.
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is sensitive to the correlations between the particles in the
final state, the parameters of the strong interaction can be
probed as well [33,34]. In high-multiplicity events of pp,
pA and AA collisions, the hadron production yields are
well described by the statistical models, thereby leaving the
correlations between outgoing particles relying upon the
FSI, from which the corresponding scattering parameters
can be extracted [35]. Femtoscopy techniques consist in
measuring the correlation in momentum space for any
hadron-hadron pair, and this information is encoded in the
so-called two-particle correlation function (CF). The latter
can be computed as the quotient of the number of pairs
of combined particles with the same relative momentum
produced in the same collision event over the reference
distribution of pairs from mixed events. On the theoretical
side, CF comes in terms of the product of the so-called
source function, which can be seen as a kind of form factor
that gives the probability that the two particles forming
a pair are emitted at a relative distance of each other,
times the squared of the absolute value of thewave function
of the considered channel, built from the scattering
amplitudes [36–52].
Additional independent information on the charm-hadron

spectrum would be most welcome to further learn about its
properties and nature. Femtoscopic CFs with the observa-
tion of channels involving charmed hadrons in heavy-ion
collisions should be then most valuable. There exist exper-
imental studies in the strangeness sector [33,53–60], but
importantly the ALICE Collaboration measurement of the
pD− and p̄Dþ CFs in high-multiplicity pp collisions at
13 TeV [61] paves the way to access the charm quark sector.
This is precisely the goal of this paper, wherewewill predict
the visible signatures that theD�

s0ð2317Þ� and the two-pole
structure of theD�

0ð2300Þwill produce in theD0Kþ,DþK0

and Dþ
s η and the Dþπ0, D0πþ Dþη and Dþ

s K̄0 CFs,
respectively. None of these channels involve the Coulomb
interaction and therefore the unitarized NLO HMChPT
scheme, constrained and tested by data and LQCD input,
should perform very well and provide very accurate results
which could be confronted to experiment or used to validate
femtoscopic techniques and models.

II. CORRELATION FUNCTIONS

The fundamental quantities of our study are the CFs,
which can be written as

CiðsÞ¼1þ
Z

∞

0

drSðrÞ
�X

j

jψ j
iðs;rÞj2−j0ðpirÞ2

�
; ð1aÞ

ψ j
iðs;rÞ¼ j0ðpirÞδijþTjiðsÞG̃jðs;rÞ; ð1bÞ

where the usual Mandelstam variable s denotes the c.m.
energy squared. The index i denotes the coupled hadron
pair considered, and the sum in the index j runs over all

possible ones. Here we consider the channels Dπ, Dη, and
DsK̄ in the ðS; IÞ ¼ ð0; 1=2Þ sector and Dþ

s π
0, D0Kþ,

DþK0, and Dþ
s η for strangeness S ¼ 1 and isospin I ¼ 0

and I ¼ 1. The c.m. momentum of each channel is denoted
by piðsÞ, and j0ðxÞ ¼ sinðxÞ=x is the zeroth-order spherical
Bessel function. The functions G̃iðs; rÞ, given in Ref. [51],
can be written as

G̃iðs; rÞ ¼
1

π

Z
∞

sth;i

ds0
piðs0Þ
8π

ffiffiffiffi
s0

p j0ðpiðs0ÞrÞ
s − s0 þ iϵ

θðΛ − piðs0ÞÞ: ð2Þ

The sharpmomentum cutoffΛ is introduced to regularize the
r → 0 behavior of thewave functionsψ j

iðs; rÞ. In thework of
Ref. [51], it is inherited from the regularization of the
amplitude TðsÞ and allows the on-shell factorization of the
latter out of the integral. As will be shown, its effect is very
small for natural Λ values in the range [600, 900] MeV.
The source function is generally taken as a Gaussian,

which in the radial direction reads SðrÞ ¼ 4πr2=
ð4πR2Þ3=2 expð−r2=4R2Þ, with a source size R. A factor
4πr2 coming from the differential volume element d3r⃗ has
been absorbed into SðrÞ.
The key ingredient in the CFs are the S-wave unitarized

partial wave amplitudes TijðsÞ, which encode the meson-
meson interactions. In this work, they are taken from
Ref. [1] and written as

T−1ðsÞ ¼ V−1ðsÞ −GðsÞ; ð3Þ

with elementary interactions VðsÞ computed from NLO
HMChPT, and GðsÞ are two-meson loop functions regu-
larized with a subtraction constant. As mentioned in the
introduction, the LECs as well as the subtraction constants
have been successfully determined in Ref. [1] through the
computation of DðsÞϕ scattering lengths for different pion
masses. Therefore, these amplitudes are completely deter-
mined (no free parameters) and, in this sense, the calcu-
lations presented in this manuscript are genuine predictions
for future experiments. The amplitudes, in turn, have been
used in Refs. [2,5] to compute energy levels in a finite
volume for the Dπ, Dη, and DsK̄ and DK systems, that are
successfully compared with the LQCD simulations in
Refs. [20,21], respectively. Importantly, in Ref. [2] it is
shown that these amplitudes contain two poles in two
different Riemann sheets, corresponding to two different
D�

0 states in the 2300 MeV region, and not just one
[previously known as D�

0ð2400Þ; see Refs. [32,62]], as
traditionally thought. Later on, Ref. [4] showed that this
two-state structure is also compatible with the experimental
LHCb data on B−→Dþπ−π− [31] and B0

s→D̄0K−πþ [27].
As already mentioned, this two-state picture has been
further tested using FSI data from LHCb experiment and
is now considered as a strong possibility in the current
edition of the RPP [62]. For later reference, the modulus
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squared of the diagonal matrix elements are shown in
Fig. 1, where a clear peak around 2135 MeV produced by
the lightest D�

0 state can be seen, and the structure of the
second resonance can be appreciated also at 2450 MeV,
together with a strong interference with the Dη and DsK̄
thresholds.

III. NONSTRANGE SECTOR
AND THE TWO D�

0 STATES

The CFs for the I ¼ 1=2 channels are shown in Fig. 2 for
different, typical sizes R ¼ 1; 2, and 5 fm of the source.
One would expect the clear peak at

ffiffiffi
s

p
≃ 2135 MeV in the

Dπ amplitude (see Fig. 1), produced by the lightest D�
0

state, to leave a strong imprint in the CDπðkÞ CF at
k ≃ 215 MeV. Instead of a bump, a depletion and a
minimum can be found there for the R ¼ 1 fm source,
which might come as a surprise. However, one can show
(see the Appendix) from the Lednicky-Lyuboshits
model [37] that this result can be expected for a Breit-
Wigner-like resonance with a width Γ ≃ 200 MeV and for a
source size R≳ 1 fm. For R ¼ 2 and 5 fm, the minimum is
still present, but certainly diluted. One would need a much
narrower state (Γ≲ 50 MeV) or smaller source size
(R≲ 0.5 fm) to observe a clear peak. Nonetheless, the
position of the minimum closer to 215 MeV rather than to
400 MeV (as expected for a nominal mass around
2340 MeV [62]) would be a clear indication of the
existence of a lower pole.
The strongest effect of the second (higher) pole can be

seen in the DsK̄ amplitude depicted in Fig. 1, although it is
located below the threshold. Indeed, one can observe in
CDsK̄ðkÞ [Fig. 2(c)] a clear dip for low momentum k, i.e. for
energies

ffiffiffi
s

p
slightly above the DsK̄ threshold.

All these features can be better appreciated in Fig. 2(d),
where the CFs of the three pairs are shown for R ¼ 1 fm as
a function of

ffiffiffi
s

p
. There, the two different minima at

ffiffiffi
s

p
≃

2135 (Dπ CF) and 2475 MeV (DsK̄ CF), produced by the
two different D�

0 states, can be observed. The experimental
observation of these features would constitute a strong

additional support of the two-state pattern predicted by the
HMChPT unitary amplitudes employed.
Finally, we note that we have considered the CF for

the I ¼ 1=2 Dπ system, which, for Iz ¼ þ1=2, is a linear
combination of the physical Dþπ0 and D0πþ.2 To obtain
the truly measurable CFs for the physical Dπ states, one
would need to consider also the I ¼ 3=2 components.
Introducing the appropriate isospin combinations in Eq. (1)
one finds

CDþπ0 ¼
2

3
CDπ
3=2 þ

1

3
CDπ
1=2; ð4aÞ

CD0πþ ¼ 1

3
CDπ
3=2 þ

2

3
CDπ
1=2; ð4bÞ

CD0π− ¼ CDπ
3=2; ð4cÞ

where the last equation follows from the fact that D0π− is a
purely I ¼ 3=2 state. We note that this latter CF does not
involve either the Coulomb interaction.3 Inverting the
above equations, one finds

CDπ
1=2ðkÞ ¼ 2CD0πþðkÞ − CDþπ0ðkÞ ð5aÞ

¼ 3CD0πþðkÞ − CD0π−ðkÞ
2

; ð5bÞ

CDπ
3=2ðkÞ ¼ 2CDþπ0ðkÞ − CD0πþðkÞ ¼ CD0π− : ð5cÞ

The interaction in the I ¼ 3=2 sector is weaker and
repulsive, and we find 0.9 ≤ CDπ

3=2ðkÞ ≤ 1, as can be seen
in Fig. 2(d) for a source of size R ¼ 1 fm. Indeed, this is
what one would expect from the Lednicky-Lyuboshits
model (see Ref. [37] and the Appendix) for an elastic
channel with a scattering length a ≃ −0.1 fm, as obtained
with our amplitudes [1,2]. Finally, we also note that
Eq. (5b) involves two pairs with the same threshold and
that they are not affected by Coulomb distorted waves,
making it particularly suitable for experimental purposes.

IV. STRANGE SECTOR AND THE
D�

s0ð2317Þ� STATE

In the S ¼ 1 sector we consider theDþ
s π

0,D0Kþ,DþK0,
and Dþ

s η channels, with I ¼ 0 and I ¼ 1 components.

FIG. 1. Modulus squared of the diagonal elements of the
I ¼ 1=2 JP ¼ 0þ T matrix in Eq. (3).

2Note that, by considering Iz ¼ þ1=2, we avoid the interfer-
ence with Coulomb interaction. The latter is present in the case
Iz ¼ −1=2, which mixes Dþπ− and D0π0, and would be also
present in Dþ

s K− channel. Note also that the isospin-breaking
effect between theDþπ0 andD0πþ states induced by the masses is
expected to be small, since their thresholds are just 1 MeV apart.

3The Dþπþ pair is also a purely I ¼ 3=2 state, but in this case
to access to the strong interaction one needs to account also for
the electromagnetic repulsion.
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The CF for the D0Kþ channel (the lowest lying of the two
DK states with Iz ¼ 0) is shown in Fig. 3 for different source
sizes R. TheDþK0 threshold lies ≃9 MeV above theD0Kþ
one, which implies a momentum kD0Kþ ≃ 83 MeV, where a
cusp effect can be seen in Fig. 3. Furthermore, and unlike the
Dπ CFs mentioned before, the DK CFs cannot be filtered,
because

CD0Kþ ¼ CDþK0 ¼ CDK
0 þ CDK

1

2
ð6Þ

with CDK
I the CFs for definite isospin I. This fact, together

with the largermass difference between theD0Kþ andDþK0

thresholds, prompts one to use physical channels from the
beginning instead of definite isospin ones.4

A clear depletion in CD0Kþ at the origin can be seen in
Fig. 3, being the suppression larger for the smaller source
sizes. This effect is due to the presence in our amplitudes
TijðsÞ of the D�

s0ð2317Þ� bound-state pole5 below the DK
threshold, with a binding energy around 45 MeV, which
translates into a large binding momentum p ¼ iγb,
γb ≃ 190 MeV. The observation of this behavior at the
D0Kþ threshold in the measurement of these CFs, and in
particular their dependence on the source size R, could
provide important feedback on the exotic stateD�

s0ð2317Þ�.

FIG. 2. Correlation function for the Dπ (a), Dη (b), and DsK̄ (c) channels with I ¼ Iz ¼ 1=2 as a function of their c.m. momentum k
for different values of the source size R ¼ 1 (red), 2 (blue), and 5 fm. The dark, inner bands represent the variation of Λ in Eq. (2) in a
range [600, 900] MeV. The light, outer bands represent the addition in quadrature of the 68% confident-level (CL) uncertainties in the
CFs inherited from those affecting the LECs of the NLO unitarized scattering amplitudes. In panel (d) we present together the CFs,
computed for a source of size R ¼ 1 fm, as a function of the c.m. energy

ffiffiffi
s

p
. We present the three I ¼ 1=2 channels and, in addition, the

I ¼ 3=2 Dπ one (purple). In this latter panel, we only display the full uncertainty band.

FIG. 3. D0Kþ correlation function for different source sizes,
R ¼ 1 (red), 2 (blue), and 5 fm (green).

4The interaction in the DK isovector channel, though smaller
than in the scalar sector which generates the exotic D�

s0ð2317Þ�,
is not negligible in contrast to the case of the I ¼ 3=2 Dπ
channel.

5In the isospin limit the I ¼ 0 and I ¼ 1 sectors decouple, and
the D�

s0ð2317Þ� is a bound state in the I ¼ 0 amplitudes below
the DK threshold. This state lies above the I ¼ 1 Dþ

s π
0 channel

but has a negligible coupling to it when the latter is coupled to the
physical DK ones. In this sense, we still call the D�

s0ð2317Þ� a
bound state.
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The D0Kþ CF has been recently computed in Ref. [52].
There, the chiral amplitudes were computed only at LO and
the Tij amplitudes were regularized with Gaussian-like form
factors, inducing a different off-shell behavior of theTmatrix
which also produces variations in the wave functions. The
cutoff was fixed by adjusting the position of the generated
pole to the mass of the D�

s0ð2317Þ�, but this does not
guarantee that theDK I ¼ 1=2 scattering length obtained in
Ref. [52] is equal to that calculated in our scheme. These
differences could explain the changes that can be seen in the
CFs, in particular at k ≃ 0where, for instance, the scheme of
Ref. [52] predictsCD0Kþð0Þ ≃ 0.4 forR ¼ 1.2 fm. However,
the trend is similar for both Ref. [52] and the present work,
which is reassuring. Moreover, the CF uncertainty bands in
our results might partially account for the variations.

V. CONCLUSIONS

We have presented the first joint prediction of the CFs of
the open-charm DðsÞϕ pairs in the ðS; IÞ ¼ ð0; 1=2Þ and
S ¼ 1 sectors based on well-determined NLO unitarized
chiral amplitudes. For I ¼ 1=2 two distinct minima are
observed in the correlation functions CDπ and CDsK̄, which
are produced by the lower and higher D�

0 poles, respec-
tively. The measurement of these features of the CFs could
shed light on this otherwise elusive resonance(s). We also
predict 1 ≥ 2CDþπ0ðkÞ − CD0πþðkÞ ¼ CD0π−ðkÞ ≥ 0.9. For
the D0Kþ pair, a sizable depletion is observed at threshold
in the CF (as in Ref. [52]), due to the presence of the
D�

s0ð2317Þ� bound state originated from the I ¼ 0 inter-
action. While our specific predictions concern DðsÞϕ CFs,
we expect the results for D�

ðsÞϕ, being D
�
ðsÞ the lowest-lying

open-charm vector mesons, to be qualitatively similar due
to heavy quark spin symmetry.
Given the expected precision that can be achieved in the

measurements of CFs at ALICE, and other experiments that
could join the femtoscopy venture, a clear comparison with
the CFs predicted in this work should be feasible in the near
future. In particular, the observation of the features produced
by the two-state pattern in the Dπ and DsK̄ CFs would
constitute further strong support of this picture. In addition to
the experimental consequences of themeasurements of these
correlation functions, the comparison with the predictions
presented in this work would certainly help to reduce the
theoretical uncertainties of the chiral amplitudes.
Finally, we would like to stress that the accurate

measurement in future of the CFs studied in this work
will provide additional information to that inferred by the
invariant mass distributions reported by experiments like
LHCb, Belle, BABAR or BESIII. In particular the possibil-
ity to compare results obtained from different sources
(proton-proton, proton-nucleus or even heavy-ion colli-
sions) could effectively constrain the dynamical features
of the D�

0ð2300Þ and D�
s0ð2317Þ�, and push forward our

understanding of these exotic states.
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APPENDIX: LEDNICKY-LYUBOSHITS MODEL
AND RESONANCES

In the Lednicky-Lyuboshits approximation for a single-
channel CF [37], one substitutes the full wave function
ψðs; rÞ in Eq. (1) with its nonrelativistic, asymptotic
(r → ∞) form:

ϕasyðk; rÞ ≃
sin kr
kr

þ fðkÞ e
ikr

r
; ðA1Þ

where for clarity the momentum k instead of the
Mandelstam variable s has been taken as a variable.
Introducing Eq. (A1) into Eq. (1a), and assuming still a
Gaussian source SðrÞ, the resulting CF is

CLLðkÞ ¼ 1þ jfðkÞj2
2R2

þ 2RefðkÞffiffiffi
π

p
R

F1ðxÞ

−
ImfðkÞ

R
F2ðxÞ; ðA2Þ

where x ¼ 2kR, F1ðxÞ ¼
R
x
0 dte

ðt2−x2Þ=x, and F2ðxÞ ¼
ð1 − e−x

2Þ=x. Above fðkÞ is the standard quantum mechan-
ics amplitude, ImfðkÞ ¼ −k. It can be written as

f−1ðkÞ ¼ k cot δðkÞ − ik; ðA3Þ

where δðkÞ is the phase shift, and one gets

CLLðkÞ¼ 1þ2sin2 δðkÞ
x2

�
e−x

2 þ2xF1ðxÞffiffiffi
π

p cotδðkÞ
�
: ðA4Þ

At threshold,

CLLðk ¼ 0Þ ¼ 1þ
aðaþ 4Rffiffi

π
p Þ

2R2
; ðA5Þ

where a is the scattering length, a−1 ¼ limk→0 k cot δðkÞ.
For a>0 or a<− 4ffiffi

π
p R≃−2.26R, one has CLLðk ¼ 0Þ > 1.
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The lowest value CLLðk ¼ 0Þ can achieve is for a ¼
− 2ffiffi

π
p R ≃ −1.13R, when one has CLLðk¼0Þ¼1−2

π≃0.36.

Incidentally, the I¼0DK scattering length is a¼−0.84 fm,
thus not far from this value for R ¼ 1 fm. The depletion at
threshold in the D0Kþ CF is thus caused by its I ¼ 0
component.
On a different note, if there is a resonance for a

momentum kR, then δðkRÞ ¼ π=2, and one has CLLðkRÞ ¼
1þ 2e−x

2
R

x2R
, with xR ¼ 2kRR. Therefore, for large xR, say

xR ≳ 2, the correlation function is largely suppressed,
CLLðkRÞ ≃ 1, slightly above unity. Furthermore, with a
regular Breit-Wigner shape for the phase shift δðkÞ, it can
also be proven that C0ðkRÞ < 0; i.e. the CF is decreasing at
k ¼ kR. For k > kR one has cot δðkÞ < 0 (δðkÞ > π=2),
which is a necessary condition for the bracket in Eq. (A4) to
change sign. It is then possible for CLLðkÞ to go below one
for k > kR, especially taking into account that the first term
in the bracket is very suppressed with respect to the
coefficient of cot δðkÞ in the second term. Since asymp-
totically for large momenta one has CLLðkÞ → 1, then a
minimum will appear if the CF becomes smaller than one
for some momentum region above kR.
Certainly, whether this minimum is pronounced or

diluted, or a maximum can appear for k < kR, depends
on the details of the resonance (kR and its width Γ) and the
source size R. For illustrative purposes, let us assume a
nonrelativistic Breit-Wigner shape for cot δðkÞ:

cot δðkÞ ¼ −
kR
k
k2 − k2R
2μ

2

Γ
¼ −

xR
x
x2 − x2R

x2Γ
; ðA6Þ

with x2Γ ¼ 4μΓR2 and μ the reduced mass of the hadron
pair. We show in Fig. 4 CLLðkÞ (as a function of the reduced
variable x) obtained for different values of xΓ, taking, for
definiteness, xR ¼ 2.2 (for R ¼ 1 fm, this would corre-
spond to kR ≃ 215 MeV, and

ffiffiffi
s

p ¼ 2135 MeV for a Dπ
system). As discussed earlier, since xR ≳ 2, all the curves
are very close to one and decreasing around x ≃ xR. As can
be seen, for a narrow resonance (xΓ ¼ 0.6, red dashed line)
there appears a maximum before xR, but there is still a
minimum after. In the case of a broader resonance with
xΓ ¼ 1.6 (blue dashed line) (which would correspond to
Γ ≃ 200 MeV for R ¼ 1 fm andDπ reduced mass μ) only a
minimum can be appreciated. For larger xΓ, the minimum
can no longer be observed.

[1] L. Liu, K. Orginos, F.-K. Guo, C. Hanhart, and U.-G.
Meissner, Phys. Rev. D 87, 014508 (2013).

[2] M. Albaladejo, P. Fernandez-Soler, F.-K. Guo, and J.
Nieves, Phys. Lett. B 767, 465 (2017).

[3] F.-K. Guo, C. Hanhart, U.-G. Meißner, Q. Wang, Q. Zhao,
and B.-S. Zou, Rev. Mod. Phys. 90, 015004 (2018).

[4] M.-L. Du, M. Albaladejo, P. Fernández-Soler, F.-K. Guo, C.
Hanhart, U.-G. Meißner, J. Nieves, and D.-L. Yao, Phys.
Rev. D 98, 094018 (2018).

[5] M. Albaladejo, P. Fernandez-Soler, J. Nieves, and P. G.
Ortega, Eur. Phys. J. C 78, 722 (2018).

[6] X.-Y. Guo, Y. Heo, and M. F. M. Lutz, Phys. Rev. D 98,
014510 (2018).

[7] T. Sugiura and T. Hyodo, Phys. Rev. C 99, 065201 (2019).
[8] M.-L. Du, F.-K. Guo, and U.-G. Meißner, Phys. Rev. D 99,

114002 (2019).
[9] M.-L. Du, F.-K. Guo, C. Hanhart, B. Kubis, and U.-G.

Meißner, Phys. Rev. Lett. 126, 192001 (2021).

[10] M. Mai, U.-G. Meißner, and C. Urbach, Phys. Rep. 1001, 1
(2023).

[11] A. Asokan, M.-N. Tang, F.-K. Guo, C. Hanhart, Y. Kamiya,
and U.-G. Meißner, arXiv:2212.07856.

[12] P. G. Ortega, J. Segovia, D. R. Entem, and F. Fernandez,
Phys. Rev. D 94, 074037 (2016).

[13] F.-K. Guo, C. Hanhart, and U.-G. Meissner, Eur. Phys. J. A
40, 171 (2009).

[14] L. S. Geng, N. Kaiser, J. Martin-Camalich, and W. Weise,
Phys. Rev. D 82, 054022 (2010).

[15] J. A. Oller and E. Oset, Nucl. Phys. A620, 438 (1997);
A652, 407(E) (1999).

[16] J. Nieves and E. Ruiz Arriola, Phys. Lett. B 455, 30 (1999).
[17] J. A. Oller and E. Oset, Phys. Rev. D 60, 074023 (1999).
[18] J. Nieves and E. Ruiz Arriola, Nucl. Phys. A679, 57 (2000).
[19] J. A. Oller and U. G. Meissner, Phys. Lett. B 500, 263 (2001).
[20] G. Moir, M. Peardon, S. M. Ryan, C. E. Thomas, and D. J.

Wilson, J. High Energy Phys. 10 (2016) 011.

FIG. 4. Correlation function in the Lednicky-Lyuboshits
approximation [CLLðkÞ], in terms of the reduced variable
x ¼ 2kR, for different values of the reduced width x2Γ ¼
4μΓR2 (see text for further details).

ALBALADEJO, NIEVES, and RUIZ ARRIOLA PHYS. REV. D 108, 014020 (2023)

014020-6

https://doi.org/10.1103/PhysRevD.87.014508
https://doi.org/10.1016/j.physletb.2017.02.036
https://doi.org/10.1103/RevModPhys.90.015004
https://doi.org/10.1103/PhysRevD.98.094018
https://doi.org/10.1103/PhysRevD.98.094018
https://doi.org/10.1140/epjc/s10052-018-6176-3
https://doi.org/10.1103/PhysRevD.98.014510
https://doi.org/10.1103/PhysRevD.98.014510
https://doi.org/10.1103/PhysRevC.99.065201
https://doi.org/10.1103/PhysRevD.99.114002
https://doi.org/10.1103/PhysRevD.99.114002
https://doi.org/10.1103/PhysRevLett.126.192001
https://doi.org/10.1016/j.physrep.2022.11.005
https://doi.org/10.1016/j.physrep.2022.11.005
https://arXiv.org/abs/2212.07856
https://doi.org/10.1103/PhysRevD.94.074037
https://doi.org/10.1140/epja/i2009-10762-1
https://doi.org/10.1140/epja/i2009-10762-1
https://doi.org/10.1103/PhysRevD.82.054022
https://doi.org/10.1016/S0375-9474(97)00160-7
https://doi.org/10.1016/S0375-9474(99)00427-3
https://doi.org/10.1016/S0370-2693(99)00461-X
https://doi.org/10.1103/PhysRevD.60.074023
https://doi.org/10.1016/S0375-9474(00)00321-3
https://doi.org/10.1016/S0370-2693(01)00078-8
https://doi.org/10.1007/JHEP10(2016)011


[21] G. S. Bali, S. Collins, A. Cox, and A. Schäfer, Phys. Rev. D
96, 074501 (2017).

[22] D. Mohler, C. B. Lang, L. Leskovec, S. Prelovsek, and
R. M. Woloshyn, Phys. Rev. Lett. 111, 222001 (2013).

[23] C. B. Lang, L. Leskovec, D. Mohler, S. Prelovsek, and
R. M. Woloshyn, Phys. Rev. D 90, 034510 (2014).

[24] L. Gayer, N. Lang, S. M. Ryan, D. Tims, C. E. Thomas, and
D. J. Wilson (Hadron Spectrum Collaboration), J. High
Energy Phys. 07 (2021) 123.

[25] G. K. C. Cheung, C. E. Thomas, D. J. Wilson, G. Moir, M.
Peardon, and S. M. Ryan (Hadron Spectrum Collaboration),
J. High Energy Phys. 02 (2021) 100.

[26] E. B. Gregory, F.-K. Guo, C. Hanhart, S. Krieg, and T. Luu,
arXiv:2106.15391.

[27] R. Aaij et al. (LHCb Collaboration), Phys. Rev. D 90,
072003 (2014).

[28] R. Aaij et al. (LHCb Collaboration), Phys. Rev. D 91,
092002 (2015); 93, 119901(E) (2016).

[29] R. Aaij et al. (LHCb Collaboration), Phys. Rev. D 92,
032002 (2015).

[30] R. Aaij et al. (LHCb Collaboration), Phys. Rev. D 92,
012012 (2015).

[31] R. Aaij et al. (LHCb Collaboration), Phys. Rev. D 94,
072001 (2016).

[32] M. Tanabashi et al. (Particle Data Group), Phys. Rev. D 98,
030001 (2018).

[33] ALICE Collaboration, Nature (London) 588, 232 (2020);
590, E13 (2021).

[34] ALICE Collaboration, arXiv:2211.02491.
[35] L. Fabbietti, V. Mantovani Sarti, and O. Vazquez Doce,

Annu. Rev. Nucl. Part. Sci. 71, 377 (2021).
[36] S. E. Koonin, Phys. Lett. 70B, 43 (1977).
[37] R. Lednicky and V. L. Lyuboshits, Yad. Fiz. 35, 1316 (1981)

[Sov. J. Nucl. Phys. 35, 770 (1982)].
[38] S. Pratt, Phys. Rev. D 33, 1314 (1986).
[39] S. Pratt, T. Csorgo, and J. Zimanyi, Phys. Rev. C 42, 2646

(1990).
[40] W. Bauer, C. K. Gelbke, and S. Pratt, Annu. Rev. Nucl. Part.

Sci. 42, 77 (1992).
[41] K. Morita, T. Furumoto, and A. Ohnishi, Phys. Rev. C 91,

024916 (2015).
[42] A. Ohnishi, K. Morita, K. Miyahara, and T. Hyodo, Nucl.

Phys. A954, 294 (2016).

[43] K. Morita, A. Ohnishi, F. Etminan, and T. Hatsuda,
Phys. Rev. C 94, 031901 (2016); 100, 069902(E)
(2019).

[44] T. Hatsuda, K. Morita, A. Ohnishi, and K. Sasaki, Nucl.
Phys. A967, 856 (2017).

[45] D. L. Mihaylov, V. Mantovani Sarti, O.W. Arnold, L.
Fabbietti, B. Hohlweger, and A. M. Mathis, Eur. Phys.
J. C 78, 394 (2018).

[46] J. Haidenbauer, Nucl. Phys. A981, 1 (2019).
[47] K. Morita, S. Gongyo, T. Hatsuda, T. Hyodo, Y.

Kamiya, and A. Ohnishi, Phys. Rev. C 101, 015201
(2020).

[48] Y. Kamiya, T. Hyodo, K. Morita, A. Ohnishi, and W. Weise,
Phys. Rev. Lett. 124, 132501 (2020).

[49] Y. Kamiya, K. Sasaki, T. Fukui, T. Hyodo, K. Morita, K.
Ogata, A. Ohnishi, and T. Hatsuda, Phys. Rev. C 105,
014915 (2022).

[50] Y. Kamiya, T. Hyodo, and A. Ohnishi, Eur. Phys. J. A 58,
131 (2022).

[51] I. Vidana, A. Feijoo, M. Albaladejo, J. Nieves, and E. Oset,
arXiv:2303.06079.

[52] Z.-W. Liu, J.-X. Lu, and L.-S. Geng, Phys. Rev. D 107,
074019 (2023).

[53] S. Acharya et al. (ALICE Collaboration), Phys. Rev. C 99,
024001 (2019).

[54] S. Acharya et al. (ALICE Collaboration), Phys. Rev. Lett.
124, 092301 (2020).

[55] S. Acharya et al. (ALICE Collaboration), Phys. Lett. B 833,
137272 (2022).

[56] S. Acharya et al. (ALICE Collaboration), Phys. Lett. B 805,
135419 (2020).

[57] S. Acharya et al. (ALICE Collaboration), Phys. Lett. B 797,
134822 (2019).

[58] S. Acharya et al. (ALICE Collaboration), Phys. Rev. Lett.
123, 112002 (2019).

[59] S. Acharya et al. (ALICE Collaboration), Phys. Rev. Lett.
127, 172301 (2021).

[60] S. Acharya et al. (ALICE Collaboration), Phys. Lett. B 829,
137060 (2022).

[61] S. Acharya et al. (ALICE Collaboration), Phys. Rev. D 106,
052010 (2022).

[62] R. L. Workman et al. (Particle Data Group), Prog. Theor.
Exp. Phys. 2022, 083C01 (2022).

FEMTOSCOPIC SIGNATURES OF THE LIGHTEST S-WAVE … PHYS. REV. D 108, 014020 (2023)

014020-7

https://doi.org/10.1103/PhysRevD.96.074501
https://doi.org/10.1103/PhysRevD.96.074501
https://doi.org/10.1103/PhysRevLett.111.222001
https://doi.org/10.1103/PhysRevD.90.034510
https://doi.org/10.1007/JHEP07(2021)123
https://doi.org/10.1007/JHEP07(2021)123
https://doi.org/10.1007/JHEP02(2021)100
https://arXiv.org/abs/2106.15391
https://doi.org/10.1103/PhysRevD.90.072003
https://doi.org/10.1103/PhysRevD.90.072003
https://doi.org/10.1103/PhysRevD.91.092002
https://doi.org/10.1103/PhysRevD.91.092002
https://doi.org/10.1103/PhysRevD.93.119901
https://doi.org/10.1103/PhysRevD.92.032002
https://doi.org/10.1103/PhysRevD.92.032002
https://doi.org/10.1103/PhysRevD.92.012012
https://doi.org/10.1103/PhysRevD.92.012012
https://doi.org/10.1103/PhysRevD.94.072001
https://doi.org/10.1103/PhysRevD.94.072001
https://doi.org/10.1103/PhysRevD.98.030001
https://doi.org/10.1103/PhysRevD.98.030001
https://doi.org/10.1038/s41586-020-3001-6
https://doi.org/10.1038/s41586-020-03142-2
https://arXiv.org/abs/2211.02491
https://doi.org/10.1146/annurev-nucl-102419-034438
https://doi.org/10.1016/0370-2693(77)90340-9
https://doi.org/10.1103/PhysRevD.33.1314
https://doi.org/10.1103/PhysRevC.42.2646
https://doi.org/10.1103/PhysRevC.42.2646
https://doi.org/10.1146/annurev.ns.42.120192.000453
https://doi.org/10.1146/annurev.ns.42.120192.000453
https://doi.org/10.1103/PhysRevC.91.024916
https://doi.org/10.1103/PhysRevC.91.024916
https://doi.org/10.1016/j.nuclphysa.2016.05.010
https://doi.org/10.1016/j.nuclphysa.2016.05.010
https://doi.org/10.1103/PhysRevC.94.031901
https://doi.org/10.1103/PhysRevC.100.069902
https://doi.org/10.1103/PhysRevC.100.069902
https://doi.org/10.1016/j.nuclphysa.2017.04.041
https://doi.org/10.1016/j.nuclphysa.2017.04.041
https://doi.org/10.1140/epjc/s10052-018-5859-0
https://doi.org/10.1140/epjc/s10052-018-5859-0
https://doi.org/10.1016/j.nuclphysa.2018.10.090
https://doi.org/10.1103/PhysRevC.101.015201
https://doi.org/10.1103/PhysRevC.101.015201
https://doi.org/10.1103/PhysRevLett.124.132501
https://doi.org/10.1103/PhysRevC.105.014915
https://doi.org/10.1103/PhysRevC.105.014915
https://doi.org/10.1140/epja/s10050-022-00782-y
https://doi.org/10.1140/epja/s10050-022-00782-y
https://arXiv.org/abs/2303.06079
https://doi.org/10.1103/PhysRevD.107.074019
https://doi.org/10.1103/PhysRevD.107.074019
https://doi.org/10.1103/PhysRevC.99.024001
https://doi.org/10.1103/PhysRevC.99.024001
https://doi.org/10.1103/PhysRevLett.124.092301
https://doi.org/10.1103/PhysRevLett.124.092301
https://doi.org/10.1016/j.physletb.2022.137272
https://doi.org/10.1016/j.physletb.2022.137272
https://doi.org/10.1016/j.physletb.2020.135419
https://doi.org/10.1016/j.physletb.2020.135419
https://doi.org/10.1016/j.physletb.2019.134822
https://doi.org/10.1016/j.physletb.2019.134822
https://doi.org/10.1103/PhysRevLett.123.112002
https://doi.org/10.1103/PhysRevLett.123.112002
https://doi.org/10.1103/PhysRevLett.127.172301
https://doi.org/10.1103/PhysRevLett.127.172301
https://doi.org/10.1016/j.physletb.2022.137060
https://doi.org/10.1016/j.physletb.2022.137060
https://doi.org/10.1103/PhysRevD.106.052010
https://doi.org/10.1103/PhysRevD.106.052010
https://doi.org/10.1093/ptep/ptac097
https://doi.org/10.1093/ptep/ptac097

