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We discuss the modification of the properties of the tetraquark-like 7,..(3875)" and T;:(3875) states in dense
nuclear matter. We consider the 7.} and T.; in vacuum as purely isoscalar D*D and D*D S-wave bound states,
respectively, dynamically generated from a heavy-quark effective interaction between the charmed mesons. We
compute the D, D, D*, and D* spectral functions embedded in a nuclear medium and use them to determine the
corresponding 7. and 7; self-energies and spectral functions. We find important modifications of the D*D and
D*D scattering amplitudes and of the pole position of these exotic states already for py/2, with o, the normal
nuclear density. We also discuss the dependence of these results on the D*D (D*D) molecular component in the
T} (T) wave function. Owing to the different nature of the DN and D™N interactions, we find characteristic
changes of the in-medium properties of the T,.(3875)" and T;:(3875)~, which become increasingly visible as the
density increases. The experimental confirmation of the found distinctive density pattern will give support to the
existence of molecular components in these tetraquark-like states, since in the case they were mostly colorless
compact quark structures (ccll and &cee, with £ = u, d), the density behaviors of the T,..(3875)" and T3:(3875)
nuclear medium spectral functions, though different, would not likely be the same as those found in this work for
molecular scenarios. Finally, we perform similar analyses for the isoscalar J® = 1+ heavy-quark spin symmetry

partners of the 7.} (T*") and the T.; (T%") by considering the D**D*" and D*D*~ scattering 7' matrices.
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I. INTRODUCTION

Over the past decades a plethora of new hadronic states
has been experimentally observed. More precisely, the spec-
troscopy of charmonium-like states, the so-called XY Z, has
received an incredible boost, having the X (3872) [1] a promi-
nent and pioneer role. Also the discovery of the P. and P
baryonic states by LHCb [2—-6], and more recently mesons,
such as T,4(2900) [7,8] and T,.(3875)" [9,10], have captured
the attention of the hadronic community, as different theoreti-
cal interpretations of their nature have been postulated—they
can be understood as multiquark states (tetraquarks or pen-
taquarks), hadroquarkonia states, hadronic molecules, cusps
due to kinematic effects, or a mixture of different components
(see, for example, the recent reviews [11-17]).
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In particular, the interest on the properties and nature of
the T,.(3875)™ state is growing by the day within the hadronic
community. This very narrow state is observed in the D°D°r+
mass distribution, with a mass of my, + §mexp, Where my, =
3875.09 MeV is the D**D° threshold and SMieyp = —360 £
4073 keV, and a width I' = 48 £ 219, keV [10]. Among the
possible interpretations, the molecular picture [14,18-35] is
being supported by its closeness to the D°D** and D*D*°
thresholds, whereas the tetraquark interpretation has been put
forward [36,37], even before its discovery. However, the prox-
imity of the state to the D°D** and D*D** thresholds makes
it necessary to consider the hadronic degrees of freedom for
the analysis of the experimental data [15].

More information on this state in different experimental
setups is therefore very welcome in order to further learn
about its nature and properties. Recently, the femtoscopic
correlation functions for the D°D** and D*D** channels in
heavy-ion collisions (HICs) have become of major interest.
Work on that direction has been recently performed for the
T..(3875)" state in Ref. [38], using coordinate space wave
functions and potentials, or even more recently in Ref. [39]
using momentum space interactions.

Another possible way to gain some insight about the nature
of the T..(3875)*" is to analyze its behavior under the ex-
treme density and/or temperature conditions present in HICs
at BNL Relativistic Heavy Ion Collider (RHIC), CERN Large
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Hadron Collider (LHC) or FAIR energies. Indeed, analyses of
that type have been performed, for example, for the X (3872)
state. Using the coalescence model, the EXHIC collaboration
[40-42] showed that considering the X (3872) as a molecular
state implies a production yield much larger than for the
tetraquark configuration, in particular if one also takes into
account the evolution in the hadronic phase [43,44], due to the
fact that the production and absorption cross sections in HICs
are expected to be larger for a molecular state. Moreover,
the nature of the X (3872) in HICs has been also studied
with instantaneous coalescence models [45,46], a statistical
hadronization approach [47,48], or using a thermal-rate equa-
tion scheme [48]. However, these analyses on the production
of X(3872) in HICs did not take into account the possi-
ble in-medium modification of the X (3872) in the hadronic
phase. The inclusion of these modifications has been per-
formed in posterior studies of the X (3872) in a hot meson
bath [49,50] and in a dense nuclear medium [51]. The in-
medium mass shifts of heavy mesons such as the X (3872)
and Z.(3900) have also been studied by means of sum
rules [52,53].

In this work we address the behavior of 7,.(3875)" in a
nuclear environment with the objective of analyzing the finite-
density regime of HICs in experiments such as CBM at FAIR.
We follow our previous work on the X (3872) in dense nuclear
matter [51]. We start from a picture of the T,.(3875)" gener-
ated as a bound state from the leading-order interaction of the
D and D* mesons, constrained by heavy-quark spin symmetry
(HQSS). HQSS also allows us to have access to the D*D*
partner of the 7,.(3875) ", which we name the 7*(4016) ", and
has been predicted by several theoretical groups [23,24,54].
We then implement the changes of the D and D* propagators
in nuclear matter in order to obtain the in-medium 7,.(3875)"
and T*(4016)" scattering amplitudes and spectral functions.
Later on, we consider generalizations of the DD* and D*D*
interactions, allowing for scenarios in which the T,.(3875)"
and 7.5(4016)" are not purely molecular states. In this man-
ner, we can extract the modification of the mass and the width
of these states in nuclear matter for different scenarios, in view
of the forthcoming results on HICs at CBM (FAIR).

In addition, we also pay attention to the 7;:(3875)~ and
T(4016), antiparticles of the 7,.(3875)" and T.%(4016)",
and whose properties in vacuum are trivially related to those
of the T¥* by the charge-conjugation symmetry. If these
exotic states had a predominant molecular origin, the nu-
clear environment would induce different modifications to
charmed D™ D* than to anticharmed D™ D* pairs of inter-
acting mesons. This is due to the different strength of the
D®N and D®N interactions, which should lead to visible
changes among the medium properties of the 7" and TE(L-\*)f.
These differences become larger as the density increases.
The nuclear medium breaks the particle-antiparticle symmetry
leading to quite different D®) and D™ spectral functions. This
is similar to what occurs in the strange sector when one studies
the properties of kaons and antikaons embedded in dense
matter. Kaons (K°, KT) contain an 5 antiquark and therefore
their strong interaction with nucleons cannot produce hyper-
ons, which however can be excited by KY and K~ antikaons
that provide the negative unit of strangeness (quark s) needed

to conserve flavor.! In the case of D®N interactions, there
exists the possibility of exciting the odd-parity spin J = 1/2
and 3/2 A.(2595) and A.(2625) resonances [56,57], while in
the D®N case, only exotic pentaquarks with negative charm
quantum number could be excited [58].

However, if the T,.(3875)" and T;:(3875)" were color-
less compact tetraquark structures (ccff and ¢c€f with £ =
u, d), the density behavior of their nuclear medium spectral
functions would be presumably different. In this case, the in-
teraction with the medium depends on whether the tetraquark
state is composed of two light quarks or two light antiquarks,
as they will behave differently in the presence of density.
In fact, within the quark model picture, the interaction with
the medium would be at the quark level via different color-
spin interactions between a T,.(3875)" and a nucleon or a
T::(3875)~ and a nucleon. Hence, the study of the asymmet-
rical density pattern of the properties of the 7,.(3875)" and
T::(3875)~ inside of a nuclear environment could become an
interesting additional tool to disentangle the structure (com-
pact or molecular) of the exotic 7,.(3875)". This is a novel
and important result of this work, which did not apply to our
previous study of the X (3872) in nuclear matter carried out
in Ref. [51], because the latter state has well-defined charge
conjugation.?

The paper is organized as follows. In Sec. II we present
the D*D and D*D scattering amplitudes and the dynamical
generation of the T,.(3875)", Tz:(3875)", and their heavy-
quark spin partners in vacuum and finite density. We start
by discussing the T,..(3875)" and T;:(3875)" in the vac-
uum (Sec. II A) and embedded in isospin-symmetric nuclear
matter (Sec. IIB). In Sec. IIC, we show the in-medium
pseudoscalar and vector heavy-light meson spectral func-
tions, which determine the density modifications of the D*D
and D*D amplitudes. We also introduce the 7..(3875)* and
T::(3875)~ self-energies both in vacuum and in nuclear matter
(Sec. IID), we discuss the type of interaction kernels to be
used in our work (Sec. I1E), and we connect to the pole
positions in the nuclear medium (Sec. IIF). In Sec. IIG we
introduce the heavy-quark spin partners of the 7,.(3875)" and
T:-(3875), that is, T*(4016)" and T.:(4016)". In Sec. III
we present our results for 7,.(3875)" (Sec. Il A), T:(3875)~
(Sec. I B), as well as T%(4016)" and T:£(4016)~ (Sec. I C).
The conclusions are given in Sec. IV.

IStrangeness measurements exploiting the distinct K° and K°
strong interactions on nucleons have been employed to derive new
Bell’s inequalities for entangled K°K° pairs produced in ¢ decays
[55]. Indeed, if a dense piece of ordinary (nucleonic) matter is in-
serted along the neutral kaon trajectory, by detecting the products
from strangeness conserving strong reactions, the incoming state is
projected either into K° (K°p — K*n) or into K° (K°p — An*,
K’ — An® K° — pK~). Due to the different sizes of the cor-
responding cross sections, the slab of nuclear matter acts as a K°
regenerator since the probability of disappearance of the neutral
antikaon K is significantly larger.

2Note that the behavior of both T.(3875)" and T3:(3875) in a hot
pion bath will be identical since D*7 and D®7r interactions are
equal in the SU(2) limit.
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II. FORMALISM

In this work we closely follow Ref. [51], in which the
in-medium modifications of D*D scattering and the X (3872)
properties are described. We briefly summarize here this for-
malism focusing on the appropriate modifications.

A. Vacuum D*D and D*D scattering amplitudes

We start by considering the 7..(3875)" as a D*D state
with isospin and spin-parity quantum numbers /(J*) = 0(1%).
The T[ is thus assumed to be an isoscalar with a minor
isospin breaking from the different masses of the channels
involved. This is consistent with the experimental analysis,
where no trace of a peak is seen in the partner isospin I =
1 channel DTD** [9,10,23]. We consider the particle basis
{D**DY, D**D*} and a heavy-quark effective field theory
(HQET) interaction diagonal in the isospin basis. We only
take into account the S-wave part of the interaction since the
T..(3875)" is located almost at the DD* threshold. In the
particle basis, the interaction reads

V:l o+ Vi
2\V1 =W

Vi—Vo
Vo + v1>’ )
where Vj and V| are HQET contact interactions in the isospin 0
and isospin 1 channels, respectively. We have used the isospin
convention & = |1/2, —1/2) and d = —|1/2, +1/2), which
induces D° = [1/2, —1/2) and D* = —|1/2, +1/2). The po-
tentials Vjy and V; will be, in general, functions of s = E 2 the
square of the total energy of the two-meson pair in the center
of mass (c.m.) frame.

The unitary 7 matrix, denoted as 7 (s), is obtained by
solving the Bethe-Salpeter equation (BSE) in the so-called
on-shell approximation [59]:

T )=V =G, @)

where the diagonal G(s) matrix is constructed out of the two-
meson loop functions,

(G (s) 0
g(S) - < ? OD GD*()D+(S)>’ (3)

and where

d4q
Gyw(s) = i/ WAU(P_ q)Aw(g),

1

A =
Y(Q) (q0)2 — qz — m% + ic

“

with Ay the propagator of a certain ¥ meson of mass my
in the free space’® and P? = 5. We will need to introduce an
ultraviolet cutoff to regularize the d°g integration and render
the two-point function Gy finite.

The formalism for the T;:(3875)~ state runs in parallel
to that of the T,..(3875)", making use of invariance un-
der charge-conjugation symmetry in the free space. Thus,

3For simplicity, we neglect the widths of the D* and D* mesons in
the vacuum.

the D*D unitary 7 matrix is given also by Eq. (2) taking
{D*~DY, D**D~} now as the particle basis.

Isospin breaking effects in the unitary 7" matrices are gen-
erated by the kinetic terms in the two meson-loop functions,
which disappear when the mass splitting between mesons
with different charges are neglected, i.e., mpe+ = Mpeo =
Mpw- = Mg = Mpw+ = Mpew. In that limit, G(s) becomes
a diagonal matrix.

B. Isoscalar D*D and D*D scattering amplitudes
in isospin-symmetric nuclear matter

For simplicity, we will work here in the isospin limit and
will only consider the modifications of the 7" amplitudes due
to the changes of the two-particle loop function Gyy induced
by the self-energies Iy (¢°, G; p) that the D® and D™ will
acquire as result of their interactions with the nucleons of the
medium. The self-energies vanish in the vacuum (p = 0), but
they produce significant changes in the dispersion relations of
the mesons inside of nuclear matter of density p.

Indeed, when the mesons are embedded in the nuclear
medium, their spectral functions depart from pure § functions
with the position of the quasiparticle peaks being displaced
with respect to the free mass position, and becoming broader
as the density increases. Moreover, richer structures are found
produced by several resonant-hole excitations that appear
around the quasiparticle peaks [60-62].

The meson spectral functions, Sy_p, 5 p- 5, are defined
through the Kiillen-Lehmann representation of the propaga-
tors

1
(@°)? —w}(G?) —Ty(¢°, G p)

:/"Odw< Sy(@,1g))  Sy(, ICYI?> 5)
0

Ay(g;p) =

P —-—w+tic P +o-—ic

with wy (G ?) = v'm3 + g 2. From the above equation, it fol-
lows that for ¢° > 0

_ 1 _
SD<*>,5<*>(qO, qg;p)= —;Im ADwﬁ(*)(cIO, q;p)

= —ImHD(*)!B(*)(Qot q; p)

« |AD(*),5(*)(QO» 67, p)|2
. .

(6)

The S-wave meson self-energies and the spectral functions can
be found, for example, in Ref. [51]. These depend on qO and
the modulus of g, but not of any direction when taking the
spherical symmetric nuclear medium in the laboratory frame,
where it is at rest.* In the isospin limit, the isoscalar D*D
[T(s; p)] and D*D [T (s; p)] scattering amplitudes inside of
the nuclear environment are obtained from the solution of the

“From now on, we also consider the center of mass of the meson
pair system to be at rest in the laboratory frame, and take P = 0, so
that hence P? = PO% = §.
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corresponding single-channel BSE in the on-shell approxima-
tion

where X(s; p) agd_f(s; p) are the density dependent
D*D (Gp+p) and D*D (Gp.p) loop functions, respectively,
calculated using Eq. (4) with the nuclear dressed meson prop-

T '(s; p) = Vy '(s) — (s p), 7a
1( p) 0o () _( o) (72) agators Ay(q;p) introduced in Eq. (5). From the spectral
T (s;p)= VO’I(S) — X(s; p), (7b) representation of the meson propagators, it follows that for
E > 0[51]
|
1 o fop250)  f5p(2; p)
Ss=E*;p)=-—{P [ 4 — Db —infpp(E; p)i, 8
(s 2 2;12{ /0 (E—S2+i8 Et+Q—ic) TooEe (82)
= 1 = 55825 0)  fop(R;p)) .
S(s=E*p)=— Qe =22 - —in fpp(E; )i, 8b
(s P) 2n2{P/0 (E—sz+is Etxa_i) TopEip (8b)
where P stands for the principal value of the integral and, in addition,
A Q
Jow(€2; p) =/ dqqZ/ do Sy(w, 1G], P)Sw(2 —w, 17]; p). ©)
0 0

In Eq. (9) we have included a sharp cutoff A =0.7GeV
in the integral over momentum to regularize the ultraviolet
divergence as we explained in Sec. Il A. In the free space,
the spectral function of charmed D™ and anticharmed D®
mesons are equal and reduce to S(q2 — m%,). Hence, X(s; p =
0) = X(s; p = 0) from which follows that free space masses
and widths of the 7.} and T are the same, as required
by charge-conjugation symmetry. However, in a nuclear en-
vironment Sp- # S7., since the charmed and anticharmed
meson-nucleon interactions are quite different, as discussed
in the Introduction.

C. Pseudoscalar and vector heavy-light meson self-energies
and spectral functions

The meson self-energies are computed following a uni-
tarized self-consistent procedure in coupled channels, as
described in Refs. [60,61] for the D™ mesons and in Ref. [62]
for the D™ mesons (see also Ref. [63] for a review). The
needed DN and D®N T matrices in the free space are
obtained by solving a coupled-channels BSE defined by a
S-wave transition meson-baryon kernel, in the charm C =
+1 sectors, derived from an effective Lagrangian that im-
plements HQSS [56-58]. The effective Lagrangian accounts
for the lowest-lying pseudoscalar and vector mesons and
1/2% and 3/2" baryons and it reduces to the Weinberg-
Tomozawa interaction term in the sector where Goldstone
bosons are involved, and it incorporates HQSS in the sector
where (anti)charm quarks participate.

The whole theoretical scheme, both in the vacuum and in
the nuclear medium, is briefly summarized in Sec. II D of
Ref. [51], where some details can be found. We will only
highlight here some of the results found in Refs. [60-62]
for the in-medium D™ and D™ spectral functions. They
are plotted in Fig. 1 for zero momentum as a function of
the (anti)charmed meson energy E = ¢° for three different
densities, p/po = 0.1, 0.5, and 1, with py the normal nuclear
density (pg = 0.17 fm™>).

(

The most prominent structure in all cases corresponds to
the so-called quasiparticle peak, which position (¢° = Eqp) is
obtained from the self-consistent solution of

Eq(@) = 3" +my_(p0 poy + Re (Eg(@). §). (10)

In addition, these spectral functions show a much richer struc-
ture as a result of the presence of several resonance-hole
excitations.

More precisely, the D meson spectral function is depicted
in the upper left-hand side panel of Fig. 1. We observe that
the D meson quasiparticle peak moves to lower energies
with respect to the free mass with increasing density, as
already shown in Ref. [60]. Furthermore, several resonance-
hole states appear around the quasiparticle peak. On the one
hand, the A.(2556)N~! and A.(2595)N~! excitations appear
in the low-energy side of the D spectral function. On the other
hand, the £*N~! state shows up on the right-hand side of the
quasiparticle peak.

As for the D* meson spectral function shown in the up-
per right-hand side panel, the quasiparticle peak moves to
higher energies with density while fully mixing with the sub-
threshold J = 3/2 A.(2941) state. The mixing of J =1/2
¥.(2868)N~! and J = 3/2 X.(2902)N~! is seen on the left-
hand side tail of the peak. We also observe other dynamically
generated resonance-hole states for lower and higher energies,
as described in [60].

With regards to the D and D* spectral functions, those are
shown in the lower left-hand side panel and lower right-hand
side one, respectively. The D spectral function results from the
self-energy of D, shown in Ref. [62]. The quasiparticle peak
is located below the D mass and also below the ®,(2805)N !
state. The C = —1 pentaquark-like ®.(2805) corresponds to a
weakly bound state, seen in the I = 0, J = 1/2 amplitude that
strongly couples to DN and D*N, although it has not been
detected experimentally yet (see Ref. [58] for more details).
Also, the upper energy tail of the D spectral function shows
I = 1 resonance-hole states. As for the D* spectral function, it
depicts the contribution of several / = 0 and / = 1 resonant-
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FIG. 1. D (upper left-hand side), D* (upper right-hand side), D (lower left-hand side), and D* (lower right-hand side) spectral functions
for zero three-momentum (g = 0) as a function of the (anti)charm meson energy E for three different densities p = 0.1y, 0.50¢, and py.

hole states close to the quasiparticle peak, which is located
slightly above 2 GeV. Those states are described in Ref. [58].

D. T,..(3875)" [T::(3875)~] self-energy in the free space
and in the nuclear medium

As in Ref. [51], let us consider a bare f‘;g field with bare
mass m and coupling g to the D*D meson pair. We perform
the resummation of the diagrams in Fig. 2, which account
for the effects induced by the insertion of internal loops on
the D*D interaction driven by the exchange of the bare 7.}
particle. In a first step the bare parameters are renormalized to
obtain the known values of the physical mass (mg) and D*D
coupling (go) of the T} in the vacuum. Next, we addition-

ally take into account the renormalization of the heavy-light
charmed mesons inside of the nuclear medium of density p.
The dressed 7.} propagator is determined by its self-energy,

DO Dt
TCJE //D\\ TC<E TCJE I/D\\ TCJE
Q % Q —
\\D// \\D/
D*+ D*O

FIG. 2. Contributions to the self-energy of the 7. The circles
represent the bare coupling (8) of the T to the meson pairs, and the
squares stand for the interaction of the charm mesons with nuclear
matter.

035205-5



MONTESINOS, ALBALADEJO, NIEVES, AND TOLOS

PHYSICAL REVIEW C 108, 035205 (2023)

and it reads
i
—md — g (p*; p) + i’

8
1+ @%)m2)

The in-medium pole position of the resonance m?(p) and its
density dependent coupling to the meson pair inside of the
nuclear environment are given by [51]

> 8

2 0
m=(p) =my+ ——— 7+
° l—i—g%EO(m%)

86

— B[Z'1m(p); pl — Tf(m3)]’
where we have defined ¥ (s) = X(s; p = 0), and the symbol
" stands for the derivative with respect s. Note that m(p) is
in general a complex quantity with its imaginary part being
originated by that of X[m?(p); p] calculated using Eq. (8a).
Even assuming that in the free space the 7,.(3875)* is bound,
and therefore Eo(m(z)) is real, the in-medium self-energy might
acquire an imaginary part since new many-body decay modes,
induced by the quasielastic interactions of the D and D*
mesons with nucleons, are open. The 7. spectral function can
be evaluated from S7:(p*; p), = —Im Ar:(p?; p)/m. The
corresponding expressions for the T, are straightforwardly
obtained from those given above by simply replacing X(s; p)
with X (s; p), calculated using the D and D* propagators
inside of the nuclear medium.

Ar+(p*; p) = >

Mr:(ps p) = [Z(%: p) = Zo(mg)]. (1D

[SIm?(0); p1 — Zo(mg)]. (12)

fm=1 (13)

E. Isoscalar D*D and D*D interactions
and T,.(3875)* [T3:(3875)~] molecular
contents in the free space

As we have already mentioned, we work in the isospin
limit, and set the in-vacuum masses as mpe = (Mpw+ +
mpeo)/2. Thus, we cannot consider the physical T,.(3875)"
mass and we will take instead a binding energy of B = 0.8
MeV with respect to the D*D threshold, my = (mp + mp- —
B). This is motivated by the analysis of the 7..(3875)" as
a molecular D*D state in the isospin limit performed in
Ref. [23]. To guarantee the existence of pole below threshold
at s = mZ in the first Riemann sheet of the isoscalar D*D and
D*D amplitudes, it follows from Egs. (7) that

Vo_l(s = m(z)) = Zo(mé) = E(m%; p=0)= fo(m(z))

= X (mg; p = 0). (14)

We remind here that a three-momentum sharp cutoff A =
0.7GeV is used to evaluate the two-meson loop function in
Sec. IIB and hence the numerical value of Eo(mg) is com-
pletely fixed. For the sake of simplicity, we will drop out from
now on the subindex “0” in the potential, since we will always
refer to the isoscalar amplitudes.

If the potential V was a constant, this is to say does not
depend on s, then the 7,.(3875)" and T3:(3875)~ would be
pure D*D and D*D hadronic molecules [64]. As done in the
previous analysis on nuclear medium effects of the X (3872)

D« D D+ 41 D
\./ N cc .
RS , N
. N . N

D* - ~D* D*- ~ D*

FIG. 3. Diagrammatic representation of V, (left-hand side) and
Vi (right-hand side) D*D potentials.

[51], we will consider two families of energy dependent inter-
actions,

-
Va(s) = Eo(lmg)) [;)((,;11(2)0))]2 1 pOPO (s =m5), (15)
Vi) = So() - Si(f) (2~ m). (16)

where

Py =~ (). (a7

according to the Weinberg compositeness condition [65] re-
discussed in [64], is the molecular probability content of the
D*D bound state of mass mg, and g% is the residue of the
vacuum 7 matrix [T (s; p = 0)] at the pole s = m%. These
interactions correspond to retain the first two orders of the
Taylor expansion around s = my either of the potential V (s)
(type A) or of the inverse of the potential V~!(s) (type B).
Moreover, it can be shown [51] that V(s) = g2 /(s — m?), and
hence this interaction between the D*D mesons is generated
by the exchange of the bare 7] introduced in the previous
section. The two types of kernels are diagrammatically rep-
resented in Fig. 3. The V4(s) potential (left panel of Fig. 3)
depends also on energy and thus it might contain also some
contributions related to the exchange of genuine compact
quark-model structures, beyond the constant terms which give
rise to purely molecular states [64].

F. Pole positions of the isoscalar D*D and D*D amplitudes
in the nuclear medium

One could also define the in-medium renormalized pole
position and coupling of the 7" to the D*D meson pair from
the solution of the BSE of Eq. (7a) in nuclear matter using the
kernel potentials A or B,

0 =T, 4lm*(p); pl =V, 4lm*(p)] — S[m*(p); pl.  (18)

1 dT(s3p)

&(p) ds
In the case of the Vg potential (right panel of Fig. 3), the
above equations lead exactly to Egs. (12) and (13) obtained
after dressing in the dense medium the D*D interaction driven
by the exchange of a bare 7. However, for the type A in-

teraction, there appear some further density corrections [51]
governed by the factor &(p) = Zo(m3)/Z[m*(p); pl:

86

19)

s=m2(p)

2082 80 T2 a1 s (2
mun—%+l+%%mammumm %o (m2) € (o).
20)

2
2(p) = $5°(1) Q1)

L= g[m2(0); pIE%(p) — (m3)]
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We should bear in mind that the V4 potential contains addi-
tional physics to the exchange of a bare T} state, as it is the
case for Vg and therefore it should not be surprising that the
in-medium D*D T matrix is not completely determined by the
T self-energy.

In order to obtain the T..(3875)" pole position [m(p)]
when it is produced in a nuclear environment we could either
make use of Egs. (12) and (20) or we could perform an
analytic continuation of the 7" matrix obtained by solving the
BSE [Eq. (7a) with interactions of type A or B] and search
for a pole on the complex plane. In this work we choose the
latter of the options and we look for poles of the 7 matrix
in the complex plane. However, independently of the chosen
method, we face the problem that we need to evaluate the
in-medium loop function X(s; p) for complex values of s,
and the formula given in Eq. (8a) is only valid in the real
axis. Using it in the complex plane would require knowing the
meson spectral functions Sy for complex values of its argu-
ments, which cannot be computed within the standard scheme
presented above in Sec. IIC. We follow here Ref. [51], and
we approximate the in-medium loop function as the vacuum
two-meson one, but evaluated with complex meson masses.
For the case of the D*D loop function we would write

B(E: p) = G[E: mpP(p). mp™(p)] = GV (Es p). (22)

Even though we treat this as an approximation, the G

effective loop function with complex meson masses should
replicate the numeric calculation for the X, given that the in-
medium modifications for the ¥ loop function come from the
fact that the mesons develop a given width when embedded in
the medium.

The discussion in this subsection can be completely carried
over to the T, case, replacing X[s; p] with X[s; ol.

G. The HQSS partner of the T,.(3875)*

It is a known result that HQSS predicts the existence of
degenerate doublets of states. For the case of the 7,..(3875)7,
its HQSS partner, which we will name 71.’;(4016)*, would
be a I(JP) = 0(17) state near the D*D* production thresh-
old [23,24,54]. The formalism developed above for the
T..(3875)" is easily adapted to describe its HQSS sibling,
which will show up as a pole in the isoscalar D*D* channel.
We will assume that the form of the new potential V, is equal
to the one used to describe the T..(3875)" [Egs. (15) and
(16)], which should be correct up to order Aqcp/m., and
we will only change the 71.*;.(4016)Jr vacuum mass (mg) and
the two-meson loop function. The latter is now constructed
employing only the nuclear-medium D* and D* spectral func-
tions

1
S E; )=

272 J, E—Q+ie E+Q—ie

(23)

with fp«p~ and fp.p. defined in Eq. (9). Given that the inter-
action potential is the same in both cases, the most notable
source of HQSS breaking comes from the fact that mp- —
mp ~ my. For the illustrating purposes of this work, we will
assume that the vacuum mass mf of the 75" state will be

°°d9<fmm(52, ) fop (82, ;p)>

103 2(E; p)

T
3880
E [MeV]

T -
3900

C . . . TR .
3820 3840 3860 3920 3940

FIG. 4. D*D loop function [Eq. (8a)] for various values of the
nuclear matter density p as a function of the D*D pair energy E in
the c.m. frame. The solid and dashed lines stand for the real and
imaginary parts, respectively.

shifted from the mass mg of the T} by a similar amount,
my — mo ~ Mps — Mp ~ M.

One can similarly compute the in medium D*D* loop func-
tion =,.(E; p). It will deviate from =, (E; p) for finite nuclear
densities because of the different interactions of the D* and D*
vector mesons with nucleons.

III. RESULTS
A. Results for the 7,.(3875)*

Let us now discuss the results that we obtain for
the 1(J*) = 0(1*) D*D amplitude in the nuclear medium
|T(E; p)|? [Eq. (7a)]. For the different plots we use the energy
E of the D*D pair in the c.m. frame with s = E2. In order to
do so, first we need to calculate the in-medium modified D*D
loop function X(E; p) [Eq. (8a)]. Actually the T matrix in the
medium of Eq. (7a) can be rewritten as (we recall here that
the subindex “0” in the potential has been suppressed since
we will always refer to the isospin zero amplitudes)

T (s; p) = V' (s5 p) — (s p = 0),
Vir (53 0) =V (9) +82(s5 p),

where §3(s; p) = [Z(s; p =0) — Z(s; p)].

In Fig. 4 we show X(E; p) for different values of the
nuclear density p ranging from zero to py, where py = 0.17
fm~3 is the normal nuclear matter density. On the one hand,
for the imaginary part (dashed lines) we observe that the uni-
tarity cut starting sharply at the D*D threshold in vacuum gets
smoothed out as the density increases. We also observe that
the loop function develops an imaginary part even for energies
below threshold. This is because the D and D* mesons acquire
some width, given by their spectral functions, when they are
embedded in the medium due to the collisions of the D and D*
mesons with nucleons. On the other hand, the real part (solid
lines) also flattens for increasing densities, and shifts towards
a larger value, Re§X(s; p) < 0. This would imply that the

(24a)
(24b)

035205-7



MONTESINOS, ALBALADEJO, NIEVES, AND TOLOS

PHYSICAL REVIEW C 108, 035205 (2023)

Py=0.2
O o e s e e e ML | LA e s s s
| —— p=0.10po |
@ 0.8 p = 0.30p0 n
§ —— p=0.50pp
= I —— p=0.75p0 1
» 0.6 _ |
< : —— p = 1.00p9
= | |
~
Q_
N 04+ B
@: L I
g 0.2 J
0 R e e /\ | 1
3820 3840 3860 3880 3900 3920 3940
E [MeV]
Py=08
) o e e e e e e I
= sl
— 0.8
S
~—
06|
= L
~
Q
= 04+
[\.ﬂ: |-
g 0.2
0 T N Y A
3820 3840 3860 3880 3900 3920 3940
E [MeV]

Py=0.2
lrr—TT717 77Ty T T T 1T
|l —— p=20.10po
@ 0.8 | p = 0.30p0
ﬁ —— p=10.50pg
N —— p=0.75p0
% 0.6 |- =
s : —— p=1.00pp
= |
~
Q_
= 04 -
@: .
= \_
0\\\\\\\\4J\ L
3820 3840 3860 3880 3900 3920 3940
E [MeV]
Py=08
lrr—TT717 7T 71T
/N
Q
£
N~—
]
<
=
~
aQ_
Q
g
£
0 i T T Y A o s
3820 3840 3860 3880 3900 3920 3940
E [MeV]

FIG. 5. Squared modules of the D*D amplitudes obtained by solving the BSE using the V,(s) potential of Eq. (15) (left column) and the
Vi (s) potential of Eq. (16), as a function of the center-of-mass energy E, for different values of the nuclear density p (different colors on the
graphs) and for different values of the molecular probability Py. Note that the amplitudes have been normalized to be one at their maximum.

effect of the medium is to generate repulsion in the D*D
interaction, when it is attractive in vacuum. We also note the
imaginary part of the self-energy is sizable and comparable to
the shift in the real part and therefore cannot be neglected.

Having calculated the in-medium modified D*D loop func-
tion X(E; p), the D*D T matrix in the nuclear environment
can then be determined from the 7T,.(3875)" mass and its D*D
probability (mg and Py) in vacuum (p = 0). For the present
analysis, we compute the in-medium effects that enter into the
calculation of the amplitude through the vacuum potentials
Va(E) or V3(E), Egs. (15) and (16), respectively, for different
values of the molecular probability Fy.

In Fig. 5 we show, for different densities and molecular
probabilities Py = 0.2 and 0.8, the squared modulus of the
amplitudes T (E; p) normalized to be one at the maximum
using the potentials V4 (s) (left column) and Vp(s) (right col-
umn). When comparing the amplitudes computed using the
Va(E) potential and the ones obtained from the Vz(E) po-
tential, we conclude that for high values of the molecular
D*D component the predictions of both potentials are very
similar. As discussed in Ref. [51], this results from the fact
that the zero of V4 (s) and the bare pole of Vp(s) are far from

the energies considered. For small values of Py (Py = 0.2 in
the upper plots) both potentials are very different leading to
distinct in-medium 7 matrices, despite giving rise to the same
mass (mg) and D*D coupling (go) in the free space.

As for the density dependence of the in-medium 7" matrices
at small and large Py, we find that the medium effects on the
T matrices are significantly larger for the scenarios where a
high molecular probability is considered. For large values of
Py, the width increases with density and the maximum peak
is shifted to larger energies. This behavior is correlated to
the one discussed above for the self-energy in Fig. 4. When
considering a small molecular component, the changes to the
T..(3875)" become less important but, as mentioned before,
the T matrices differ depending on the potential used. The
amplitudes deduced from V4 (E) show the zero that this type
of potential has below Ey, with the position of the zero being
independent of the nuclear density, as discussed in Ref. [51].
However, the amplitude below and above E; shows a clear
dependence on the density as the potential and scattering
amplitude vanish. On the contrary, when using the Vg(E)
interaction, we basically observe the peak induced by the bare
pole present in the potential. The in-medium effects are in this
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FIG. 6. Real (left) and imaginary (right) parts of the D*D (solid lines) and D*D (dashed lines) loop functions of Egs. (8b) and (8a),
respectively. We show results for different values of the nuclear medium density as a function of the c.m. energy of the meson pair.

case even smaller than when considering the V4 (E') potential,
and for Py = 0.2 the amplitude is almost density independent.
Hence, any experimental input on |7 (E; p)|?, in particular for
energies below Ej, might shed light on the dynamics of the
interacting D*D pair.

B. Results for the T;;:(3875)~

We now turn our attention into comparing the results ob-
tained for the T3:(3875)~ with those presented in Sec. IIT A for
the T,..(3875)". We recall here that this is an important novelty
with respect to the analysis in Ref. [51] for the X (3872),
where this distinction, as explained earlier, does not apply
since the X (3872) has well-defined C parity. Let us start by
discussing Fig. 6, where we simultaneously show the energy
dependence of the D*D (solid lines) and the D*D (dashed
lines) loop functions for various nuclear densities. Both real
and imaginary parts of the D*D and D*D loop functions are
the same in vacuum (p = 0) thanks to charge-conjugation
symmetry, which ensures that the D*D and the D*D meson
pairs have the same masses. However, when considering a
density different from zero (even as small as 0.1 py), notable
differences appear between both loop functions. This dis-
tinctive density-pattern stems from the very different DN
and DN interactions, which were already apparent in the
spectral functions presented in Fig. 1.

We can also define for the in-medium D*D pair an effective
potential Veit(s; p), as done in Eq. (24) for the D*D system,
and since the free space terms are equal then it follows that

Verr (53 p) — Veir(s; p)
Veir(s3 p)Veir(s; p)
=3(s; p)— Z(s; 0). (25

—1 _
Ve (ss p) = V' (ss p) =

Focusing now on the real part of the loop function for
different densities shown in Fig. 6, we observe that the D*D
real parts always lie below the D*D, with the difference being
more prominent for energies below threshold. The fact that
the real part of the D*D loop function for all densities is
smaller than its D*D counterpart and both are negative imply
that Re[X(s; p) — (s 0)] > 0. This would mean that the

medium generates in general a more repulsive interaction in
the case of the 7F than in the case of the T, as can be de-
duced from Eq. (25) above. Thus, we might expect to generate
the T at larger energies than the 7. As for the imaginary
part of the loop function, the one for 7,; is comparable to
the shift in the real part for all densities and should not be
neglected, as already seen for the 7.} in Sec. III A. We also see
that the density-dependent imaginary parts of the D*D loop
change with energy in a more abrupt manner as compared
to the ones for the D*D case. As a consequence, for the
smaller energies below the two-meson threshold we find that
[ImX| < [ImX|, while for energies well above the threshold
we have [ImX| > [ImX|. The imaginary parts for D*D and
D*D become comparable for energies which are below but
near the vacuum threshold. However, it is not possible to
determine whether 7 or 7.5 will have a larger width. This
is due to the fact that the widths of the states depend on the
energy at which they are produced for a given density and we
expect the energy to be different. It could happen that both
states have similar widths if they are produced close to the
two-meson threshold as the imaginary parts of the two-meson
loop functions become alike.

Next, in Fig. 7 we show several plots containing the mod-
ulus squared of the in medium D*D and D*D T matrices
(solid and dashed lines, respectively), both computed using
the BSE of Egs. (7b) and (7a) as well as using the type-A
(left column) and type-B (right column) interaction kernels.
We consider three different values for the density (upper rows
for 0.1p9, middle rows for 0.5, and lower rows for py) and
the values Py = 0.2 (orange lines) and Py = 0.8 (blue lines)
for the molecular probability.

We observe that the width of the T;; grows with increasing
density, being this effect more notable for high values of P,
in a similar manner as for the 7.1 state, as already discussed
in Sec. IIT A. Differences between the position and the width
of the T; and T, states arise with P, and density. On the
one hand, we find that the position of the T, peak always lies
below the T.F peak when considering high enough values of
the molecular probability and density. However, the difference
in energy between both states is almost not noticeable for
low values of Py and density, as expected. On the other hand,
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FIG. 7. In medium D*D (solid lines) and D*D (dashed lines) modulus square amplitudes obtained by solving the BSE using the V, (s) (left)
and Vp(s) (right) potentials, for vacuum molecular probabilities Py = 0.2 (orange) and Py = 0.8 (blue), and for different nuclear densities p.

we observe that the T; state tends to be narrower than the
T - for high enough values of the molecular probability and
density. However, this effect is not as pronounced as the shift
of the peaks, and it is difficult to appreciate in the plots of
Fig. 7. In summary, we can conclude that the behaviors of the
T " and T; are quite different when they are embedded in a

nuclear medium, and they are very sensitive to their molecular
probability in the free space.

By means of the approximation in Eq. (22) for the D*D
loop function embedded in the nuclear medium, and a similar
one for that of the D*D meson pair, we can now compute
the isoscalar D*D [T (s; p)] and D*D [T (s; p)] scattering
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FIG. 8. Top: Complex pole positions of the 73+(3875)~ (left) and the 7,.(3875)" (right) for different values of the density (o) and vacuum
molecular probabilities (Py) obtained using the potential V,(s). The points that lie on the dashed lines correspond to results for different values
of Py, which vary from O (right upper end) to 1 (left lower end) in steps AP, = 0.1. The zigzag lines represent the cut of the effective loop
function G (s; p) for different densities, as detailed in Sec. III B of Ref. [51]. Bottom: Same as the top plots, but for the 1::(4016)~ (left)
and the 7,£(4016)", heavy quark spin partners of the 7::(3875)~ and the 7,..(3875).

amplitudes inside of the nuclear environment in the whole
complex plane, for different medium densities p and vacuum
probabilities Py. We search for poles in the complex plane
and find a pole on the first Riemann sheet (as defined in
Ref. [51]) of the T'(s; p) and T(s; p) amplitudes, off the
real axis.’ These complex poles are displayed in Fig. 8, rein-
forcing the conclusions of the previous paragraph. A simple

SThis does not represent any violation of the analyticity proper-
ties of the complete-system scattering 7' matrices, because of the

visual inspection of the two top plots of the figure clearly
shows the quite different (p, Py) pattern followed by the 7.
and T poles produced by the presence of the nucleons. In
general, the 7.} in the medium becomes broader than the
T with the effective mass of the former (latter) displaced to
higher (smaller) values than its nominal mass position in the
free space. The future measurement of this behavior should

effective procedure used to take into account the many body channels
of the type D*DN — D*DN’ and D*DN — D*DN'.
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FIG. 9. Top: Real (left) and imaginary (right) parts of the D*D* (solid lines) and D*D (dashed lines) loop functions of Egs. (23) and (8a),
respectively. We show results for different values of the nuclear medium density as a function of k, the c.m. three-momentum of the heavy-light
meson pair, since the D*D* and D*D thresholds are different. Bottom: Real (left) and imaginary (right) parts of the D*D* (solid lines) and
D*D* (dashed lines) loop functions. We show results for different values of the nuclear medium density as a function of the c.m. energy of the

heavy-light meson pair.

certainly shed light into the intricate dynamics of the 7
tetraquark-like state discovered by LHCb.

C. The T*(4016)* and the T;%(4016)~

HQSS makes plausible the existence of an isoscalar J* =
1™ D*D* partner of the T,.(3875)", which we have named as
the 7:%(4016)". It has been predicted by several theoretical
groups [23,24,54], and as discussed above in Sec. II G, one
should expect its mass to be higher than that of the 7,.(3875)"
by an amount of the order (mp+ — mp) ~ m, . In addition,
the change of its properties inside of a nuclear medium will
be also different to those described above for the 7.} since D
and D* spectral functions are different. From the comparison
of the top-left and bottom-left plots of Fig. 8 and the solid
and dashed curves in the top plots of Fig. 9, we conclude
that medium effects are larger for the 7.*(4016)" than for the
T..(3875)". This is because, within the model of Refs. [56]

SThe situation here is necessarily similar to the open-charm sector,
where one also notices mp,, — Mps X Mp, — Mpz ~ Mpy — Mp, ~
: s
mp+« — mp >~ m, [66-68].

and [57], the D*N — D*N interaction is stronger than the
DN — DN one.

As it happened for the T..(3875)% and Tz:(3875)~, the
nuclear environment would induce different modifications to
charmed D*D* than to anticharmed D*D* pairs of interacting
mesons, which will result into a different (p, Py) behavior
for the T;:(4016)~, antiparticle of the 7%(4016)", when it
is produced in a nuclear medium. This is now due to the
different strengths of the D*N and D*N interactions. The
bottom plots of Figs. 8 and 9 illustrate the differences induced
by the presence of nuclear matter, which become larger as
the density and molecular probability increase. The nuclear
medium breaks the particle-antiparticle symmetry leading to
quite different D and D™ spectral functions.

IV. CONCLUSIONS

We have studied the behavior of the T,.(3875)" and the
T::(3875)~ in the nuclear environment. We have considered
both states to be isoscalar S-wave bound states that are gen-
erated as poles in the D*D and D*D scattering amplitudes,
respectively. The in-medium effects have been incorporated
by dressing the D*D and D*D loop functions with the corre-
sponding spectral functions of the charmed mesons. We have
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then analyzed the D*D and D*D amplitudes in matter for en-
ergies around the common in-vacuum mass of the 7,.(3875)"
and the Tz:(3875)~ states so as to determine the modification
of the pole positions in the medium.

For the interaction kernel we have considered two families
of energy dependent interactions, consistent with heavy-quark
spin symmetry, that allow for the analysis of the molecular
probability content of these states. Indeed, the different ana-
lytical properties of these interactions manifest clearly at finite
density, thus permitting to explore the connection between
the in-medium behavior of the 7,.(3875)" and the T;:(3875)~
states and their nature.

In contrast to low molecular probabilities, we have found
that the medium effects on the 7,.(3875)" and the Tz:(3875)~
amplitudes are sizable when large values of the molecular
component are considered, leading to large widths for both
states and shifts in mass at finite density with respect to
their nominal values. In addition and due to the different
nature of the DN and D™N interactions, the T,.(3875)*
and T3:(3875)~ states behave differently in matter. By analyz-
ing the evolution with density of the states in the complex
energy plane we have seen very distinctive patterns. As a
general rule, the T,.(3875)" in matter becomes broader than
the Tzz(3875)~, whereas the mass of the former is moved
to larger values than the nominal mass and the mass of the
latter is displaced to smaller ones. Therefore, we expect that
future measurements of these states in dense matter will give
some important insights into their nature and their molecular
content.

Finally, taking advantage of HQSS, we have also per-
formed similar studies for the isoscalar J* = 1t HQSS
partners of the 77 (757) and the 7_; (7.5") by considering the

C

D*D* and D*D* scattering amplitudes. We have found that the

medium effects become larger for the 7,5(4016)" than for the
T..(3875)*, as the D*N — D*N interaction is stronger than
the DN — DN one. Also, similarly to the T..(3875)" and
T:-(3875)" states, the different strength of the D*N and D*N
interactions leads to a distinctive behavior of the T*(4016)"
and its antiparticle with density, specially for large values of
the molecular content.

All in all, we can conclude that an interesting venue to dis-
cern the molecular nature of 7,.(3875)", the T3:(3875)", and
their HQSS partners would be to experimentally determine
their behavior in a dense nuclear environment, such as the
one generated in HICs under the expected conditions at the
CBM (FAIR) or with fixed nuclear targets such as p nuclei in
PANDA (FAIR).
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