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We predict femtoscopy correlation functions for 𝑆–wave 𝐷 (𝑠)𝜙 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 2300MeV can be clearly seen in the (𝑆, 𝐼) = (0, 1/2)
𝐷𝜋, 𝐷𝜂, 𝐷𝑠𝐾 correlation functions, while in the scalar-strange (1, 0) sector, the 𝐷∗

𝑠0 (2317)± 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 𝐷 (𝑠) . 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.

Introduction.— For hadrons containing charm quarks,
there is no possibility of performing traditional scattering
experiments due to technical limitations imposed by the ex-
tremely short life-time of these heavy particles, and experimen-
tal information on the interactions involving charmed hadrons
is commonly extracted from reactions where they are produced
in the final state. In addition, lattice QCD (LQCD) is seen as a
benchmark scheme to constrain and validate the effective field
theories (EFTs) employed to describe the relevant final state
interactions (FSI) in the analyzed reactions.
The study of the lightest scalar open-charm 𝐷∗

0 (2300) and
𝐷∗
𝑠0 (2317)± 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]). How-
ever, both resonances are dynamically generated from the S-
wave scattering of Goldstone bosons (𝜙) off the lightest pseu-
doscalar open charmmesons [𝐷 (𝑠) ]. The 𝑇–matrix is obtained
after solving the Bethe-Salpeter equation with irreducible am-
plitudes evaluated at next-to-leading (NLO) in Heavy Meson
Chiral Perturbation Theory (HMChPT) [13, 14] and adopt-
ing the on-shell renormalization scheme [15–19]. All the un-
known low-energy constants (LECs) are determined from the
LQCD 𝐷 (𝑠)𝜙 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 𝐷 (𝑠)𝜙 LQCD energy levels obtained by the Hadron Spec-
trum [20] and RQCD [21] Collaborations for various pion
masses1. Moreover the theoretical framework is strongly sup-
ported [4, 8, 9] by recent high quality [𝐷 (𝐷)𝜙] FSI data on
the 𝐵 (𝑠) → 𝐷 (𝐷)𝜙𝜙′ decays provided by the LHCb experi-
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1 The finite-volume scheme of Ref. [2] provides predictions that also compare
well with results from earlier [22, 23] and more recent [24–26] LQCD
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ment [27–31]. In the case of the 𝐷∗
0 (2300), the theory predicts

a double-pole pattern which provides a natural explanation to
various puzzles in the charm-meson spectrum [4], in partic-
ular to why a single broad 𝐷∗

0 (2300) resonance would have
a mass almost equal or even higher than its strange sibling
𝐷∗
𝑠0 (2317)±. Actually, it was only in the 2018 edition of the
Review of Particle Physics (RPP) [32] when the possible ex-
istence of a lighter state associate to the 𝐷∗

0 (2300) was first
suggested based on the findings of Refs. [2, 4, 6].
On the other hand, femtoscopy has been traditionally uti-

lized to measure the size of the quark-gluon plasma fireball
created in relativistic heavy-ion collisions. However, since it 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 be-
tween 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 in-
formation 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 rela-
tive momentum produced in the same collision event over the
reference distribution of pairs from mixed events. On the theo-
retical 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 the wave 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 observation
of channels involving charmed hadrons in heavy ion collisions
should be then most valuable. There exist experimental stud-
ies in the strangeness sector [33, 53–60], but importantly the
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ALICE collaboration measurement of the 𝑝𝐷− and 𝑝𝐷+ 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 letter, where we will predict the visible signa-
tures that the 𝐷∗

𝑠0 (2317)± and the two-pole structure of the
𝐷∗
0 (2300) will produce in the 𝐷0𝐾+, 𝐷+𝐾0 and 𝐷+

𝑠𝜂, and the
𝐷+𝜋0, 𝐷0𝜋+ 𝐷+𝜂 and 𝐷+

𝑠𝐾
0 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.

Correlation functions.— The fundamental quantities of
our study are the CFs, which can be written as:

𝐶𝑖 (𝑠) = 1 +
∫ ∞

0
d𝑟 𝑆(𝑟)

(∑︁
𝑗

���𝜓 𝑗
𝑖 (𝑠, 𝑟)

���2 − 𝑗0 (𝑝𝑖 𝑟)2
)
, (1a)

𝜓
𝑗
𝑖 (𝑠, 𝑟) = 𝑗0 (𝑝𝑖 𝑟) 𝛿𝑖 𝑗 + 𝑇𝑗𝑖 (𝑠)𝐺 𝑗 (𝑠, 𝑟) , (1b)

where the usual Mandelstam variable 𝑠 denotes the c.m. en-
ergy 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 𝐷𝑠𝐾 in
the (𝑆, 𝐼) = (0, 1/2) sector , and 𝐷+

𝑠𝜋
0, 𝐷0𝐾+, 𝐷+𝐾0, and

𝐷+
𝑠𝜂 for strangeness 𝑆 = 1 and isospin 𝐼 = 0 and 𝐼 = 1.
The c.m. momentum of each channel is denoted by 𝑝𝑖 (𝑠), and
𝑗0 (𝑥) = sin(𝑥)/𝑥 is the zeroth order spherical Bessel function.
The functions 𝐺𝑖 (𝑠, 𝑟), given in Ref. [51], can be written as:

𝐺𝑖 (𝑠, 𝑟) = 1
𝜋

∫ ∞

𝑠th,𝑖

d𝑠′
𝑝𝑖 (𝑠′)
8𝜋

√
𝑠′
𝑗0 (𝑝𝑖 (𝑠′) 𝑟)
𝑠 − 𝑠′ + 𝑖𝜖 𝜃 (Λ − 𝑝𝑖 (𝑠′)) . (2)

The sharp momentum cutoff Λ is introduced to regularize
the 𝑟 → 0 behaviour of the wave functions 𝜓 𝑗

𝑖 (𝑠, 𝑟). In the
work of Ref. [51], it is inherited from the regularization of the
amplitude 𝑇 (𝑠), and allows the on-shell factorization of the
latter out of the integral. As it 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 Gaus-

sian, which in the radial direction reads 𝑆(𝑟) =
4𝜋𝑟2/(4𝜋𝑅2)3/2 exp(−𝑟2/4𝑅2), with a source size 𝑅. A fac-
tor 4𝜋𝑟2 coming from the differential volume element d3®𝑟 has
been absorbed into 𝑆(𝑟).
The key ingredient in the CFs are the the 𝑆-wave unita-

rized partial wave amplitudes𝑇𝑖 𝑗 (𝑠), which encode themeson–
meson interactions. In this work, they are taken from Ref. [1]
and written as:

𝑇−1 (𝑠) = 𝑉−1 (𝑠) − 𝐺 (𝑠) , (3)

with elementary interactions 𝑉 (𝑠) computed from NLO HM-
ChPT, and 𝐺 (𝑠) are two-meson loop functions regularized
with a subtraction constant. As mentioned in the Introduction,
the LECs as well as the subtraction constants have been suc-
cessfully determined in Ref. [1] through the computation of
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FIG. 1. Modulus squared of the diagonal elements of the 𝐼 = 1/2
𝐽𝑃 = 0+ 𝑇-matrix in Eq. (3).

𝐷 (𝑠)𝜙 scattering lengths for different pion masses. Therefore,
these amplitudes are completely determined (no free param-
eters) and, in this sense, the calculations presented in this
manuscript are genuine predictions for future experiments.
The amplitudes, in turn, have been used in Refs. [2] and [5] to
compute energy levels in a finite volume for the 𝐷𝜋, 𝐷𝜂, and
𝐷𝑠𝐾 and 𝐷𝐾 systems, that are successfully compared with
the LQCD simulations in Refs. [20] and [21], respectively. Im-
portantly, 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 2300MeV region, and not just
one (previously known as 𝐷∗

0 (2400), 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− → 𝐷+𝜋−𝜋− [31] and 𝐵0𝑠 → 𝐷

0
𝐾−𝜋+ [27]. As al-

ready 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 squared of the diagonal ma-
trix elements are shown in Fig. 1, where a clear peak around
2135MeV produced by the lightest 𝐷∗

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

Non-strange sector and the two 𝐷∗
0 states.— The CFs for

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

√
𝑠 ' 2135MeV in the 𝐷𝜋 amplitude (see Fig. 1),

produced by the lightest 𝐷∗
0 state, to leave a strong imprint in

the𝐶𝐷𝜋 (𝑘) CF at 𝑘 ' 215MeV. Instead of a bump, a depletion
and a minimum can be found there for the 𝑅 = 1 fm source,
which might come as a surprise. However, one can show (see
Appendix) from the Lednicky-Lyuboshits model [37] that this
result can be expected for a Breit–Wigner-like resonance with
a width Γ ' 200MeV and for a source size 𝑅 >∼ 1 fm. For
𝑅 = 2 and 5 fm, the minimum is still present, but certainly
diluted. One would need a much narrower state (Γ <∼ 50MeV)
or smaller source size (𝑅 <∼ 0.5 fm) to observe a clear peak.
Nonetheless, the position of the minimum closer to 215MeV
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FIG. 2. Correlation function for the 𝐷𝜋 (a), 𝐷𝜂 (b), and 𝐷𝑠𝐾 (c) channels with 𝐼 = 𝐼𝑧 = 1/2 as a function of their c.m. momentum 𝑘 for
different values of the source size 𝑅 = 1 fm (red), 2 fm (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, as a function of the c.m.
energy

√
𝑠, for the three channels with a source of size 𝑅 = 1 fm, and with only the full uncertainty band.

rather than to 400MeV (as expected for a nominal mass around
2340MeV [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 𝐷𝑠𝐾 amplitude depicted in Fig. 1, although it is located
below the threshold. Indeed, one can observe in 𝐶𝐷𝑠𝐾

(𝑘)
[Fig. 2, panel (c)] a clear dip for low momentum 𝑘 , i.e. for
energies

√
𝑠 slightly above the 𝐷𝑠𝐾 threshold.

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

√
𝑠. There, the two different minima at√

𝑠 ' 2135MeV (𝐷𝜋 CF) and 2475MeV (𝐷𝑠𝐾 CF), pro-
duced 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 = 1/2 𝐷𝜋 system, which, for 𝐼𝑧 = +1/2, is a linear com-
bination of the physical 𝐷+𝜋0 and 𝐷0𝜋+.2 To obtain the truly
measurable CFs for the physical 𝐷𝜋 states, one would need to

2 Note that, by considering 𝐼𝑧 = +1/2, we avoid the interference with
Coulomb interaction. The latter is present in the case 𝐼𝑧 = −1/2, which
mixes 𝐷+𝜋− and 𝐷0𝜋0, and would be also present in 𝐷+

𝑠𝐾
− channel.

Note also that the isospin breaking effect between the 𝐷+𝜋0 and 𝐷0𝜋+
states induced by the masses is expected to be small, since their thresholds
are just 1MeV apart.
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FIG. 3.𝐷0𝐾+ correlation function for different source sizes, 𝑅 = 1 fm
(red), 2 fm (blue), and 5 fm.

consider also the 𝐼 = 3/2 components. Introducing the appro-
priate isospin combinations in Eq. (1) one finds:

𝐶𝐷+ 𝜋0 =
2
3
𝐶𝐷𝜋3/2 + 1

3
𝐶𝐷𝜋1/2 , 𝐶𝐷0 𝜋+ =

1
3
𝐶𝐷𝜋3/2 + 2

3
𝐶𝐷𝜋1/2 . (4)

However, since the interaction in 𝐼 = 3/2 is very weak, one
finds (as we have checked) 𝐶𝐷𝜋3/2 ' 1. Therefore, both phys-
ical CFs can be obtained from our computed 𝐶𝐷𝜋1/2 (𝑘) dis-
played in Fig. 2, and in particular we also predict the relation
2𝐶𝐷0 𝜋+ (𝑘) − 𝐶𝐷+ 𝜋0 (𝑘) ' 1.

Strange sector and the 𝐷∗
𝑠0 (2317)± state.— In the 𝑆 = 1

sector we consider the𝐷+
𝑠𝜋
0,𝐷0𝐾+,𝐷+𝐾0, and𝐷+

𝑠𝜂 channels,
with 𝐼 = 0 and 𝐼 = 1 components. The CF for the 𝐷0𝐾+

channel (the lowest lying of the two 𝐷𝐾 states with 𝐼𝑧 = 0)
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is shown in Fig. 3 for different source sizes 𝑅. The 𝐷+𝐾0

threshold lies ' 9MeV above the 𝐷0𝐾+ one, which implies
a momentum 𝑘𝐷0𝐾 + ' 83MeV, 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:

𝐶𝐷0𝐾 + = 𝐶𝐷+𝐾 0 =
𝐶𝐷𝐾0 + 𝐶𝐷𝐾1

2
(5)

with 𝐶𝐷𝐾𝐼 the CFs for definite isospin 𝐼. This fact, together
with the larger mass difference between the 𝐷0𝐾+ and 𝐷+𝐾0

thresholds, prompts one to use physical channels from the
beginning instead of definite isospin ones3.
A clear depletion in𝐶𝐷0𝐾 + 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 𝑇𝑖 𝑗 (𝑠) of the
𝐷∗
𝑠0 (2317)± bound-state pole4 below the 𝐷𝐾 threshold, with
a binding energy around 45MeV, which translates into a large
binding momentum 𝑝 = 𝑖𝛾𝑏 , 𝛾𝑏 ' 190MeV. The observation
of this behavior at the 𝐷0𝐾+ threshold in the measurement of
these CFs, and in particular their dependence on the source
size 𝑅, could provide important feedback on the exotic state
𝐷∗
𝑠0 (2317)±.
The 𝐷0𝐾+ CF has been recently computed in Ref. [52].

There, the chiral amplitudes were computed only at LO and
the 𝑇𝑖 𝑗 amplitudes were regularized with Gaussian-like form
factors, inducing a different off-shell behavior of the 𝑇–matrix
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∗

𝑠0 (2317)±, but this does not guaranty
that the 𝐷𝐾 𝐼 = 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]
predicts 𝐶𝐷0𝐾 + (0) ' 0.4 for 𝑅 = 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.

Conclusions.— We have presented the first joint pre-
diction of the CFs of the open-charm 𝐷 (𝑠)𝜙 pairs in the
(𝑆, 𝐼) = (0, 1/2) and 𝑆 = 1 sectors based on well determined
NLO unitarized chiral amplitudes. For 𝐼 = 1/2 two distinct
minima are observed in the correlation functions 𝐶𝐷𝜋 and
𝐶𝐷𝑠𝐾

, which are produced by the lower and higher 𝐷∗
0 poles,

respectively. The measurement of these features of the CFs
could shed light on this otherwise elusive resonance(s). We
also predict 2𝐶𝐷0 𝜋+ (𝑘) − 𝐶𝐷+ 𝜋0 (𝑘) ' 1. For the 𝐷0𝐾+ pair,

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

𝑠0 (2317)±, is not negligible in
contrast to the case of the 𝐼 = 3/2 𝐷𝜋 channel.

4 In the isospin limit the 𝐼 = 0 and 𝐼 = 1 sectors decouple, and the
𝐷∗

𝑠0 (2317)± is a bound state in the 𝐼 = 0 amplitudes below the 𝐷𝐾
threshold. This state lies above the 𝐼 = 1 𝐷+

𝑠 𝜋
0 channel but has a negligi-

ble coupling to it when the latter is coupled to the physical 𝐷𝐾 ones. In
this sense, we still call the 𝐷∗

𝑠0 (2317)± a bound state.

a sizeable depletion is observed at threshold in the CF (as in
Ref. [52]), due to the presence of the 𝐷∗

𝑠0 (2317)± bound state
originated from the 𝐼 = 0 interaction.
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 a near future.
In particular, the observation of the features produced by the
two-state pattern in the 𝐷𝜋 and 𝐷𝑠𝐾 CFs would constitute a
further strong support of this picture. In addition to the exper-
imental consequences of the measurements of these correla-
tion functions, the comparison with the predictions presented
in this work would certainly help to reduce the theoretical
uncertainties of the chiral amplitudes.
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Lednicky-Lyuboshits model and resonances

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

𝜙asy (𝑘, 𝑟) ' sin 𝑘𝑟
𝑘𝑟

+ 𝑓 (𝑘) 𝑒
𝑖𝑘𝑟

𝑟
, (6)

where for clarity the momentum 𝑘 instead of the Mandelstam
variable 𝑠 has been taken as a variable. Introducing Eq. (6)
into Eq. (1a), and assuming still a gaussian source 𝑆(𝑟), the
resulting CF is:

𝐶LL (𝑘) = 1+ | 𝑓 (𝑘) |
2

2𝑅2
+2Re 𝑓 (𝑘)√

𝜋𝑅
𝐹1 (𝑥)− Im 𝑓 (𝑘)

𝑅
𝐹2 (𝑥) , (7)

where 𝑥 = 2𝑘𝑅, 𝐹1 (𝑥) =
∫ 𝑥
0 d𝑡𝑒

(𝑡2−𝑥2)/𝑥, and 𝐹2 (𝑥) =(
1 − 𝑒−𝑥2

)
/𝑥. Above 𝑓 (𝑘) is the standard quantummechanics

amplitude, Im 𝑓 (𝑘) = −𝑘 . It can be written as:

𝑓 −1 (𝑘) = 𝑘 cot 𝛿(𝑘) − 𝑖𝑘 , (8)

where 𝛿(𝑘) is the phase shift, and one gets:

𝐶LL (𝑘) = 1 + 2 sin
2 𝛿(𝑘)
𝑥2

(
𝑒−𝑥

2 + 2𝑥𝐹1 (𝑥)√
𝜋

cot 𝛿(𝑘)
)
. (9)
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FIG. 4. Correlation function in the Lednicky-Lyuboshits approxima-
tion (𝐶LL (𝑘)), in terms of the reduced variable 𝑥 = 2𝑘𝑅, for different
values of the reduced width 𝑥2Γ = 4𝜇Γ𝑅2 (see text for further details).

At threshold,

𝐶LL (𝑘 = 0) = 1 +
𝑎
(
𝑎 + 4𝑅√

𝜋

)
2𝑅2

, (10)

where 𝑎 is the scattering length, 𝑎 = lim𝑘→0 𝑘 cot 𝛿(𝑘). For
𝑎 > 0 or 𝑎 < − 4√

𝜋
𝑅 ' −2.26 𝑅, one has 𝐶LL (𝑘 = 0) > 1.

The lowest value 𝐶LL (𝑘 = 0) can achieve is for 𝑎 = − 2√
𝜋
𝑅 '

−1.13 𝑅, when one has 𝐶LL (𝑘 = 0) = 1 − 2
𝜋 ' 0.36. Inciden-

tally, the 𝐼 = 0 𝐷𝐾 scattering length is 𝑎 = −0.84 fm, thus not
far from this value for 𝑅 = 1 fm. The depletion at threshold in
the 𝐷0𝐾+ CF is thus caused by its 𝐼 = 0 component.
On a different note, if there is a resonance for a momentum

𝑘𝑅, then 𝛿(𝑘𝑅) = 𝜋/2, and one has𝐶LL (𝑘𝑅) = 1+ 2𝑒
−𝑥2

𝑅

𝑥2𝑅
, with

𝑥𝑅 = 2𝑘𝑅𝑅. Therefore, for large 𝑥𝑅, say 𝑥𝑅 & 2, the correlation
function is largely suppressed, 𝐶LL (𝑘𝑅) ' 1, slightly above
unity. Furthermore, with a regular Breit-Wigner shape for the
phase shift 𝛿(𝑘), it can also be proven that𝐶 ′(𝑘𝑅) < 0, i.e. the
CF is decreasing at 𝑘 = 𝑘𝑅. For 𝑘 > 𝑘𝑅 one has cot 𝛿(𝑘) < 0
(𝛿(𝑘) > 𝜋/2), which is a necessary condition for the bracket in
Eq. (9) to change sign. It is then possible for𝐶LL (𝑘) to go below
one for 𝑘 > 𝑘𝑅, specially taking into account that the first term
in the bracket is very suppressed with respect to the coefficient
of cot 𝛿(𝑘) in the second term. Since asymptotically for large
momenta one has𝐶LL (𝑘) → 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 non-relativistic
BW-shape for cot 𝛿(𝑘),

cot 𝛿(𝑘) = − 𝑘𝑅
𝑘

𝑘2 − 𝑘2𝑅
2𝜇

2
Γ
= −𝑥𝑅

𝑥

𝑥2 − 𝑥2𝑅
𝑥2Γ

, (11)

with 𝑥2Γ = 4 𝜇 Γ 𝑅2, and 𝜇 the reduced mass of the hadron
pair. We show in Fig. 4 𝐶LL (𝑘) (as a function of the reduced

variable 𝑥) obtained for different values of 𝑥Γ, taking, for def-
initeness, 𝑥𝑅 = 2.2 (for 𝑅 = 1 fm, this would correspond to
𝑘𝑅 ' 215MeV, and √

𝑠 = 2105MeV 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 = 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 = 1.8 (blue dashed line)
(which would correspond to Γ ' 200MeV for 𝑅 = 1 fm and
𝐷𝜋 reduced mass 𝜇) only a minimum can be appreciated. For
larger 𝑥Γ, the minimum can no longer be observed.
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