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Properties of open and hidden charm mesons in light quark matter
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In this work we study the implications of light quark pionic matter at finite temperatures on the properties of
open and hidden charm mesons. Meson-meson interactions are described by means of a chiral unitary approach
accounting for coupled-channel effects. The in-medium Lippmann-Schwinger equations, which consider the
change in self-energy that the mesons acquire from interacting with the surrounding pionic matter, are solved
self-consistently, and the spectral functions of the mesons in the hot pion bath are obtained. It is observed that the
charmed mesons develop a quite substantial pion induced width, being several tens of MeV at a temperature of
150 MeV. The J /4 meson stays narrow, but its pionic width at 150 MeV, found to be around 0.1 MeV, is already

larger than its vacuum width.
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I. INTRODUCTION

With a new generation of heavy-ion-collision experiments
operational or under construction—LHC, FAIR, and NICA—
there is a demand for theoretical predictions of hadronic prop-
erties at temperatures and densities far from standard nuclear
physics scenarios. Among the various subjects, the study of
the J/v stands out as a candidate to signal deconfinement,
according to the Matsui and Satz prediction [1]. A quark-gluon
plasma (QGP) produced in the collision would screen the c¢
interaction or ionize the charmonium state. Either way, this
would lead to a suppression of events.

However, although in previous experiments such a drop
was actually seen [2], it remains unclear whether this is indeed
related to the formation of a QGP. The inelastic interactions of
the J /v with the surrounding hadronic medium, accounted for
in “comover’” models, offer alternative mechanisms to explain
the drop in the J /v production (see [3] and references therein)
that either do not involve the transition to the QGP state or,
at least, reduce the number of J/vy’s during the evolution in
the hadronic phase of reaction and, thus, have to be taken into
account.

The properties of open and hidden charm mesons are
especially interesting in view of the alternative scenario for
charm production in ultrarelativistic heavy ion collisions
based on the statistical production model. This scenario was
proposed for the first time in the work of Gorenstein and
Gazdzicki [4] (for more recent reviews see [5] and [6]).
According to this model, particles with charm are produced
in exactly the same way as those built from light quarks: at
the moment of chemical freeze-out all the different hadron
species are produced with corresponding equilibrium Bose
or Fermi distributions depending on the local temperature,
corresponding chemical potentials (baryonic, strange, charm),
and reaction volume. For further (post-freeze-out) evolution of
the spectra, the resonance decays have to be taken into account.
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To eliminate the volume dependence the ratios of different
hadrons are usually studied. One particular property of the
statistical production model is that the particle ratios do not
depend on the initial collision energy, but only on the freeze-out
conditions. In this scenario, for example, the ratio of hidden-
to-open charm mesons, J/v¥ /D, will depend, with a good
accuracy, only on the chemical freeze-out temperature, which
actually saturates around 7 = 160 MeV for the central heavy
ion collisions already at RHIC. Of course, for particles with
charm quarks the statistical production becomes applicable
only at sufficiently high collision energies, when the local
chemical equilibrium for charm charge is achieved. And the
recent results from ALICE seem to support the idea that charm
can reach the equilibrium stage in heavy ion collisions at LHC
energies [6].

The applicability of the statistical production model for
particles with charm opens the very interesting possibility of
studying the production of all known charmed resonances in ul-
trarelativistic heavy ion collisions, including exotic resonances
like tetraquarks, such as the X (3872) state, the first tetraquark
discovered at the Belle detector [7], and pentaquarks, such
as the P.(4380) and P.(4450) resonances recently observed
in A, = J/¢¥ K — p decay [8]. All such resonances will be
produced in statistically determined amounts at the chemical
freeze-out hypersurface, and their probability of surviving
during the interacting hadronic phase of the collision and,
finally, reaching the detector will depend on their inter-
action with other hadrons at finite temperature. Therefore,
the modifications induced by a hot light quark matter on
these interactions should be addressed to properly understand
charm production in heavy ion collisions. Thus, we have the
possibility of testing different models of the charmed hadrons,
in particular, the chiral model with unitarization imposed
in coupled channels, which generates resonances having a
molecularlike structure. For example, the X (3872) resonance
has been explained as a DD* + c.c. molecule [9], and thus we
can aim to calculate its spectral function at finite temperature
once we know the finite-temperature behavior of the charmed
mesons.

Obtaining the properties of the D and D* mesons in
hot pionic matter, which we consider to be the first-level
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approximation of the matter generated in ultrarelativistic heavy
ion collisions, is one of the main topics of the present study.
While interesting in itself, the study of these mesons is
also closely related to that of the J/v through coupled-
channel effects. Therefore, the second focus is on studying
the properties of the hidden charm J/vy meson under the
same conditions. Such a combined effort will provide a
comprehensive understanding of how the properties of open
and hidden charm mesons are modified when interacting with
pionic matter at nonvanishing temperatures.

Previous studies on J /v -hadron interaction at finite tem-
peratures broadly fall into two categories: interactions based
on chiral Lagrangians [10-12] and quark model calculations
[13-16]. Zhao and Rapp [17] use thermal lattice QCD to
constrain the in-medium charmonium properties in order to
calculate spectral functions of the J/v. A phenomenological
study of the D, D*, and J/¢¥ mesons in a hot pion medium
based on phenomenologically built resonant amplitudes and
employing ad hoc factors to account for thermal effects is also
available [18]. The pion induced width of the D meson has also
been calculated by He et al. in [19] using the resonance-based
phenomenological approach. While some of these works have
gone a long way in explaining the reduction of J /¢ production
in previous experiments, the calculations typically lack some
of the state-of-the-art techniques that have been developed in
subsequent years. With this in mind, as well as the need for
updated predictions due to the next generation of experiments,
we improve the calculations compared to previous studies
in two major ways. First, we use unitarized coupled-channel
amplitudes. This has a sizable impact on the dissociation cross
sections for the J /1, as we see. Second, we use the imaginary
time formalism (ITF) to rigorously introduce temperature and
many-body effects. We focus on the s-wave interactions of
heavy mesons with surrounding mesons, which make the most
relevant contributions to the self-energy of these mesons at rest.
A field-theoretical approach studying the one-loop p-wave
self-energy of the D and D* mesons in a hot hadronic medium
can be found in [20]. However, these contributions are not
considered in this work, as we focus on the properties of these
mesons at rest. In Ref. [21] Abreu ef al. calculate the drag
and diffusion coefficients of charmed mesons in unitarized
effective theory, a task we leave for a future application of our
framework.

This work is structured as follows: In Sec. II we give
an overview of the SU(4) model developed by Gamermann
et al. [22,23] followed by the modifications using the ITF
to introduce finite temperatures and densities. Results are
presented in Sec. III. We finish with a short outlook and a
brief summary in Sec. IV.

II. THEORETICAL FRAMEWORK

A. Unitarized amplitudes in the vacuum

We begin by laying out the foundations to calculate meson-
meson scattering in a chiral SU(4) model. This model was
successfully applied in various works; see, e.g., Refs. [22] and
[23]. We focus only on the essential points here and refer to
these references for further reading.
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The pseudoscalar and vector fields are collected in the
SU4) 15-plets ® and V,,, respectively, which are defined as
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For each of the two one can construct a vector current:
Jy =(0,P)P — 90,P), T, =0V =WV, V).
(2)

Connecting the two we can obtain the interaction Lagrangian,

1 1
Lpppp = TF<JMJM + ®*M), Lypvp = —mw’ﬂ%),
3)

where (. ..) denotes the trace over flavor indices. In the usual
case of SU(3) the parameter f is the pion decay constant,
f = fr. However, since we are, to a large extent, interested
in the interactions of heavy mesons we need to account for
the fact the D-meson decay constant is larger, fp = 165 MeV.
This is done by replacing the f2 factor in the vertex with
«/ fr for each light meson leg and +/fp for each heavy one.
Finally, the mass term that gives rise to the ®* interaction for
pseudoscalar mesons in SU(4) is given by

m: 0 0 0
0 m2 0 0
M= 5 ) G
0 0 2my —mz; 0
0 0 0 2m3 —m?2

Since SU(4) is not an exact symmetry in nature one needs
to break it in an appropriate way. This is done with factors
that correspond to the leading allowed #-channel exchange:
y = (my/my)* for charmed mesons and ¥ = —1/3+
4/3(mL/m;L1)2 for charmonia. We use m; = 800 MeV, my =
2050 MeV, and m’, = 3000 MeV, in agreement with previous
works. For details on this procedure see Refs. [22] and [23].

In the hidden charm sector with / =1 and J =1 the
three channels contribute: J/y'm, n.p, and DD* +c.c.. In
all sectors we neglect channels with hidden strangeness, e.g.,
D, K, as their thresholds are typically around 500 MeV higher
than the energies we are interested in. The corresponding
coupled-channel scattering potential can be written as

Vij(s,t,u) = —%(s —u)e - €,
0 0 33y
§ij = 0 0 NIEVE )

83y BBy  —¢
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Note the absence of any interactions between channel J /17 and channel 5. p. All nonvanishing interactions involve a charmed

meson pair at least.

In the vector-pseudoscalar scattering with open charm we find three channels, D*x and D*n for isospin / = 1/2 and just
D*m for I = 3/2. The resulting potentials can be parametrized in the same fashion:

Vij(s,t,u) = —i(s —u)e - €,

4f?

-2 0 0
&=10 0 0f, (6)
0O 0 1

where the 2 x 2 upper-left box corresponds to the isospin / = 1/2 case and the 1 x 1 lower-right box is for / = 3/2. Note,
however, that in the absence of any D*n interactions the potentials decouple and we effectively find two single-channel potentials,

one for each isospin case.

The situation is slightly different in the case of charmed pseudoscalar mesons. For open charm C = 1 and total angular
momentum J = 0 we find the channels D and D for isospin / = 1/2 and just Dxr for I = 3/2. The amplitude of pseudoscalar
scattering has a slightly different form, as the off-diagonal interactions are nonvanishing. The full amplitude reads

—2Q2y+1D)m3% —2Qy +1)m? —4s+4u-+sy+5uy

(4y+2)my,+2ym2+2ym2 +2m2 —3sy —3uy

1=1/2
Vi by(s.t.10)

122 122
(4y+2)m%+2ym,27+2ym]2,+2m§73sy73uy 72(2y+1)m%741/m%772m§+3sy+3uy (7)
- 122 362

for Dir and Dnin I = 1/2 and

= —Qy + Dm2 — Qy + Dm2 +5 —u+2sy +uy

D -

vskip-2ptfor Drr in I = 3/2. However, the fact that y < 1 allows us to simplify this expression to some extent; it can be written

in the same compact form as for the vector-pseudoscalar case,

2 0 0
Vis.tou) = 272” 0 0 0
0 0 1

8
o ®)
3 0
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where the terms proportional to y are now obtained in O(y). This is similar in form to the case for charmed vector mesons, up
to the second part induced by the mass term in the purely pseudoscalar Lagrangian.

The corresponding S-wave projections are used as the kernel for the Lippmann-Schwinger equation depicted in Fig. 1(a).
Using the on-shell formalism this simplifies to a simple algebraic equation that can easily be solved as

T=(1-VG)'ve-& (10)

for the scattering of vector mesons off pseudoscalar ones, while in the purely pseudoscalar case one simply needs to remove
the polarization vectors from the previous equation. The diagonal matrix G contains two-meson loops, which can be calculated

analytically as

1

d*q
Gii(s) = i/ : :
@)t [q2 — m} +ie][(P — @)* — m3 + ie]
s —m3+m?+2ps

1)

2 2 _ 2 2
<ai+log%+%—wlogm—g+i<lo

~ 1672 2s mi /s

where the index i refers to the pair of meson with masses m;
and m, and the center-of-mass momentum is given by P 2 = s.
The loop integrals are calculated using dimensional regular-
ization. We fix the free parameters following Ref. [23], e.g., the
subtraction constantis o y = —1.55 at the scale u = 1.5 GeV,
to reproduce the D},(2317) in the open charm and open
strangeness sector with quantum numbers J ¥ = 1" and I = 0.

B. Interactions at finite temperatures

In this section we lay out the technical framework we use to
incorporate the influence of a hot pion bath on open and hidden
charm mesons. First, we use the imaginary time formalism to

g—s—i—m%—m%—l—Zp\/E

s+mi—mi+2pys
g ) , (12)
—s —m5+m;+2py/s

(

study the impact of finite temperatures. The technical details
are discussed later. Essentially, the ITF is a framework to
modify the propagators while the interaction vertices remain
unchanged. Second, we dress the propagators for the mesons
M with the self-energy obtained from closing the pion line
in the Mm — Mm scattering amplitude [Fig. 1(b)]. This
way the dressed propagators (double lines) account for the
pion bath. Since the unitarized amplitude calculated using
dressed propagators [Fig. 1(c)] in turn modifies the self-energy
[Fig. 1(d)], the procedure needs to be iterated several times to
ensure self-consistent results.

We now review the essential details of the ITF; a more
comprehensive study can be found, e.g., in Refs. [24] and
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FIG. 1. Feynman diagrams representing (a) the Lippmann-Schwinger equation for the meson-pion interaction at finite temperature, (b) the
resulting self-energy from closing the pion line, (c) the in-medium meson-meson interaction obtained with dressed propagators, and (d) the
resulting meson self-energy, which needs to be obtained self-consistently.

[25]. In short, the zeroth components of the four-momenta are
modified using

. ) d4 ) d3
qo —> 1w, =127nT, /(2761)4 — 1TZ/(2761)3, (13)

with the discrete Matsubara frequencies w, = i2rnT. Once
the sums over the Matsubara frequencies are performed one
may analytically continue the result to external frequencies
w + ie. In the following we lay out how this affects the loops
and self-energies.

We start by calculating the meson-meson loop at finite
temperature. Applying the ITF Feynman rules we find

_ & _
Gym (W, p; T) = —TZ/#DM(%@;T)

X DM’(VVm - wnvﬁ - (_i; T)’ (14)

where the propagator for a meson M in a hot medium is given
by
Dy(@n,G; T) = [(i@,)* = G = myy — (0, G THI "
(15)

To carry out the Matsubara sum it is convenient to use the
spectral (Lehmann) representation

d Syu(w,q;T)
a).—7
iw, —w

Dy(wn,q;T) = / (16)

which linearizes the w, dependence in the denominator, where
the spectral function is given by

Su(@n,q; T) = —(1/m)Im(Dy(wp,q; T)). a7

Simplified this way we can carry out the sum over the discrete
frequencies in Eq. (14) as

1
T
Z [lwn - w][in - iwn - Q]

I+ fe.D)+ f(Q.T)
o iW, —w—Q

, (18)

with f(w,T) = [exp(w/T) — 1]~ the meson Bose distribu-
tion function at temperature 7. Extrapolating to the real axis

with the replacement iW,, — pP +ie, Eq. (14) then becomes

0 = d351
Guw(p',p;T) = ) dw

f Sm(@,4; T)Sm(2,p — ¢ T)

x [ dQ2 :
PP—w—Q+ie

x[1+ flo,T)+ f(2,T)].

19)

This result holds true for an arbitrary two-meson loop at finite
temperatures. However, this could be further simplified in the
absence of self-energy. For example, the interactions of a pion
with a dominantly pionic medium are weak and the resulting
self-energies vanish. In this case the spectral function becomes
the delta distribution,

Su(@.3:T) > 228(e? — ), (20)
w

with wy = ,/q3; + m3,, allowing us to carry out one of the
spectral integrals. This prescription is used for all pion spectral

functions throughout this work.

At this point some comments on the regularization of
the loop in the hot pionic medium are in order. We use a
sharp cutoff to regularize the three-momentum integration
here. However, to be consistent with Eq. (11) we follow
the approach of Tolos et al. in Ref. [26]. We take the
original calculation, performed in dimensional regularization
and without temperature dependence, G(s) from Eq. (11),
and correct it by a temperature-dependent and pion-medium-
modified function G (s, T), defined as

8G(s,T) = Alim 3G (s, T)
—00

= Alim [GA(s,T) — Ga(s,T =0)]. (2D

Using G(s,T) = G(s) + 6G(s,T) allows us to smoothly con-
tinue from 7 =0 to the finite-temperature case. At the
same time, this prescription drastically reduces the cutoff
dependence of the results.

The second important temperature-dependent quantity is
the self-energy of a meson M obtained from closing the pion
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line in the Mm — Mm T matrix [see Figs. 1(b) and 1(d)].
Applying the ITF Feynman rules we find

d3g

My (Wi, p) = T/m

> Di(,.G:T)

X TMJT(a)n + Wmsﬁ + é; T) (22)

We deal with the Matsubara frequencies in the same way
as for the loop, i.e., by introducing spectral representations
for both the pion propagator and the Mz T matrix. This
allows us to carry out the Matsubara sum, and using the corre-
sponding delta distribution for the bare pion, we find for real
energies p°

[ &g FOQUT) = flwn.T)
0 _
Mu(p™.p) = / @y f I Y — (o =0 41

1 IR
X (——)ImTMn(Q,p +4q;7).
T

(23)

III. RESULTS

In the following we present the results of applying the
theoretical framework laid out in the previous section. We
begin by studying the effect unitarization has on the cross
section for elastic and inelastic J/y¥m scattering. Then we
follow with a study of the width and spectral functions of open
and hidden charm mesons induced by a hot pion bath.

A. Cross sections

In this section we calculate the cross sections for J/ymw
scattering into different final states, elastic and inelastic, using
the theoretical framework introduced in Sec. II A. This is
instructive for several reasons. First, it gives us an idea about
the order of magnitude for the interactions of the J/v in
a pionic medium. The inelastic cross section, in particular,
allows us to gauge the hadronic dissociation of the J /4 in this
scenario.

Figure 2 shows the cross sections for the processes
J/yrnr — J/yxr, J/Yymr — n.p, and J/ymr — DD*. Fig-
ure 2(a) displays the cross sections using nonunitarized

@)
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amplitudes; Fig. 2(b) shows the cross section using the
unitarized amplitudes according to Eq. (10). Comparing these
two we see several noteworthy differences.

First, the vanishing amplitude for J/¢¥m — J/¢¥m and
J/¥m — n.p at tree level means that the corresponding
cross sections vanish as well. The lack of J/ym — J/¢ym
scattering can be understood as an immediate consequence of
the interpretation of the pion as the Goldstone boson of QCD.
However, once the amplitude is unitarized, these processes can
occur through charmed meson loops which give rise to a cross
section in the range of 1 mb. This also becomes an important
feature once we consider in-medium effects, as we see in the
following section.

Second, another interesting observation when studying the
impact of unitarization is that in the case of J/¥m’s going
into a charmed meson pair, the high-energy behavior changes
significantly. Whereas the nonunitarized amplitude produces a
cross section that linearly rises from 4 GeV onwards, the cross
section in the unitarized case peaks shortly after this point and
begins to drop again, approaching 0 around 6 GeV.

Although slightly different in shape, the size of our
unitarized cross sections is in line with what has been
found with the chiral phenomenological models developed
in [10] and [11], the extended Nambu-Jona-Lasinio model
[16], a meson-exchange model [27], a nonrelativistic quark
potential model [28], and a QCD-sum-rule approach [29]. The
difference in shape stems from the effect a unitarized amplitude
has on the cross section at high energies as discussed before.
This highlights the importance of using this more modern
approach and the need to update the calculation of other
quantities such as the spectral function accordingly, as we
do in the next sections.

B. Temperature effect on loops and T matrices

We start with the discussion of the hot pion bath effects by
studying the two-body loops for the channels most relevant
to our discussion: D, D*m, J/y¥m, and DD*. The effect
of nonvanishing temperatures is best studied in the imaginary
parts, as here the left- and right-handed cuts are most obvious.

e B T T
[ | =—=Jyr->Jdyr —_— Jiy - Jiy T
0l
U | —m gt nep —-=Jyr>nep
[ |===Jyrm->DD === Jyr->DD
15}
D e dp s Al e TS Al
= |
£
o 100 /'
[ ’/
"
50 yd
ol i
30 35 40 45 _
/5 [GoV] V5 [GaV]

FIG. 2. Cross sections for J /{7 — X employing (a) the nonunitarized amplitudes and (b) the unitarized ones.
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FIG. 3. Imaginary part of the meson-meson loop as a function of the energy p° at temperatures T = 50, 100, and 150 MeV and p = 0. (a)
D, (b) D*r, (c) J/¥m, and (d) D D*. Vertical dashed lines correspond to | m; — m, | and m; 4 m,. Inset in (d): The T = 0 case (dot-dashed

line) is shown for reference.

In Fig. 3 we see the imaginary parts of the relevant loops.
We see a left-hand cut from |m; — m;| and a right-hand cut
from m| 4+ m,. The left-hand cut, sometimes referred to as the
Landau cut, exists only for finite temperatures; the right-hand
cut is the usual unitarity cut plus a correction.

If we take a closer look at the impact of the temperature
and the dressing of mesons on the loops, we note certain
similarities and differences between the different channels.
Most importantly, in all cases that involve a pion—Dx, D*rm,
and J /Y w—the loop is very similar and basically differs only
by a shift according to the other meson’s mass. This is due to
the fact that the Bose-Einstein factors at a given temperature
produce the largest contributions for the smallest mass. So the
effect of the temperature is dominated by the contribution from
the pion bath. At the same time, due to the small mass of the
pion, the gap between m; — m, and m; + m,, with m; the
mass of the nonpion in the loop, is also small and a large part
of the energy range obtains sizable corrections. This is best
highlighted when contrasted with the case of the two charmed
mesons, D and D*. Here, the two masses are both of the order
of 2 GeV and hence one order of magnitude larger than the
highest temperatures studied here. This leads to a suppression
of the corresponding Bose-Einstein factors that only becomes
a significant contribution when one increases the temperatures
to the order of the mass and thus well out of the regime that is

sensible in the context of this work. Moreover, the proximity of
the masses to each other means that the left-hand cut is moved
to energies close to 0. Note, however, that the correction of
the DD* loop due to temperature is quite noticeable close to
threshold, as can be better appreciated in the inset in Fig. 3(d),
where the T = 0 case is also shown for reference. This is due
to the substantial modification of the Dz and D*rr interactions
in a hot medium where pions constitute essentially the major
component.

In Fig. 4 we see the imaginary parts of the relevant 7 matri-
ces. Now, as mentioned before, in the ITF only the propagators
are modified, the interaction potentials remaining unchanged.
So any change in the unitarized amplitude should in principle
reflect the change in the two-body loop as discussed before.
However, there are several points worth noting here. When we
look at the charmed meson unitarized Dz and D*7 amplitudes
(Fig. 4, upper subplots), two things attract attention. First,
there is a bump in the imaginary part for D that is not as
pronounced for its vector partner, and, second, there is a larger
contribution from the left-hand cut in the case of Dx. Given
that the loops are identical, up to the shift due to the different
masses, the reason for the differences in the amplitudes
obviously comes from the scattering potential. This difference
stems from the Lagrangians used in Eq. (3), with a mass
term contributing only to the scattering of two pseudoscalar
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FIG. 4. Tmaginary part of the unitarized amplitude as a function of the energy p° at temperatures 7 = 50, 100, and 150 MeV and p = 0.
(@) Dr — Dm,(b) D*r — D*m,(c) J/¥m — J/¢¥m,and (d) DD* — D D*. Dashed vertical lines correspond to | m; — m, | and my + m,
in (a) and (b) and to m ;y + my, m, + m,, and mp + mp« in (c) and (d).

mesons. This leads to a constant shift of the potential and
also induces off-diagonal elements, mixing the Dx and Dp
channels in / = 1/2, that are absent for the charmed vector
meson. As a consequence, the off-diagonal interactions that,
without the mass term, are suppressed become more significant
and enhance the effect of the D7 channel. We also note a
difference between the D and the D*m scattering amplitudes
below the threshold. While there is a small bump in the Dx
case we see none in the case of D*mw. The reason is that in
this region the potential V in the Dm case is significantly
larger than that in the D*mr case because of the shift induced
by the mass term. Therefore, while the potentials are almost
identical in the two cases otherwise, the mass term of the
purely pesudoscalar Lagrangian induces visible changes in
the 7" matrix and so it breaks heavy quark spin symmetry to
some extent. When we compare the Dz and D*m unitarized
amplitudes with those corresponding to the two most important
channels with hidden charm—DD* 4 c.c. and J /vy m—the
first thing we note is that, in the hidden charm case, they are
smaller by a factor of 4-5. This is easily understood when one
looks at the potential given in Eq. (5): all contributions in this
case are suppressed by a factor of y or .

What is particularly interesting about the unitarized am-
plitudes here is how they are affected by the opening of the

different channels. If we neglect the 1.0 contributions for a
moment—which is sensible, as their impact is indeed rather
small—we find the following. With the vanishing potential for
direct J/vym scattering the coupled-channel interaction [cf.
Eq. (5) and the discussion of the cross section] goes exclusively
through the D D* loop, and hence this threshold and not the
J /W threshold itself dominates the imaginary part of the
T matrix. In the case of DD* — DD*, which can also go
through J /vy loops, we see the opposite: an imaginary part
opening up below the nominal threshold.

Given that the unitarized amplitude for J/y 7 scattering is
dominated by the coupling to the D D* channel a natural thing
to study is the impact of using the spectral functions for the
charmed mesons shown in Fig. 6. Consistent with the effects
observed in the D D* loop, the changes in the J /vy amplitude
are mainly concentrated at threshold, and their dependence on
the temperature is quite mild.

C. Self-energy and spectral function

In the following we discuss the imaginary part of the self-
energies for the mesons in question. The real part enters the
spectral function as

Re(E(p°,p; 7)) =Re(Z(p°,p; T) — Z(p°p; T = 0))  (24)
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FIG. 5. Imaginary part of the pion induced self-energy as a function of the energy p° at temperatures T = 50, 100, and 150 MeV and
p =0.(a) D, (b) D*, and (c) J /. Vertical lines in (a) and (b) indicate p® = mpe and p® = mpw + 2m,, whereas those in (c) mark My,

mJ/,,, +2m,,, and mp —l—mD* +mﬂ.

in order to obtain the correct limit for temperatures approach-
ing 0, i.e., the mass becomes the vacuum mass. However,
it turns out that in the cases here this difference accounts
for little more than numerical noise compared to the vacuum
mass. Hence, in Fig. 5 we only show the imaginary parts
of the self-energies of D, D*, and J/vy resulting from
their interaction with the hot pion bath. We note that the
charmed mesons differ only little in comparison to each other.
In both cases, we observe a temperature-induced increase
around the mass of the respective meson followed by a sharp
rise starting at mpw + 2m,. The latter corresponds to the

(@)
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P [GeV]
(C)‘
350]
300}
G 250}
B 200|
9}
(/?5 150}
100
50/
ok : : A : :
3.06 3.08 3.10 3.12 314
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energy of the meson at rest, from which this decay becomes
possible.

In the case of the J /v, first, the self-energy is significantly
lower, being more than an order of magnitude lower in
comparison to the charmed meson values. Second, as the
J /Y diagonal amplitude is much suppressed, the sharp rise
is not seen at m /Y + 2m, but rather at mp + mp+ + my, an
excitation that is accessed through the nondiagonal J /¢y m —
D D* amplitude.

In Fig. 6 we show the resulting spectral functions as a
function of the energy at increasing temperatures: T = 50,

Sp [GeV?
8 3

2.04

100

10

0.100

Suy [GeV?

0.010

0.001

314

310 312

° [GeV]

3.06 3.08

FIG. 6. Meson spectral function as a function of the energy p° at temperatures 7 = 50, 100, and 150 MeV and p = 0. (a) D, (b) D*, (c)

J /¥, and (d) J /¢ on a logarithmic scale.

045201-8



PROPERTIES OF OPEN AND HIDDEN CHARM MESONS IN ...

) ‘ ‘ (©)

PHYSICAL REVIEW C 96, 045201 (2017)

o
i

o
w

'y [MeV]
=)
N

o
=

o
=]

70F
80} 60
50
3 o0 2 40
= = 30
= 40!
Q a
= 2 = 20
10
0 ; 0
0 50 100 150 200 0 50

Terp [MeV]

100 150 200 0 50 100 150 200
Tenp [MeV]

Tenp [MeV]

FIG. 7. Pion induced width as a function of the temperature at the meson mass and p = 0. (a) D, (b) D*, and (c) J/v. To illustrate the
process of achieving self-consistent results we show this for different iterations n. Further details are given in the text.

100, and 150 MeV. Naturally, the behavior of the spectral
functions mirrors the behavior of the self-energy. In the
case of charmed mesons we see how the strength spreads
considerably when the temperature is increased from 50 to
150 MeV. In other words, the spectral function of the charmed
mesons broadens significantly in a finite-temperature pion
bath.

The situation is obviously different for the J /i spectral
function. Note that in this case we have also included the J /¢
vacuum width of F}’;‘fp = (93 & 3) keV [30]. On one hand, this
makes the numerical determination of the spectral function
easier; on the other hand, it gives an intuitive measure of the
impact of the pion induced width. The high self-energy for
the charmed mesons made this incorporation irrelevant there.
The identical J /v spectral functions seen for the temperatures
T =50MeV and T = 100 MeV mean that the pion induced
width is suppressed compared to the vacuum width. One needs
to go to temperatures as high as 7 = 150 MeV to start seing
noticeable broadening of the J /v spectral function compared
to its free case shape, as is better seen in the logarithmic plot
in Fig. 6.

The reasons for this are basically twofold. First and
foremost, as discussed in the previous sections, the interactions
that contribute to the J /i are weak. This results in unitarized
amplitudes (Fig. 4) that are suppressed by at least one order of
magnitude compared to those of charmed mesons. Moreover,
as discussed in the previous section, the vanishing leading
interaction for J/y¥m — J/¢¥m leads to the imaginary part
of the T matrix’s effectively opening at the D D* threshold
(compare Fig. 4). This is a significantly higher energy and thus
farther away from the mass of the J /. Both factors combined
lead to the result we see, namely, that the modification of the
J /v spectral function is suppressed compared to that for the
charmed mesons.

In a previous work, Gale and Haglin calculated the spectral
function of the J /v [10]. While similar in shape, their results
are about two orders of magnitude larger than our findings.
Part of this is trivial, due to a difference of 27 in the definition
of the spectral function. However, this means that our spectral
function is significantly narrower due to the use of improved
techniques developed in the meantime. While a broadening
spectral function for 7 = 150 MeV can be seen from our
results, it remains similar to the vacuum case. From this we
can conclude that the J /v retains most of its shape in hot
pionic matter. A suppression in the detection of J /¢ mesons

in a hot pionic medium should therefore not be attributed to the
interaction with the surrounding hadrons. Thus, if observed,
such a drop might indeed point towards the detection of a QGP.

To demonstrate the impact of increasing temperatures we
use a more illustrative quantity, the width of the mesons M
obtained from the surrounding pions:

Ty = ImIy(p° = mu,p = 0)/my. (25)

Figure 7 shows the temperature behavior of the three mesons
in question: D, D*, and J/vr. Let us first discuss the final
results which correspond to the last iteration in Figs. 7(a)-7(c),
namely, n = 3 for the charmed meson case and n = 4 for
J/¥. In the case of the charmed mesons we see a slow rise
in the single MeV region for temperatures below 100 MeV
and a sharper rise beyond that, up to around 80-90 MeV for
temperatures approaching 200 MeV. The behavior is similar
to what He et al. report in [19], although the values obtained
in that work are smaller—about 55 MeV at T = 200 MeV.
However, given the differences in the approaches—unitarized
effective field theory and resonance model, respectively—the
results are compatible with each other. Compared to the
hadronic width of the D* in the vacuum of the order of 100 keV,
this means an increase of two to three orders of magnitude,
depending on the temperature.

The general behavior is similar for the J /v, albeit sup-
pressed by 2-3 orders of magnitude. At temperatures around
150 MeV the pion induced width exceeds the vacuum width,
F}"/‘fp = (93 £ 3) keV [30].

As for the convergence of the iterative procedure, let us note
thatn = 1 corresponds to the firstiteration, which employs free
propagators for all mesons involved in the unitarized amplitude
[see Fig. 1(a)]. Iteration n = 2 implements the dressing of
the meson whose width is being calculated. This is the reason
one observes a substantial change upon going from n = 1 to
n = 2 in the case of the D and D* widths, which are now
obtained with substantially modified spectral functions, while
no visible change is seen in the J/v width, which involves
a very narrow, almost deltalike strength. Convergence is
achieved forn = 3 in the charmed meson cases, as this iteration
does not involve the dressing of any other type of mesons.
However, iteration n = 3 in the case of the J /v corresponds
to additionally dressing the charmed mesons, and due to their
broad spectral functions and to the fact that the unitarized
amplitude for J /vy m scattering is driven by the D D* loop, a
significant change in the J /v width is observed with respect
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to iteration n = 2. Convergence is reached for n = 4 in this
case.

IV. SUMMARY

We have calculated the behavior of the charmed mesons and
the J/v in a pion bath at finite temperatures using unitarized
SU(4) chiral amplitudes. Compared to previous studies on
the subject, this work is put on a theoretically more sound
foundation by using unitarized amplitudes and the imaginary
time formalism. Using this formalism we obtained observables
that are relevant for understanding the behavior of mesons
containing charm quarks in hot mesonic matter, most notably
the induced width and spectral function.

We find that the charmed D and D* mesons acquire a
substantial width, reaching values in the 30- to 40-MeV range
at T = 150. Obviously, this will have consequences for the
detected flux of these mesons in a hot pionic medium. Another
interesting consequence of this finding refers to the properties
of resonances that have been explained in some models as
molecules involving D and/or D* mesons, such as X(3872).
How these resonances behave in a hot pionic medium is worth
exploring in the light of the results presented here, a task that
is presently under study.

The modification of J/yr meson properties by a hot pion
bath is substantially more moderate, due to the suppressed
J/ym — J/ym interaction. We find that temperatures of
around 7 = 150 MeV are required for the pionic width of
the J /i spectral function to exceed the free one. Therefore,
the J/y retains most of its shape in hot pionic matter.
Consequently, an observed drop in J/y detection should
indeed point towards the formation of a QGP, the interaction
with the surrounding hadrons being essentially negligible.

Our results can be used as input in theoretical simulations
of open and hidden charm meson propagation in a hot pion
gas, aiming at understanding the transition from a hadronic to
a QGP phase.

PHYSICAL REVIEW C 96, 045201 (2017)
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APPENDIX: MESON-MESON STATES IN ISOSPIN BASIS

Throughout this work we use isospin eigenstates denoted
| ...)s. To calculate these we use the following phase conven-
tions:

—|7*)
@ |D(*)+> o
D= _ pewy |- =] =] @AD
| ™)
The relevant relations can then be derived as
|D<*)n)1/2 —J1/3  —=/2/3 | D®07 0y
D)3 ) \=v2/3 +/173)\ID®tr) )
ID®n)12 = —|D™Pn). (A2)

For the charmed meson pair with positive C parity we find
|D*D + DD*)o +1/2  +1/2
|D*D + DD*),]  \-1/2 —1,2
D" D7) +1D* D)
X . (A3)

|D*0DO> + |DOD*O>

I/ =10 /¥x),  nep)r = Inep?). (A4)
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