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In this work we discuss how femtoscopic analysis can shed light on the nature of the two lightest
axial charmed mesons, denominated as 𝐷1 (2430) and 𝐷1 (2420), whose masses are similar but
widths are different. Their properties are reasonably described taking into account meson-meson
coupled channel dynamics and a bare quark-model pole constituting the lowest-order amplitudes.
Two different bare quark-model states are used in order to accommodate the different scattering
lengths coming from the lattice QCD calculations for the 𝐷𝜋 and 𝐷∗𝜋 systems and the data from
the ALICE Collaboration on the 𝐷𝜋 system. The amplitudes are employed as inputs to determine
the correlation functions for the 𝐷∗𝜋 and 𝐷𝜌 channels and identify the signatures associated with
the lowest-lying axial charmed mesons.
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1. Introduction

Fits made to the experimental data on the 𝐷∗𝜋 invariant mass distribution of the decay 𝐵− →
𝐷∗+𝜋−𝜋− support the experimental evidence of the two lightest, charm, axial mesons [1, 2]. Their
average values of mass and width, as given by the Particle Data Group (PDG) [3], are:

𝐷1(2420) : 𝑀 = 2422.1 ± 0.6 MeV, Γ = 31.3 ± 1.9 MeV.
𝐷1(2430) : 𝑀 = 2412 ± 9 MeV, Γ = 314 ± 29 MeV. (1)

On theoretical grounds, several attempts have been made to simultaneously describe the prop-
erties of the 𝐷1 states, but without a consensus on the topic. Different approaches based on distinct
interpretations of these states have been employed, generating different results; as examples we refer
the reader to the Refs. [4–20]. Thus, alternative approaches proposing tools and observables that in
principle might distinguish the nature of the 𝐷1 states are needed. In this scenario, we investigate
if femtoscopic studies can play such a role.

To do that, we perform an extension of the framework introduced in Refs. [12, 18]. We notice
that a narrow pole is found in the previous work [12] from meson-meson coupled channel dynamics,
which couples mainly to the 𝐷𝜌 channel. Improvements have been implemented in the subsequent
work [18], with the inclusion of additional interaction diagrams to the lowest order amplitude,
yielding a mass and a width in agreement with those of 𝐷1(2420), but not for the case of the
broader resonance 𝐷1(2430). In view of this, we consider the addition of a quark-model pole to
the lowest order 𝐷∗𝜋 amplitude of Ref. [18] as an attempt to find a better description of the mass
and width of the 𝐷1(2430). To test the reliability of this approach we constrain the amplitudes
to reproduce the different scattering lengths (𝑎 (1/2) ) estimated from the lattice QCD calculations
for the 𝐷𝜋 and 𝐷∗𝜋 systems [21] and the data from the ALICE Collaboration on the 𝐷𝜋 [22] via
distinct choices of the bare quark model state. In this last case the value determined for the 𝑎 (1/2)

is different to that of previous theoretical studies [23–27]. Here we invoke heavy-quark symmetry
arguments and assume that the 𝐷∗𝜋 and 𝐷𝜋 systems have similar 𝑎 (1/2) . Thus, we contemplate
both possibilities of the 𝑎 (1/2)

𝐷∗𝜋 . After that, the amplitudes are employed in the correlation functions
(CFs) for the 𝐷∗𝜋 and 𝐷𝜌 channels to identify the signatures associated with the lightest 𝐷1 states.

2. Scattering amplitudes

We start by introducing the scattering amplitudes describing the interactions between vector and
pseudoscalar mesons, which are obtained from a Lagrangian based on a broken 𝑆𝑈 (4) symmetry [12,
18, 20]. Specifically, the lowest-order kernels are given by

𝑉𝑖 𝑗 =
𝐶𝑖 𝑗

4 𝑓 2 (𝑠 − 𝑢) ®𝜖 · ®𝜖 ′, (2)

where 𝑓 is the pion decay constant, taken to be 93 MeV, 𝑠, 𝑢 are Mandelstam variables, 𝜖 (𝜖 ′)
represents the polarization vector for the incoming (outgoing) vector meson, and 𝐶𝑖 𝑗 are constants
for different 𝑖, 𝑗 initial, final states, given in Table I of Ref. [20] for the isospin 1/2 configuration.
Besides Eq. (2), we also consider contributions coming from a pseudoscalar exchange through box
diagrams as obtained in Ref. [18] for the 𝐷𝜌 → 𝐷∗𝜋 → 𝐷𝜌.
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As discussed in Ref. [20], two poles are found from the dynamics, one close to real axis which
agrees with the properties of 𝐷1(2420) and another whose mass and width are close but not in
agreement with those of 𝐷1(2430). To better describe the properties of 𝐷1(2420) and 𝐷1(2430)
simultaneously, we add a bare quark-model pole to the lowest order amplitude for the 𝐷∗𝜋 channel

𝑉𝑄𝑀 = ±
𝑔2
𝑄𝑀

𝑠 − 𝑀2
𝑄𝑀

, (3)

where the mass 𝑀𝑄𝑀 can be taken from different quark model calculations [4, 15, 17] and 𝑔𝑄𝑀 is
fitted to obtain a fair agreement between the wider pole and the properties of 𝐷1(2430).

The scattering amplitudes are obtained by solving the Bethe-Salpeter equation

𝑇 = 𝑉 +𝑉𝐺𝑇, (4)

where we recall that the kernel𝑉 is given in Eq. (2) (plus the bare quark-model pole in Eq. (3) for the
𝐷∗𝜋 channel); and𝐺 is the meson-meson loop function, which is diagonal in the channel space, and
within the dimensional regularization scheme has the parameters 𝜇 = 1500 MeV, 𝑎 = −1.45 [20].

In Table 1 we show the poles found with the solutions of Eq. (4), the values of the scattering
length and the coupling for the most relevant channels 𝐷∗𝜋, 𝐷𝜌, �̄�𝐷∗

𝑠 and 𝐷𝑠�̄�∗. The findings are
presented for two different bare quark-model states 𝑉𝑄𝑀 to accommodate the different isospin 1/2
scattering lengths coming from the lattice QCD calculations [21] (Model A) and the data from the
ALICE Collaboration [22] (Model B) as previously mentioned. We can see that in both scenarios
the estimated values of the 𝐷∗𝜋 scattering length are in agreement with the mutually conflicting
ones reported in Refs. [21] and [22]. In the case of Model A, the 𝐷∗𝜋 amplitude shows a peak on
the real axis around 2304 MeV, with a width of around 160 MeV. Such a width is more in agreement
with the lower limit determined by the Babar Collaboration [28]. On the other hand, for the Model
B a broad bump is found on the real axis around 2436 MeV with a full width at half maximum
being ∼ 311 MeV, which is closer to the findings of the LHCb and Belle Collaborations [1, 2] [as
also given in Eq. (1)]. We now study how such features show up in the CFs.

3. Correlation Functions

The femtoscopic analysis is based on the estimation of the correlation functions (CFs). We
adopt the framework summarized in Refs. [19, 29–31], in which the generalized coupled-channel
CF for a specific channel 𝑖 reads

𝐶𝑖 (𝑘) = 1 + 4𝜋𝜃 (𝑞𝑚𝑎𝑥 − 𝑘)
∫ ∞

0
𝑑𝑟𝑟2𝑆12(®𝑟)

(∑︁
𝑗

𝑤 𝑗 | 𝑗0(𝑘𝑟)𝛿 𝑗𝑖 + 𝑇𝑗𝑖 (
√
𝑠)𝐺 𝑗 (𝑟; 𝑠) |2 − 𝑗20 (𝑘𝑟)

)
, (5)

where 𝑤 𝑗 is the weight of the observed channel 𝑗 (we use 𝑤 𝑗 = 1); 𝑗𝜈 (𝑘𝑟) is the spher-
ical Bessel function; 𝐸 =

√
𝑠 is the CM energy; the relative momentum of the channel is

𝑘 = 𝜆1/2(𝑠, 𝑚2
1, 𝑚

2
2)/(2

√
𝑠) (𝜆 being the Källen function and 𝑚1, 𝑚2 the masses of the mesons

in the channel 𝑖); 𝑇𝑗𝑖 are the elements of the scattering matrix encoding the meson–meson interac-
tions discussed in the previous section; and the 𝐺 𝑗 (𝑟; 𝑠) function is defined as

𝐺 𝑗 (𝑟; 𝑠) =

∫
| ®𝑞 |<𝑞𝑚𝑎𝑥

𝑑3𝑞

(2𝜋)3

𝜔
( 𝑗 )
1 + 𝜔 ( 𝑗 )

2

2𝜔 ( 𝑗 )
1 𝜔

( 𝑗 )
2

𝑗0(𝑞𝑟)

𝑠 −
(
𝜔

( 𝑗 )
1 + 𝜔 ( 𝑗 )

2

)2
+ 𝑖𝜀

, (6)
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Table 1: Values of the poles, isospin 1/2 scattering lengths and the couplings (represented as 𝑔) of the two
states 𝐷1 for the different channels. (𝑀, Γ)𝐷∗ 𝜋 represents the peak in the modulus squared amplitude for the
𝐷∗𝜋 channel. The findings are presented for the two choices of 𝑉𝑄𝑀 (Models A and B).

Model A
𝑉𝑄𝑀 Pole 1 (MeV) Pole 2 (MeV) (𝑀, Γ)𝐷∗𝜋 (MeV)

− (6000 MeV)2

𝑠−(2440 MeV)2 (2428 − 𝑖16) (2268 − 𝑖100) (2304, 160)
𝑎 (1/2) (fm) 𝑔𝐷1 (2430) (MeV) 𝑔𝐷1 (2420) (MeV)

𝐷∗𝜋 −0.20 7250 − 𝑖4995 −233 + 𝑖5
𝐷𝜌 0.44 − 𝑖0.18 −521 − 𝑖355 15144 + 𝑖356
�̄�𝐷∗

𝑠 0.00 − 𝑖0.12 4534 − 𝑖3612 −247 − 𝑖177
𝐷𝑠�̄�

∗ 0.00 − 𝑖0.12 2 − 𝑖55 −8739 + 𝑖90
Model B
𝑉𝑄𝑀 Pole 1 (MeV) Pole 2 (MeV) (𝑀, Γ)𝐷∗𝜋 (MeV)

− (10000 MeV)2

𝑠−(2370 MeV)2 (2428 − 𝑖16) (2218 − 𝑖218) (2436, 311)
𝑎 (1/2) (fm) 𝑔𝐷1 (2430) (MeV) 𝑔𝐷1 (2420) (MeV)

𝐷∗𝜋 0.1 5199 − 𝑖3577 92 − 𝑖105
𝐷𝜌 0.45 − 𝑖0.18 −248 − 𝑖91 14987 + 𝑖232
�̄�𝐷∗

𝑠 0.00 − 𝑖0.12 3806 − 𝑖2249 186 − 𝑖39
𝐷𝑠�̄�

∗ 0.00 − 𝑖0.12 −34 − 𝑖36 −8668 + 𝑖151

with 𝜔 ( 𝑗 )
𝑎 ≡ 𝜔

( 𝑗 )
𝑎 (𝑘) =

√︁
𝑘2 + 𝑚2

𝑎 being the energy of the particle 𝑎, and 𝑞𝑚𝑎𝑥 being a sharp
momentum cutoff introduced to regularize the 𝑟 → 0 behavior. We choose 𝑞𝑚𝑎𝑥 = 700 MeV.
Here we employ a source function parametrized as a static Gaussian normalized to unity, i.e.,
𝑆12(®𝑟) = exp

[
−𝑟2/(4𝑅2)

]
/
[
(4𝜋)

3
2 𝑅3

]
, where 𝑅 is the source size parameter. The relations

between the CF’s in the particle basis and the isospin basis are (analogously for the 𝐷𝜌 system)

𝐶𝐷∗0𝜋+ ≡ 𝐶𝐷∗0𝜋+→𝐷∗0𝜋+ + 𝐶𝐷∗+𝜋0→𝐷∗0𝜋+ =
2
3
𝐶
( 1

2 )
𝐷∗𝜋 +

1
3
𝐶
( 3

2 )
𝐷∗𝜋 ,

𝐶𝐷∗+𝜋0 ≡ 𝐶𝐷∗0𝜋+→𝐷∗+𝜋0 + 𝐶𝐷∗+𝜋0→𝐷∗+𝜋0 =
1
3
𝐶
( 1

2 )
𝐷∗𝜋 +

2
3
𝐶
( 3

2 )
𝐷∗𝜋 . (7)

The CFs for the isospin 3/2 configuration are obtained from the𝑇 ( 3
2 ) amplitudes shown in Ref. [20].

We show in Fig. 1 the CFs for the 𝐷∗𝜋 and 𝐷𝜌 states in the particle basis defined in Eq. (7),
for both models A and B. One can notice the distinct behavior of the 𝐶 (1/2)

𝐷∗𝜋 (𝑘) when models A
or B are employed. In the case of model A, the features of the 𝑇 (1/2)

𝐷∗𝜋,𝐷∗𝜋 amplitude are more
notable in the channel 𝐷∗0𝜋+, because of the bigger weight of the 𝐼 = 1/2 channel in its wave
function. At threshold, the attractive character of this channel and the negative scattering length
yields 𝐶 (1/2)

𝐷∗𝜋 (𝑘 = 0) > 1. As 𝑘 increases, a moderate minimum and a bump are found in the
region 220 ≲ 𝑘 ≲ 360 MeV, reflecting essentially the behavior of the 𝑇 (1/2)

𝐷∗𝜋,𝐷∗𝜋 amplitude, since
the other contributions 𝑇 (1/2)

𝐷∗𝜋,𝐷𝜌 and 𝑇𝐷∗𝜋,�̄�𝐷∗
𝑠

are negligible [20]. In this sense, the minimum
(bump) at 𝑘 ≳ 250 MeV (𝑘 ≃ 340 MeV) is associated with the broad peak (dip) in 𝑇 (1/2)

𝐷∗𝜋,𝐷∗𝜋 at√
𝑠 ∼ 2304 MeV (

√
𝑠 ∼ 2405 MeV). Thus, the CF encodes the manifestation of the interference
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Figure 1: CFs for the physical 𝐷∗𝜋 and 𝐷𝜌 states defined in Eq. (7) in both cases of models A and B, taking
the source size parameter 𝑅 = 1 fm.

between the poles present in 𝑇 (1/2)
𝐷∗𝜋,𝐷∗𝜋 . Also, a cusp at 𝑘 ≃ 518 MeV is seen, coming from

the effect of the �̄�𝐷∗
𝑠 threshold. In contrast, for model B there is no sizable difference among

the channels 𝐷∗0𝜋+ and 𝐷∗+𝜋0, due to the similarity among 𝐶 (1/2)
𝐷∗𝜋 (𝑘) and 𝐶 (3/2)

𝐷∗𝜋 (𝑘). At the
threshold, model B generates𝐶 (1/2)

𝐷∗𝜋 (𝑘 = 0) ≲ 1, which is compatible with the result expected when
𝑎
(1/2)
𝐷∗𝜋 = 0.1 fm < 2.3𝑅. After that, the CF slightly increases with 𝑘 , and presents a plateau, which

comes from the interference between the states, and goes to one. As in the former model, the full
CF expresses the behavior of the 𝑇 (1/2)

𝐷∗𝜋,𝐷∗𝜋 amplitude.
Now we move on to the scenario of 𝐷𝜌, whose scattering length has an imaginary component.

We do not see large differences in the 𝐶 (1/2)
𝐷𝜌

(𝑘) obtained considering the models A and B. Since
𝑅𝑒[𝑎 (1/2)

𝐷𝜌
] = 0.44 fm < 2.3𝑅, then one can expect that 𝐶 (1/2)

𝐷∗𝜋 (𝑘 = 0) < 1. However, when
compared with the results for 𝐷∗𝜋 in model B, the CF experiences a more prominent dip. It
may be interpreted as the influence of the narrow state present in the 𝑇 (1/2)

𝐷𝜌,𝐷𝜌
amplitude below the

𝐷𝜌 threshold, which provides the relevant contribution. The difference coming from the isospin
weights produces𝐶𝐷+𝜌0 (𝑘) closer to one at threshold than𝐶𝐷0𝜌+ (𝑘). Hence, one can conclude that
the 𝐷∗0𝜋+ and 𝐷0𝜌+ channels are more appropriate to test both models.

To summarize, the main conclusion of this work is that 𝐶𝐷∗𝜋 (𝑘) and 𝐶𝐷𝜌 (𝑘) might encode
signatures of the 𝐷1(2430) and 𝐷1(2420) states when smaller sources are considered. Accordingly,
this study provides a framework compatible with the existence of both broad and narrow states if
the measured genuine CFs present similar behavior to those obtained here. In view of this, new data
from high precision experiments would be welcome in order to confront them with our predictions.
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