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Abstract. Since its first detection, the interesting properties of the 7..(3875)*
have made it to be one of the most prominent tetraquark-like states up to date. In
this work we present a joint analysis of the T and its charge-conjugated part-
ner in a dense nuclear medium. We start by considering both states as purely
isoscalar D*D and D*D S -wave bound states, respectively. We use previous re-
sults for the in-medium D, D, D* and D* spectral functions to determine the
modified two-meson amplitudes. We find important changes in the in-medium
mass and width of both tetraquark-like resonances, which become more visible
when increasing the nuclear density and molecular probabilities. The experi-
mental confirmation of the found distinctive patterns will support the existence
of molecular components in the 7, and T, wave functions.

1 Introduction

In the past years, the field of hadron spectroscopy has seen a new “golden age” with the
discovery of many exotic states which do not fit the conventional quark models. This new
revolution, which started with the X(3872) [1], continues to see more new and interesting
states to this day. One such state is the doubly-charmed T..(3875)* [2, 3], observed in the
D°D°x* mass distribution with a mass of my, + 6meyp, being my,: = 3875.09 MeV the D*+D°
threshold and 6mey, = —360 + 40*;keV, and a width ' = 48 + 2*0 keV [3]. Among the
possible models, the molecular interpretation is being supported due to its closeness to the
DD+ and D*D* thresholds.

More experimental input on this state is thus very welcome in order to determine its
internal structure. Recent works have studied the femtoscopic correlation functions of the
D°D** and D*D*° channels in heavy-ion collisions (HICs) [4, 5]. Another possible way to
gain some insight into the nature of the 7. is to study its behaviour under extreme temperature
or density conditions, as has already been performed for the X(3872) [6]. In this work we
have followed the previous work of Ref. [6] in order to study the behaviour of the 7. and
its charge-conjugated partner the 7 in a dense nuclear environment, with the objective of
analysing the finite-density regime of HICs in experiments such as CBM at FAIR.
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2 Formalism

In this section, we briefly summarise the formalism of Ref. [7] where this exotic state is gen-
erated as a result of D*D interaction. The T, state is seen in the D°D°z* spectrum, right
below the D** D° threshold, and has most probably quantum numbers I(J”) = 0(1*). There-
fore, we start by considering D* D scattering in vacuum in this channel. We work in the exact
isospin limit for the D masses. In this limit, both isospin channels decouple and we are left
with a single-channel Bethe-Salpeter equation, which in the on-shell approximation has as
solution the unitary 7 matrix

T7'(s) = V7(s) = Z(s). (1)

In the expression above V is a contact potential, and X(s) is the D*D loop function. We
consider two energy-dependent potential families:

Va(s) =a+bs, Vp(s)= 2)

c+ds’
with a, b, ¢, and d parameters that can be fixed through Eq. (1) by imposing the mass of the
T/ in vacuum to be my and the coupling of the T}, to the D* D channel to be gj:

dT='(s) 1

=12y _ — _ 25702
Tmy) =0 —o=| .= 2 Py = —goZ' (mp). )

We also take into account Weinberg compositeness condition [8] (last equality in Eq. (3)),
re-discussed in [9], in order to analyse our results in terms of the molecular probability P
instead of the vacuum coupling go. Given that we are working in the exact isospin limit, the
physical T}, mass cannot be used, and instead we take om = —800 keV with respect to the
DD threshold [10]. We do not fix gg or Py to any given value. This allows us to discuss our
results in terms of these parameters.

At leading order, the effects of the nuclear medium on the scattering amplitude enter only
through the meson loop function in Eq. (1) (the potential is left unchanged):

([
X(s;p) =1 f _‘]A‘AD* (P —q; p)Ap(g; p), “)
(2m)
where the in-medium mesonic propagator can be written as

1 f""d (Su(w, 41 ) So(w,1ql; p)
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being Iy (q°, §; p) the meson self energy and Sy (w, |7]) its spectral function. We use the
model developed in Refs. [11-13] for computing the meson self energies. In order to regu-
larise the loop integral of Eq. (4) we use a sharp cutoff over three momentum of A = 700
MeV. Further details on the computation of Eq. (4) can be found in Refs. [6, 7].

The discussion for the T, runs parallel to that for the 7., but considering the meson
pair D*D instead of the D*D one. The distinction arises from the anti-meson self energies,
which divert significantly from those of mesons due to the quite different D*'N and D®'N
interactions [11-13].

3 Results

Here we compare the results obtained in the D*D and D*D channels, where the T and T
poles are respectively found, for densities up to py = 0.17 fm™ (normal nuclear density).
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Figure 1. Left column: real (top) and imaginary (bottom) parts of the D*D (solid lines) and D* D (dashed
lines) loop functions for different values of the nuclear medium density as a function of the centre-
of-mass energy E of the meson pair. Right column: in-medium D*D (solid lines) and D*D (dashed
lines) modulus square amplitudes obtained by solving Eq. (1) using the V4(s) potential, for molecular
probabilities Py = 0.2 (orange) and Py = 0.8 (blue), and for different nuclear densities.

In the left column of Fig. 1, we plot the real and imaginary parts of the D*D and D*D
loop functions. The in-medium loop functions are smooth at threshold, and they develop an
imaginary part below threshold. This accounts for the opening of new decay channels for the
charmed mesons due to their interaction with the nucleons of the medium. Comparing both
loop functions we see that they exactly coincide in vacuum, owing to charge conjugation
symmetry, but when increasing density they stray apart. This different behaviour is due to
the very different DN and D®N interactions. Focusing now on the real part of the loop
functions we find that it is more negative for D*D than for D*D scattering. This can be
naively interpreted as the medium generating more repulsion in the D*D interaction than in
the D*D one, but there is no clear answer as the imaginary part is not negligible [6, 7].

On the right column of Fig. 1, we plot the modulus squared of the in-medium D*D and
D*D amplitudes for different densities and molecular probabilities, using the V4 potential
family presented in Eq. (2). Results using the V potential are very similar to those stemming
from Vj,, especially for high molecular components [6, 7]. We find that the T, and T,
which were bound states in the vacuum, develop some width when embedded in the nuclear
medium. Both states can be easily told apart in the high P, scenarios, and become more
difficult to differentiate for small p and Py. Lastly, in the Py = 0.8 case we can clearly see
that the T, peak sits to the right of the Tz, one, pointing to a more repulsive interaction in
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the D*D channel than in the D*D one, as we already mentioned when discussing the loop
functions.

4 Conclusions

We have studied the behaviour of the T..(3875)" and the T::(3875)" in a dense nuclear envi-
ronment. We have found that the medium effects are sizeable when considering large values
of the molecular probability, as opposed to the scenario where the molecular component is
small. More specifically, we have observed an important increase in the width of the states
and a noticeable shift in their masses. Furthermore, and due to the different D™ N and DWN
interactions, we have seen that the 7%, and the T states behave distinctly in the medium,
the former shifting towards higher masses than the latter and becoming broader. If the T,
and T, were to be predominantly compact objects, their density behaviour, although distinct
from one another, would likely be very different from the one found in the present work. All
in all, we conclude that an interesting way to discern the molecular nature of the tetraquark-
like T..(3875)" and T::(3875)" is to experimentally determine its density pattern in a dense
nuclear environment. This could be tested at experiments such as PANDA (FAIR) with fixed
nuclear targets like p-nuclei, or in HICs at the CBM (FAIR).
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