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Hadron femtoscopy has turned into a powerful tool for accessing space-time information of heavy-ion
collisions as well as for studying final-state interactions of hadrons. Recently, heavy-flavor femtoscopy has
become feasible using the ALICE detector at the LHC. We compute the correlation function of D mesons
and light mesons using an off-shell T-matrix approach to access the two-meson wave function, and predict
the correlation functions involving charged Dþ; D�þ; Dþ

s , and D�þ
s with π� and K�. From the obtained

results—all of them accessible in pþ p collision experiments—we point up the case of Dþπ−, which is
sensitive to the lower state of the two-pole D�

0ð2300Þ system. The presence of such poles imprints a
depletion on the correlation function, which could potentially be detected in experiments. While
preliminary ALICE data do not show evidence of this effect, we suggest to look into the Dþ

s K− system
to explore the higher pole of theD�

0ð2300Þ, as the depletion in the correlation function is more pronounced.
Using heavy-quark spin symmetry we also propose exploring the effect of the two poles of the D1ð2430Þ
and predict similar structures in the correlation functions of the D�þπ− and D�þ

s K− pairs.

DOI: 10.1103/PhysRevD.108.096008

I. INTRODUCTION

Understanding the strong interaction among hadrons is
still an open question in nuclear physics. Quantum chromo-
dynamics (QCD) is the basic theory of the strong inter-
action. While QCD is well tested at distances much shorter
than the size of the nucleon and many processes at high
energies can be described at the quark level by means of
perturbative QCD, this perturbative approach fails when the
distance between quarks is comparable to the nucleon size.
In this low-energy regime, QCD becomes a strongly
coupled theory and the low-energy processes between
hadrons are not yet well described theoretically and are
often difficult to access experimentally.
In the past the interaction between hadrons has been

extracted experimentally using scattering experiments at
low energies (below the nucleon mass) with both stable
and unstable beams. There is a large amount of scattering
data for nucleon-nucleon reactions [1,2], but as we access
heavier degrees of freedom, such as strangeness or charm,

the experimental realization is more challenging. The
extremely short lifetime of hadrons containing heavier
quarks than up or down makes it very difficult to perform
scattering experiments and the knowledge of the interaction
among heavy hadrons is obtained from reactions where
hadrons are produced in the final state.
In this context, in the last decades femtoscopy has

emerged as a interesting tool to study reactions among
hadrons [3]. Femtoscopy techniques consist in measuring
the hadron-hadron correlation in momentum space, which
can be obtained as the ratio of the distribution of relative
momenta for pairs produced in the same collision and in
different collisions (mixed events). The development of this
technique to study the hadron-hadron interaction was
pioneered in [4,5] and further developed by the STAR
collaboration for ΛΛ [6], p̄p̄ [7], and pΩ− [8] correlations.
In the recent years, the ALICE collaboration has analyzed
correlations for different systems, such as for kaon-kaon
[9–12], pp [13], ΛK [14], pKþ and pK− [15], pΛ [13,16],
pΣ0 [17], ΛΛ [13,18], pΞ− [19], pΩ− [20], K�π� [21], pϕ
[22], as well as pp̄, pΛ̄, p̄Λ, and ΛΛ̄ [23,24].
More recently, femtoscopic studies have moved to the

charm sector as the ALICE collaboration has measured
pD− and p̄Dþ correlations in high-multiplicity pp colli-
sions at 13 TeV [25]. Also, recent results are being reported
by the ALICE collaboration for Dð�Þπð�Þ and Dð�ÞKð�Þ
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reactions [26–29], thus giving new insights into the hadron-
hadron interactions with charm content.
In view of the present developments in femtoscopy in the

charm sector and the expected future advances, some
theoretical analyses of the hadron-hadron correlation func-
tion including charmed hadrons have been performed.
The femtoscopic correlation functions for the D0D̄�0 and
DþD�− channels have been obtained in [30] so as to
analyze the nature of the Xð3872Þ, as well as the ones for
D0D�þ and DþD�0 to address the features of the newly
discovered Tcc state [30,31]. Also, the authors in [32]
propose to determine the spins of Pcð4440Þ and Pcð4457Þ
states by measuring the Σþ

c D̄ð0Þ� correlation functions.
Moreover, there are calculations in the isospin I ¼ 1=2
and strange S ¼ 0 sector for the Dπ, Dη, and DsK̄
correlation functions to determine the two-pole structure
of the D0ð2300Þ [33], as well as theoretical studies in the
I ¼ 0 and S ¼ 1 sector for the DK [33–35] and Dsη [35]
correlation functions, where theD�

s0ð2317Þ has a prominent
role [33–35].
In the present work we follow the previous analyses

in the I ¼ 1=2; S ¼ 0, and I ¼ 0, S ¼ 1 sectors of
Refs. [33,34]. However, these previous theoretical works
only consider meson-meson correlations with one charged
meson, whereas experimentally the correlation functions
have been obtained for a pair of charged mesons. Therefore,
in this work we study the correlation functions for Dþπþ
andDþπ− (and associated charge conjugates) together with
the ones for DþKþ and DþK− (and associated charge
conjugates) with the aim of comparing our results with the
ALICE experimental outcome [26–29]. We moreover
predict novel correlation functions for channels involving
Ds, D�, and D�

s mesons. For that purpose, our study
employs heavy-light meson-meson unitarized effective
interactions derived from an off-shell T-matrix calculation
in a coupled-channel basis. In that framework, the two-pole
D�

0ð2300Þ and the D�
s0ð2317Þ states are dynamically gen-

erated by the heavy-light meson-meson scattering.
Concerning the D� meson, analogous states in the J ¼ 1
sector also appear, namely the two-pole D1ð2430Þ and the
bound state Ds1ð2460Þ.
The correlation functions of heavy-light mesons are then

calculated, accounting for the Coulomb interaction in the
relevant channels. The final goal of our study is to describe
the heavy-light meson-meson interactions in the different
charm sectors, while determining the role of the two-pole
D�

0ð2300Þ and D1ð2430Þ in the correlation functions.
The paper is organized as follows. In Sec. II we review

the basic formalism to compute hadron-hadron correlation
functions using the off-shell T-matrix approach to access
the pair wave function. We provide some details on the
strong and Coulomb forces relevant to describe the charged
hadron-hadron interactions. In Sec. III we show our results
on the correlation functions for charged channels involving
Dmesons (Sec. III C), as well asDs (Sec. III D) andD� and

D�
s mesons (Sec. III E). In Sec. IV we present our

conclusions and outlook.

II. FEMTOSCOPY FORMALISM

In this section we present the formalism employed to
obtain the correlation function of a pair of charged mesons.
We consider channels composed by a charmed meson
(denoted asDmeson) and a light pseudoscalar, focusing on
the cases recently measured by the ALICE collaboration
[26–29], namely Dþπ�; DþK� (and their charge conju-
gated pairs D−π∓; D−K∓) and giving predictions for the
cases Dþ

s π
�; Dþ

s K� (D−
s π

∓; D−
s K∓) involving the charged

Ds mesons, as well as all their vector companions (D� and
D�

s mesons). The pseudoscalar channels are listed in
boldface in Table I, together with their coupled partners
in each of the strangeness S and charge Q sectors.

A. Pair correlation function

The femtoscopic correlation function of a particular
hadron pair with relative momentum q is obtained from
the Koonin-Pratt formula [36,37],

CðqÞ ¼
Z

d3r
X
i

wiSiðrÞjΨiðq; rÞj2; ð1Þ

where Ψiðq; rÞ is the wave function converting the pair in
the ith channel into the asymptotically measured one
(i → f),1 wi stands for the weight representing the strength
in which the pair i is created in the collision and SiðrÞ is the
normalized source function representing the distribution of
relative distances r at which particles are emitted.
The asymptotic channels considered in the present work

are composed by a pair of charged mesons that feel the
effect of both the strong and the Coulomb forces.
Considering only the s-wave component of the strong
interaction, which is a valid approximation at low
momenta, the wave function for the asymptotic pair of
charged mesons (denoted with the subscript f) is given by

Ψfðq; rÞ ¼ ΦC
f ðq; rÞ −ΦC

0fðqrÞ þ φfðq; rÞ; ð2Þ

where q≡ jqj and r≡ jrj, while the transition wave
function of the other channels (j ≠ f) reads

Ψjðq; rÞ ¼ φjðq; rÞ; ð3Þ

where φðq; rÞ in these equations stands for the s-wave wave
function including the effect of the strong interaction and,
for channels composed by a pair of charged mesons, also
that of the Coulomb force. The function ΦC stands for the

1All wave functions are associated to the asymptotic final state
f. Their subindexes exclusively denote the initial channels.
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complete Coulomb wave function and ΦC
0 by its s-wave

component [38].
Guided by experimental evidence, the source function

can be taken spherically symmetric and independent of the
initial channel i evolving into the asymptotic one f. Under
these conditions, the correlation function becomes

CðqÞ ¼
Z

d3rSðrÞjΦC
f ðq; rÞj2

þ
Z

4πr2drSðrÞ
�X

i

wijφiðq; rÞj2 − jΦC
0fðqrÞj2

�
:

ð4Þ

In our calculations we employ a Gaussian source function,

SðrÞ ¼ 1

ð2 ffiffiffi
π

p
RÞ3 exp

�
−

r2

4R2

�
; ð5Þ

with R ¼ 1 fm being the typical size of the primary source
for the systems considered here [28]. The source is
normalized as

Z
d3rSðrÞ ¼ 1: ð6Þ

Finally, given the lack of experimental information, we set
all the weights wi of Eq. (1) equal to unity.

B. Wave function and T matrix

In this work we are going to obtain the wave function
from the T-matrix amplitude, according to the Lippmann-
Schwinger equation,

jΨi ¼ jΦi þ 1

E − Ĥ0 þ iη
TjΦi; ð7Þ

where jΦi is the free wave function, while jΨi contains
the effect of the interaction. From the former equation,
and assuming an interaction projected in s wave, one
obtains [38]

φiðq;rÞ ¼ j0ðqrÞδif

þ
Z

∞

0

4πq02dq0

ð2πÞ3
Tifðq0;q;

ffiffiffi
s

p Þj0ðq0rÞ
2ωH;i2ωϕ;ið

ffiffiffi
s

p
−ωH;i −ωϕ;iþ iηÞ ; ð8Þ

TABLE I. Two-body channels for definite strangeness S and electric charge Q and corresponding scattering
lengths. For each strangeness sector, the scattering lengths in the isospin basis for the lowest ðI<Þ and highest ðI>Þ
isospin values are also shown.

ðS;QÞ Channel (particle) a [fm] Channel (isospin) aI< [fm] aI> [fm]

ð−1;−1Þ D0K− −0.232 DK̄ 0.399 −0.233
ð−1; 0Þ D0K̄0 0.071 (I< ¼ 0) (I> ¼ 1)

DþK− 0.083
ð−1;þ1Þ DþK̄0 −0.233

ð0;−1Þ D0π− −0.102 Dπ 0.423 −0.101
(0, 0) D0π0 0.056 (I< ¼ 1=2) (I> ¼ 3=2)

Dþπ− 0.253 Dη 0.072þ i0.066
D0η 0.071þ i0.065 (I< ¼ I> ¼ 1=2)
Dþ

s K− −0.114þ i0.693 DsK̄ −0.114þ i0.694
ð0;þ1Þ D0πþ 0.246 (I< ¼ I> ¼ 1=2)

Dþπ0 0.073
Dþη 0.074þ i0.067
Dþ

s K̄0 −0.113þ i0.695
ð0;þ2Þ Dþπþ −0.102

(1,0) Dþ
s π− 0.0033 Dsπ 0.0032

D0K0 −0.027þ i0.084 (I> ¼ I< ¼ 1)
ð1;þ1Þ Dþ

s π
0 0.0032 DK −1.28 −0.027þ i0.083

D0Kþ −0.857þ i0.020 (I< ¼ 0) (I> ¼ 1)
DþK0 −0.647þ i0.200 Dsη −0.324þ i0.132
Dþ

s η −0.324þ i0.132 (I< ¼ I> ¼ 0)
ð1;þ2Þ Dþ

s πþ 0.0031
DþKþ −0.026þ i0.083

ð2;þ1Þ Dþ
s K0 −0.222 DsK −0.221

ð2;þ2Þ Dþ
s Kþ −0.220 (I< ¼ I> ¼ 1=2)
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where j0ðqrÞ is the spherical Bessel function and Tif is the
scattering amplitude that is derived from a Bethe-Salpeter
equation.

Tifðq0;q;
ffiffiffi
s

p Þ¼Vifðq0;q;
ffiffiffi
s

p Þ

þ
X
l

Z
∞

0

4πk2dk
ð2πÞ3

Vilðq0;k;
ffiffiffi
s

p ÞTlfðk;q;
ffiffiffi
s

p Þ
2ωH;l2ωϕ;lð

ffiffiffi
s

p
−ωH;l−ωϕ;lþ iηÞ; ð9Þ

with Vif being the s-wave projected interaction kernel
containing the effect of the strong force and, for diagonal
transitions involving a pair of chargedmesons, also that of the
Coulomb interaction. In the above equationsω ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2 þ p2

p
is the relativistic energy of a meson of mass m and
momentum p.
Equation (9)—also denoted as the half off-shell T-matrix

equation—will be solved numerically for each ðS;QÞ
sector. The typical ultraviolet divergence in the integrals
is cured by inserting a Gaussian form factor,

fðq; q0Þ ¼ exp

�
−
q2 þ q02

Λ2

�
; ð10Þ

in the strong interaction kernel, as described in the next
section. As explained later, a value ofΛ ¼ 800 MeV=c (for
all channels) is chosen to fix the position of the quasibound
states generated by the solution of the T-matrix equation to
observed resonances in some ðS;QÞ sectors.

C. Strong interaction

The interaction of the D mesons with light particles is
described by an effective Lagrangian based on both chiral
and heavy-quark symmetries. We use the version at next-to-
leading order (NLO) in the chiral expansion, similarly as in
Refs. [39–43]. In particular we will use our current model
described in Ref. [44] for the vacuum zero-temperature case.
The tree-level scattering amplitude for the interaction of

D and Ds mesons with light mesons is given by

Vijðp1; p2; p3; p4Þ ¼
1

f2π

�
Cij
LO

4
½ðp1 þ p2Þ2 − ðp2 − p3Þ2� − 4Cij

0 h0 þ 2Cij
1 h1

− 2Cij
24ð2h2ðp2 · p4Þ þ h4ððp1 · p2Þðp3 · p4Þ þ ðp1 · p4Þðp2 · p3ÞÞÞ

þ 2Cij
35ðh3ðp2 · p4Þ þ h5ððp1 · p2Þðp3 · p4Þ þ ðp1 · p4Þðp2 · p3ÞÞÞ

�
; ð11Þ

where the i, j indices denote channels with charm C ¼ 1
and a given value of strangeness S ¼ f−1; 0; 1; 2g and total
chargeQ ¼ f−1; 0;þ1;þ2g, p1 and p2 (p3 and p4) are the
four-momenta of the mesons in channel i (j) and fπ ¼
92.3 MeV is the pion decay constant. The values of the
coefficients Cij

k , determining the strength of each k term
(k ¼ LO; 0; 1, 24, 35) for the transition i → j can be found
in Appendix A.2 of [45] for the particle basis employed in
the present work. As for the low energy constants (LECs)
hi (i ¼ 0;…; 5) of the NLO contributions, we adopt the
values of the Fit-2B to Lattice Quantum Chromodynamics
(LQCD) data performed in Ref. [41] and shown in Table II.
We take the interaction kernel in the c.m. frame and

retain only its s-wave projection, namely

Vs−wave
ij ðp; p0;

ffiffiffi
s

p Þ ¼ 1

2

Z
1

−1
d cos θpp0Vijðp1; p2; p3; p4Þ;

ð12Þ

wherep≡ jpj (p0 ≡ jp0j) is themodulus of themomentumof
the mesons in the incoming (outgoing) channel in the c.m.
frame and θpp0 is the angle between p and p0. We takep1ð2Þ ¼
ðE1ð2Þ; pÞ and p3ð4Þ ¼ ðE3ð4Þ; p0Þ, where the energies are
E ¼ ðsþm2 −m02Þ=ð2 ffiffiffi

s
p Þ with m being the mass of the

meson andm0 that of its meson partner in the given channel.
This prescription disconnects the momenta of the interacting
mesons from the value of the c.m. energy

ffiffiffi
s

p
, hence the

former potential can be used in an off-shell calculation.

D. Coulomb interaction

For channels involving a pair of charged particles one
must include the Coulomb force, VC ¼ εα=r, where
ε ¼ þ1ð−1Þ for identical (opposite) charged particles,
α ¼ 1=137 is the fine structure constant and r the inter-
particle distance. Our approach consists in adding to the
tree-level strong interaction potential of Eq. (12) the effect
of the Coulomb interaction in momentum space, following

TABLE II. Values of LECs for theD-meson-light-meson scattering. Taken from Ref. [44], adapted from Fit-2B in
Ref. [41].

h0 h1 h2 h3 h4 h5

0.033 0.45 −0.12 1.67 −0.0054 × 10−6 MeV−2 −0.22 × 10−6 MeV−2
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a procedure inspired in that of Refs. [38,46]. We summarize
here the main aspects.
The Coulomb interaction in momentum space is

obtained by Fourier transforming the potential in coordi-
nate space,

VCðjp0 − pj;RCÞ ¼
Z

RC

0

d3reiðp0−pÞ·r
εα

r

¼ 4πεα

jp0 − pj2 ½1 − cosðjp0 − pjRCÞ�; ð13Þ

where only interparticle distances fulfilling r < RC have
been considered in order to regulate its long-range char-
acter. The performed truncation renders our momentum
space approach numerically tractable, as it avoids the
forward scattering singularity of the Coulomb interaction
at jp0 − pj ¼ 0.
From the potential in Eq. (13) we isolate the l ¼ 0

component,

VC
s−waveðp; p0;RCÞ ¼

1

2

Z
1

−1
d cos θpp0VCðjp0 − pj;RCÞ;

¼ 2πεα

pp0

�
Ci½jp0 − pjRC� − Ci½ðp0 þ pÞRC� þ ln

�
p0 þ p
jp0 − pj

��
; ð14Þ

where Ci½x� ¼ R
∞
x dtðcos tÞ=t is the cosine integral func-

tion. We have performed calculations for various values of
RC and find our results to stabilize at RC ¼ 60 fm. In the
following, the label RC will be suppressed from the
arguments of the Coulomb potential in order to simplify
the notation.
Before adding the projected Coulomb interaction to the

strong one, two modifications need to be made. These are
related to the nonrelativistic character of the Coulomb
force, while our approach derives the scattering amplitude
T from the relativistic Bethe-Salpeter equation shown in
Eq. (9). First, as the two-body propagator in that equation
employs relativistic energies, we implement the following
replacement

VC
s−waveðp;p0Þ→

ffiffiffiffiffiffiffiffiffiffiffiffiffi
ξðp;sÞ

p
VC
s−waveðp;p0Þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ξðp0;sÞ

p
; ð15Þ

where the kinematic factors ξ are given by

ξðp; sÞ ¼ 2μ

ffiffiffi
s

p
− ω1ðpÞ − ω2ðpÞ
λðs;m1;m2Þ

4s − p2
; ð16Þ

with μ ¼ m1m2=ðm1 þm2Þ being the reduced mass
and λðs;m1; m2Þ ¼ ½ðs − ðm1 þm2Þ2�½s − ðm1 −m2Þ2� the
Källén function. Second, we also need to compensate
for the normalization factors of type 1=

ffiffiffiffiffiffi
2ω

p
tied to the

relativistic treatment of the two-body propagator in Eq. (9),
which do not appear in a Lippmann-Schwinger-type
formulation appropriate for the nonrelativistic Coulomb
interaction. Therefore, the final s-wave Coulomb contri-
bution to be added to the strong interaction kernel (only in
diagonal transitions involving a pair of charged mesons)
reads

VC;rel
s−waveðp;p0;

ffiffiffi
s

p Þ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2ω1ðpÞ

p ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2ω2ðpÞ

p ffiffiffiffiffiffiffiffiffiffiffiffiffi
ξðp;sÞ

p
×VC

s−waveðp;p0Þ
×

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2ω1ðp0Þ

p ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2ω2ðp0Þ

p ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ξðp0;sÞ

p
: ð17Þ

Note that the above prescription renders the Coulomb
kernel dimensionless, as it should be to match the relativ-
istic structure of Eq. (9).

III. RESULTS

A. Generated resonances and scattering lengths

We first discuss the properties of the scattering ampli-
tudes obtained from Eq. (9) when exclusively the strong
interaction kernel of Eq. (12) is employed (no Coulomb).
As noted above, the potential includes a form factor [see
Eq (10)] with a cutoff value of Λ ¼ 800 MeV=c, which is
chosen so as to reproduce the double-pole structure of the
D�

0ð2300Þ [43] and to obtain the D�
s0ð2317Þ as a meson-

meson bound state. With this prescription, the modulus of
the (S ¼ 0, I ¼ 1=2) Dπ scattering amplitude presents a
broad peak located at

ffiffiffi
s

p ¼ 2125 MeV, while another
narrower peak is seen in the modulus of the DsK̄ scattering
amplitude at

ffiffiffi
s

p ¼ 2462 MeV. These structures are the
reflections in the real energy axis of the two poles in the
complex plane representing the D�

0ð2300Þ, found by most
unitary meson-meson scattering models and also supported
by a recent lattice data analysis [47]. Extending the T-
matrix equation (9) to complex values of the energy z≡ ffiffiffi

s
p

we are able to numerically find the pole positions. These
are represented in Table III. Compared to our previous
findings of Ref. [44] the results seem compatible to a large
extent, given the differences in the approach (on-shell
versus off-shell schemes), the different choice of the
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regulator, and deviations coming fromworking in the physi-
cal versus the isospin basis.2

Additionally, the DK amplitude shows a bound state at
2320 MeV, very close to the nominal value of the
D�

s0ð2317Þ. Thanks to the heavy-quark spin symmetry,
we also find the double pole structure of the D1ð2430Þ at
positions shown in the J ¼ 1, S ¼ 0 sector of Table III,
which are signaled as maxima in the scattering amplitude atffiffiffi
s

p ¼ 2267 MeV and
ffiffiffi
s

p ¼ 2606 MeV, respectively. We
also find the bound state Ds1ð2460Þ at

ffiffiffi
s

p ¼ 2465 MeV.
Our choice of cutoff produces values of scattering

lengths that are in good agreement with different sets in
the literature, obtained from chiral unitary models similar to
the one adopted here [40,41,43,49]. The values of our
scattering lengths in the different strangeness sectors are
shown in Table I, both in the particle and isospin bases.
Note that the scattering lengths in the isospin basis have
been obtained employing isospin-averaged masses in each
particle multiplet. In the strangeness S ¼ −1 sector, we find
a moderately large and positive scattering length for theDK̄
interaction in I ¼ 0, representing a sizable attraction, and a
negative scattering length of smaller size in I ¼ 1, repre-
senting a moderate repulsion. These isospin-basis values
explain the mild attraction found for the DþK− interaction,
represented by a small positive value of the scattering
length. Focusing directly to the pairs of charged mesons,
we observe in the strangeness S ¼ 0 sector a relative
important attraction in the Dþπ− channel and a milder
repulsion in the Dþ

s K− one, as deduced from the size and
sign of their corresponding scattering lengths. However, in
the later case, this repulsion is apparent, as the negative real
part of the scattering length (with a sizable imaginary part)
is tied to the influence of the higher pole of the D�

0ð2300Þ,
which couples substantially to Dþ

s K−. In the S ¼ 1 sector,
the interaction in the channels with a pair of charged
mesons is extremely small, slightly attractive for the Dþ

s π
−

and Dþ
s π

þ cases, and somewhat repulsive for the DþKþ
one. In this sector, however, there is a very interesting case,
namely that of the channels D0Kþ and DþK0. Their
scattering lengths are large and negative, not because the

interaction is strongly repulsive, but because it is strongly
influenced by the presence of the isospin I ¼ 0 charm-
strange resonance D�

s0ð2317Þ located right below the DK̄
threshold. Finally, theDþ

s Kþ interaction in the S ¼ 2 sector
is repulsive and of moderate size.
Our latest results of scattering lengths were presented in

Ref. [45]. Compared to those, the present results are
compatible but there exist certain deviations in some of the
channels. The differences are attributed to several details in
the modeling: here we solve the off-shell T-matrix equation
instead the on-shell version of [44,45], and here we use a
form factor to regularize the integrations instead of the hard
cutoff used in [44,45].

B. Coulomb + strong wave functions and matching

Taking into account the scattering lengths of Table I, we
consider the cases of pairs of charged mesons that have a
more sizable interaction, namelyDþπþ,Dþπ−,Dþ

s Kþ, and
Dþ

s K−, and present in Fig. 1 their l ¼ 0 wave functions for
a momentum q ¼ 100 MeV=c. The red curves represent
the real (solid) and imaginary (dashed) parts of the wave
function when only the Coulomb interaction is considered,
while the blue lines represent the real (solid) and imaginary
(dashed) parts of the wave function when the effect of the
strong interaction is also present. Note that the real part of
the Coulomb-only wave function at the origin deviates
from one, slightly below it for an equal-charge repulsive
Coulomb interaction and slightly above it for an opposite-
charge attractive one. This deviation is larger for systems
with larger reduced masses (bottom panels). The incorpo-
ration of the strong force has essentially two visible effects
on the complete wave function when compared with the
Coulomb-only one, namely a modification around the
origin and the addition of a phase-shift at large distances.
We observe that the real part of the wave function at the

origin is smaller (larger) than the Coulomb-only counterpart
for a repulsive (attractive) strong interaction, as in the case
of Dþπþ and Dþ

s Kþ (Dþπ−). Note that the relatively large
attraction of the strong interaction in the Dþπ− channel
produces a substantial modification of the wave function at
the origin which will be reflected in the corresponding
correlation function discussed in the next subsection. The
size of the imaginary part of the full wave function is larger
than the Coulomb-only counterpart and follows a similar

TABLE III. Generated states in the pseudoscalar (J ¼ 0) and vector (J ¼ 1) sectors as poles of the T matrix of
Eq. (9) in the complex energy plane z ¼ ffiffiffi

s
p

.

J ¼ 0 J ¼ 1

Generated state ðS; IÞ z (MeV) Generated state ðS; IÞ z (MeV)

D�
0ð2300Þ (lower pole) ð0; 1

2
Þ 2092.4þ i129.5 D1ð2430Þ (lower pole) ð0; 1

2
Þ 2233.6þ i130.8

D�
0ð2300Þ (higher pole) ð0; 1

2
Þ 2647.2þ i264.8 D1ð2430Þ (higher pole) ð0; 1

2
Þ 2719.2þ i330.1

D�
s0ð2317Þ (1,0) 2320.2þ i0 Ds1ð2460Þ (1,0) 2464.7þ i0

2We obtain that the real parts of the poles are separated by
approximately 550 MeV. Therefore it might not be meaningful to
refer them as a “two-pole” state, as argued in Ref. [48].
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trend that that seen for the real part. The Dþ
s K− case is

special because it is affected by the nearby higher pole of the
D�

0ð2300Þ resonance, which produces an apparently repul-
sive amplitude with a sizable imaginary part, as indicated
by the scattering length of −0.11þ i0.69 fm reported in
Table I. For this reason, the real and imaginary parts of the
Dþ

s K− wave function develop substantial differences with
respect to the Coulomb-only ones.
Themagnitude of the phase shift acquired by the complete

wave function is in accordance to the strength of the strong
interaction, being moderate and positive for the repulsive
Dþπþ, Dþ

s Kþ and Dþ
s K− interactions and larger and

negative for the substantially attractive Dþπ− case.

C. D�-meson correlation functions

We now present our results on the D-meson-light-meson
correlation functions CðqÞ, focusing on pairs of electrically
charged particles, i.e. involving hadrons that can be more
easily reconstructed experimentally. Preliminary results for
some of these channels have recently been presented by the
ALICE collaboration [26–29].We beginwith these ones, and
then continue showing predictions for the correlation func-
tions involving charged Ds;D�; D�

s mesons. The channels

containing neutral particles—since they are more difficult to
detect experimentally—will be left for a future publication
collecting all remaining channels.
We start with the four correlation functions which have

already been considered by the ALICE collaboration
[26–29]. These are Dþπþ, Dþπ−, DþKþ, and DþK− (plus
the respective charge conjugated pairs). Note that the
strong and Coulomb interactions are symmetric under C
parity and therefore, we only need to consider channels
with D mesons (being those with D̄ mesons identical
under charge conjugation). These pair combinations cor-
respond to channels with strangeness and total charge
ðS;QÞ ¼ ð0;þ2Þ; ð0; 0Þ; ð1;þ2Þ, and ð−1; 0Þ, respectively,
as can be also seen in Table I.
In Fig. 2 we show the correlation functions for the

channels Dþπþ; Dþπ−; DþKþ; DþK− from left to right
and from top to bottom, as functions of the relative
momentum of the pair. In solid blue line we present our
full result including both strong and Coulomb interactions,
while the dashed red line contains only the Coulomb effect,
for reference.
As expected, the main contribution to the correlation

functions is the Coulomb effect, since while having a lesser
strength than the strong force, it has a much longer

FIG. 1. l ¼ 0 wave functions of selected pairs of charged mesons with q ¼ 100 MeV=c. The red curves denote the real (solid) and
imaginary (dashed) parts of the Coulomb only wave functions and the blue lines represent the real (solid) and imaginary (dashed) parts
of the wave functions that also incorporate the effect of the strong interaction.
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interaction range. For repulsive (attractive) Coulomb inter-
action the correlation functions are clearly below (above)
one. Additionally, we also observe a clear effect of the
strong interactions in almost all channels.
Beginning with the Dþπþ case, we find an additional

repulsive interaction. As seen in Table I this is the only
physical channel with ðS;QÞ ¼ ð0;þ2Þ and has a negative
scattering length, which is tied to a repulsive LO interaction
(CLO ¼ 1, see Table A2 in [45]) for this channel. The
strong interaction effects on the Dþπ− correlation function
signal a rather pronounced, attractive interaction consistent
with a sizable positive value of its scattering length. Note
that, while the lowest order coefficient is already of
attractive character (CLO ¼ −1, see Table A2 in [45]),
there are also sizable Dþπ− → D0π0 and Dþπ− → Dþ

s K−

transitions which, when implemented in a coupled-channel
unitarization procedure, enhances the attraction of the
Dþπ− interaction. This is the case where the double pole
of theD�

0ð2300Þ appears, generated upon unitarization. The
lower pole of the D�

0ð2300Þ is the one that couples more
strongly to the Dþπ− system and, in the current scheme,
leaves a peak at

ffiffiffi
s

p
≃ 2125 MeV, corresponding to a

relative momentum of q ≃ 200 MeV=c. This pole is likely
to produce the shallow minimum below one seen around
q ¼ 240 MeV=c, as already noted in Ref. [33] for the
I ¼ 1=2 Dπ channel. The experimental observation of this

minimum would be an evidence of the existence of the
lower pole. While the current experimental resolution for
this channel would be able to distinguish such a depletion,
there exists no current indication of it [28,29].
In the bottom left panel of Fig. 2 we consider a channel

with net strangeness, the DþKþ ðS;QÞ ¼ ð1;þ2Þ one,
which receives very little influence from the strong inter-
action. As seen from Table I, this sector consists of two
coupled channels, DþKþ and Dþ

s π
þ, and the DþKþ

scattering length is complex, with a very small negative
real part indicating a tiny repulsion, which is what one can
see in the figure. We note that the LO diagonal DþKþ ↔
DþKþ interaction in this case only starts being nonzero at
NLO, meaning a small strength, even after unitarization in
coupled channels, which incorporates the effect of the
nonzero nondiagonal transition DþKþ ↔ Dþ

s π
þ.

Finally theDþK− correlation in the bottom right panel of
Fig 2 acquires an additional small increase by the effect of
the strong interaction. This ðS;QÞ ¼ ð−1; 0Þ sector has two
coupled channels with null diagonal interactions at LO,
similarly to the previous case. The nonzero LO non-
diagonal transition DþK− ↔ D0K̄0 and the NLO terms
generate, after unitarization, a small positive scattering
length, i.e., the tiny extra attraction seen in Fig. 2.
The effect of coupled channels in the generation of the

full theDþ-light-meson correlation functions is analyzed in

FIG. 2. Charge D-meson-light-meson correlation functions as functions of the relative momentum in the center-of-mass reference
frame.
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Fig. 3. Whereas for the Dþπþ case (top-left panel) there is
only one channel, in the top-right panel of Fig. 3 the total
Dþπ− correlation function is decomposed by adding,
sequentially, the individual contributions of the different
coupled channels, namely D0π0, D0η, Dþ

s K−, interacting
with Dþπ−. We observe that the main contribution to the
Dþπ− correlation function comes from the diagonal com-
ponent of the interaction, and the next most important one
is given by the sizable transitionDþπ− ↔ D0π0 one. Since
these two contributions cause attraction, one could obvi-
ously expect a final attractive effect on the correlation
function. As for the correlation functions of the DþKþ and
DþK− pairs (bottom-right and bottom-left panels, respec-
tively) we find again that the most important contribution
comes from the diagonal interaction, leading to a slightly
larger value for both correlations functions once the non-
diagonal contribution is added.
To conclude with the D-meson sector we comment on

the comparison of our results with the preliminary mea-
surements of the ALICE collaboration presented in
Refs. [26–29]. There, the experimental results are com-
pared with different theoretical calculations based on the
Schrödinger equation to match the scattering data of some
effective models similar to our own. While our calculation
uses the method of the off-shell T-matrix calculation in
coupled channels, our results show very similar behaviour

to other theoretical models in all cases, with a good
comparison to experimental data except in the Dþπ− case.
The already known discrepancy of the theoretical models
with the preliminary experimental data is still present in our
case. The depletion we find around q ¼ 240 MeV=c,
ascribed to the lower-pole of the D�

0ð2300Þ state, is not
seen in any of the theoretical estimations shown in [28].
The most likely reason is that the (Gaussian) meson-meson
potential used in these calculations is fitted to the threshold
scattering parameters of the interaction but contains no
information about possible subthreshold poles or resonance
effects at higher energies.

D. D�
s -meson correlation functions

In this section we present our results for the correlation
function of the Dþ

s meson with the same charged light
mesons. We consider the four channels Dþ

s π
þ; Dþ

s π
−;

Dþ
s Kþ, and Dþ

s K−. According to Table I these channels
have quantum numbers ðS;QÞ ¼ ð1;þ2Þ; ð1; 0Þ; ð2;þ2Þ,
and (0, 0), respectively.
The results of the four correlation functions are plotted in

Fig. 4 from left to right and top to bottom, in analogy with
Fig. 2 for the Dþ meson case. Again the main contribution
to CðqÞ comes from the Coulomb interaction, being the
effect of strong interaction generically smaller than in the
case of the Dþ.

FIG. 3. Dþ-light meson correlation functions obtained by sequentially adding the contribution of the different coupled channels of
each ðS;QÞ sector.
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Starting from the two top panels of Fig. 4 we observe a
negligible (attractive) effect of the strong interaction in the
Dþ

s π
þ and Dþ

s π
− correlation functions, confirmed by the

very small positive scattering length in these channels
shown in Table I. These are just two different charged cases
of the same I ¼ 1 Dsπ −DK coupled-channel interaction,
with null LO diagonal transitions. These channels present a
small cusp around q ¼ 340 MeV=c, which is an indication
of the opening of the unitary threshold corresponding to the
DþKþ (D0K0) channel in the Q ¼ þ2 (Q ¼ 0) case.
As opposed to the D-meson sector, the correlation

functions for the channels involving kaons show a sensible
modification due to the strong interaction. In the Dþ

s Kþ
case (bottom-left panel of Fig. 4) an additional repulsion
can be seen in CðqÞ. This is originally caused by the
repulsive interaction at LO of the unique channel in this
S ¼ 2; Q ¼ þ2 sector, and confirmed by an appreciably
negative scattering length of a ¼ −0.220 fm, as seen in
Table I. Future experimental results looking at this channel
might have the needed precision to distinguish between the
red and blue results, thus confirming the repulsive nature of
the strong interaction in this particular channel.
Finally, for theDþ

s K− we observe an additional depletion
of the correlation below one with respect to the Coulomb
only. This is in contrast to the DþK− case, and a rather
interesting effect since the strong interaction in the diagonal
channel is attractive at LO. In fact the coupled-channel

analysis shows that the real part of the scattering length in
the Dþ

s K− channel is negative. However, this does not
indicate repulsion but a strong attraction leading to the
presence of a quasibound state that can bring down the
correlation function below one producing a shallow mini-
mum, as explained in Refs. [33,34]. This is similar to
what is observed in the Dþπ− correlation function due to
the presence of the lower pole of the D�

0ð2300Þ. In the
present Dþ

s K− case the minimum in CðqÞ is found at
q ≃ 105 MeV=c. Note that the Dþ

s K− channel—which is
coupled to the Dþπ−, where the D�

0ð2300Þ is found—
couples mostly to the higher pole [44], which appears in the
current model at

ffiffiffi
s

p
≃ 2462 MeV, right below threshold.

We conclude that the higher pole of the D�
0ð2300Þ state is

causing the minimum below one of the Dþ
s K− correlation

function. Since this effect is more pronounced that the one
in theDþπ− channel, it would be interesting to test if future
precise experimental data involving Ds mesons (maybe
from Run 3 and Run 4 of the LHC) could resolve the
depletion, which would be an evidence of the existence of
the higher pole of the D�

0ð2300Þ.

E. D�� and D��
s correlation functions

In this section we briefly comment on the expectation of
the correlation functions of heavy vector mesons D�; D�

s
with light mesons. Heavy-quark spin symmetry allows one

FIG. 4. Dþ
s -light meson correlation as functions of the relative momentum in the center-of-mass reference frame.
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to consider the dynamics of vector mesons on the same
footing as their pseudoscalar counterparts. Moreover, at LO
in the heavy-quark mass expansion the hadron interactions
in the pseudoscalar and vector sectors are formally the
same, since the interaction with light degrees of freedom
are not able to flip the heavy-quark spin, and the 0− and 1−

sectors are uncoupled and degenerated. From the point of
view of the interaction, the two differences with respect to
the pseudoscalar case are the vacuum values of heavy-
meson masses, and some of the LECs of the effective
Lagrangian at NLO in the chiral expansion [44]. We present
the latter in Table IV.
We first unitarize without modifying the value of the

cutoff Λ ¼ 800 MeV=c in the form factors. We automati-
cally generate the spin-partners states to the D�

0ð2300Þ and
the D�

s0ð2317Þ, which come out as a prediction of the
model: the double pole of theD1ð2430Þ and the bound state
Ds1ð2460Þ. The position of the corresponding poles in the
complex energy axis are shown in the J ¼ 1 sector of
Table III.

We present our results for the D�-light meson correlation
functions in Fig. 5, and those forD�

s-light meson correlation
functions in Fig. 6. Despite the differences in the vacuum
masses and some of the LECs of the effective Lagrangians,
the final results for the correlation functions—when plotted
as function of the relative momentum—are essentially
indistinguishable from those in the pseudoscalar sectors.
To summarize the most relevant findings in the corre-

lation functions of the J ¼ 1 sector, we start with the S ¼ 0
channel, where in the D�þπ− correlation function of Fig. 5
we find a shallow depletion around q ¼ 240 MeV=c,
which is the imprint of the lower pole of the D1ð2430Þ
state at an energy

ffiffiffi
s

p ¼ 2267 MeV (or q ≃ 200 MeV=c).
In Fig. 6 we find a slightly more pronounced dip in the
D�þ

s K− correlation function around q ¼ 100 MeV=c,
which is a signature of the higher pole of the D1ð2430Þ
state at

ffiffiffi
s

p ¼ 2606 MeV, right below the channel thresh-
old, therefore behaving as a quasibound state. Hence, these
two poles could be observable if experimental data allows
for a reasonable precision of these correlation functions

FIG. 5. Charged D�-light meson correlation functions as functions of the relative momentum in the center-of-mass reference frame.

TABLE IV. Values of LECs for the D�-light-meson scattering. Taken from Ref. [44].

h0 h1 h2 h3 h4 h5

0.033 0.45 −0.12 1.67 −0.0047 × 10−6 MeV−2 −0.19 × 10−6 MeV−2
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involving D� andD�
s mesons in the appropriate momentum

ranges, perhaps from data taken at Run 3 and Run 4 of
the LHC.
Finally we comment that the presence of the Ds1ð2460Þ

bound state at
ffiffiffi
s

p ¼ 2465 MeV can also leave an imprint
in the correlation functions of the D�0Kþ or D�þK0. This
state is the J ¼ 1 heavy-quark spin partner of the
D�

s0ð2317Þ of the J ¼ 0 sector for the D0Kþ and DþK0,
as was already mentioned in Ref. [34]. However, the
extraction of the D�0Kþ or D�þK0 correlation functions
is much more challenging experimentally since the pairs
involve neutral mesons.

IV. CONCLUSIONS AND OUTLOOK

Femtoscopic measurements involving heavy and light
mesons have a large potential in terms of capabilities and
precision, as has been proven from preliminary ALICE
results. We have contributed to this field by calculating

femtoscopic correlation functions of charged Dð�Þ and Dð�Þ
s

mesons with π�; K� mesons. Some of these correlation
functions have been already considered by the ALICE
collaboration, while some others could be addressed in future
analyses. In this work we have argued that several of these
correlation functions do contain information about the
double-pole structures of theD�

0ð2300Þ andD1ð2430Þ states.

Our technique is based on the off-shell T-matrix
approach, which permits producing scattering amplitudes
for the desired channels, given a momentum-dependent
potential obtained from an effective field theory and the
Coulomb interaction. This has been done in a complete
coupled-channel basis and using a Gaussian form factor to
tame the ultraviolet divergences of the integrals. The
resulting T-matrix elements give information about scatter-
ing parameters close to thresholds, as well as information
about dynamically generated states (resonances and bound
states). This resummation method is totally equivalent to
solving the corresponding Schrödinger equation in coupled
channels. With the T matrix, the two-meson wave function
can be straightforwardly reconstructed, and then the corre-
lation function via the Koonin-Pratt formula can be
obtained.
Our final results for the D;Ds;D�, and D�

s mesons are
shown in Figs. 2 and 4–6, respectively. The main con-
clusions of this work are as follows:
(1) The Coulomb interaction provides the main contri-

bution to the correlation function in all channels, but
strong force effects are also clearly visible.

(2) Compared to the latest preliminary experimental
results by ALICE [28,29], the strong interaction is
essential to reproduce the data points of the Dþπþ,
DþKþ, and DþK− correlation functions. There re-
mains a puzzle in the Dþπ− correlation function,

FIG. 6. Charged D�
s -light meson correlation functions as functions of the relative momentum in the center-of-mass reference frame.
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where our correlation function deviates significantly
from the experimental result below q ¼ 350 MeV=c.

(3) The lower pole of the D�
0ð2300Þ state appears

as a shallow depletion in the Dþπ− correlation
function below one around q ¼ 240 MeV=c. How-
ever, preliminary ALICE results—with a rather
good precision—do not present evidence for this
behavior [28,29].

(4) The higher pole of the D�
0ð2300Þ state appears as a

depletion in the Dþ
s K− correlation function around

q ¼ 100 MeV=c, more pronounced than the one in
theDþπ− case.We propose to experimentally analyze
the Dþ

s K− channel to test the presence of this pole.
(5) The replacement of D mesons by D� mesons—

following the LO approximation in heavy-meson
mass expansion—produces very similar correlation
functions as for the J ¼ 0 case when plotted as
functions of the relative momentum.

(6) The lower and higher poles of the D1ð2430Þ appear
as depletions below one around q ¼ 240 MeV=c
and q ¼ 100 MeV=c in the D�þπ− and D�þ

s K−

channels, respectively. The analysis of the D�þπ−
correlation function would be a good way to check
whether the mentioned puzzle in the Dþπ− sector
still persists in the vector channel.

In summary, while our Dþπ− correlation function
presents significant deviations from preliminary ALICE
results, it is unclear which modifications are needed from
the theoretical perspective to solve this puzzle. While
waiting for definite experimental results in this channel,
we propose to look for theD�þπ− case to potentially see the
effects of the lower pole of the D1ð2430Þ state. In addition,
higher poles in the J ¼ 0 and J ¼ 1 sectors couple stronger
to Dþ

s K− and D�þ
s K−, respectively. Then, the study of the

correlation functions of these channels would complement

the search of the double pole structures of the D�
0ð2300Þ

and D1ð2430Þ, respectively.
Concerning the bound states D�

s0ð2317Þ and Ds1ð2460Þ,
cf. Table III, one would require to reconstruct neutral
mesons, e.g. look at the D0Kþ and the D�0Kþ channels,
respectively. This was already suggested and studied in
Refs. [33–35]. We plan to present our own results with
neutral mesons in a separate publication.
Other improvements we would like to address in our

model are the use of a more precise form of the source
function SðrÞ (which is straightforward in our code, since it
does not need to assume a Gaussian shape), and to revisit
the weights wi of the correlation function. In order to
achieve these goals, a deeper knowledge of the exper-
imental details and the particle production mechanism in
pþ p collisions is mandatory.
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