
D�=D ratio in heavy ion collisions

L.M. Abreu* and H. P. L. Vieira†

Instituto de Física, Universidade Federal da Bahia,
Campus Universitário de Ondina, 40170-115 Bahia, Brazil

F. S. Navarra‡

Instituto de Física, Universidade de São Paulo,
Rua do Matão, 1371, CEP 05508-090 São Paulo, São Paulo, Brazil

(Received 13 September 2022; accepted 12 October 2022; published 28 October 2022)

In this work we study the D� and D multiplicities and how they change during the hadron gas phase of
heavy ion collisions. With the help of an effective Lagrangian formalism, we calculate the production and
absorption cross sections of theD� andDmesons in a hadronic medium. We compute the time evolution of
the abundances and the ratio D�=D. They are approximately constant in time. Also, assuming a Bjorken
type cooling and using an empirical relation between the freeze-out temperature and the central multiplicity
density, we estimate D�=D as a function of dN=dηðη ¼ 0Þ, which represents the system size. We find that,
while the number of D� ’s and D’s grows significantly with the system size, their ratio remains
approximately constant. This prediction can be compared with future experimental data. Our results
suggest that the charm meson interactions in the hadron gas do not change their multiplicities and
consequently these mesons are close to chemical equilibrium.
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I. INTRODUCTION

It is well accepted that nuclear matter at high temper-
atures or high densities experiences a phase transition to
a deconfined phase of quarks and gluons, the so-called
quark-gluon plasma (QGP), in which the fundamental
degrees of freedom (quarks and gluons) behave as free
particles [1–4]. This deconfined medium can be produced
in heavy ion collisions, where a hot and dense QGP fireball
is created. This system expands and cools down as time
evolves. At a certain point quarks, antiquarks, and gluons
recombine and form a hot hadron gas. The properties of this
hot and dense system may be accessed through the study of
observables, such as the hadron multiplicities.
As it has been often pointed out, heavy mesons are of

great importance. They contain heavy quarks, which are
produced in the early stages of the collision. They can carry
unique information about the QGP, unlike light mesons that
can be produced in the hadronic medium at later stages.

However, charm mesons can be created and destroyed in
collisions with the comoving mesons in the hadron gas. For
this reason, the knowledge of the interactions of D� and D
mesons with light mesons is crucial for the calculation of
the final abundances of such particles. With this motivation,
the propagation of heavy light mesons in a thermal medium
has been intensively studied in different frameworks (we
refer the reader to Ref. [5] for a review).
In the hadronic phase, the different species of hadrons

undergo inelastic reactions, and their multiplicities can be
modified until the kinetic freeze-out, when there are no
more interactions and the particles travel to reach the
detectors. After hadronization and before the kinetic
freeze-out, the hadron gas may be in a state where the
production and absorption reactions occur with an equal
rate and hence particle abundances do not change any
more. This is called chemical equilibrium. In principle the
emergence of chemical equilibrium could be studied
numerically. Knowing the multiplicities of the particles
of all species at the hadronization time and also knowing all
their interaction cross sections, we could write and solve a
set of coupled rate equations. We would then find the
multiplicities as a function of time and we could determine
the chemical freeze-out time (and the corresponding
chemical freeze-out temperature), i.e. the time from which
on all the multiplicities are frozen. Unfortunately, this
calculation can not be done because we do not know all
the required cross sections. However, we have now a
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reasonable knowledge of some subsets of the cross sections
and we can find partial solutions for the general
equilibration problem. We can, for example, determine
what happens to K� in the hadron gas phase, as it was
done in [6]. Alternatively, we can postulate that chemi-
cal equilibrium is reached and use statistical mechanics
to compute, in terms of a small number of parameters,
the particle multiplicities, as it is done in the Statistical
Hadronization Model (SHM) [7]. The success of the
SHM in reproducing the observed multiplicities strongly
suggests that hadron gas formed in heavy ion collisions
is indeed in chemical equilibrium. However, this
hypothesis, should at some point, be confirmed by
microscopic calculations. In the charm sector, there
has been a continuous progress in the study of the
interaction cross sections of charm mesons. One of the
goals of this work is to study the evolution of the D�
and D populations with a microscopic approach and
check whether these mesons reach chemical equilibrium
or not.
Recently, the production of prompt D0, Dþ, and D�þ

mesons at midrapidity ðjyj < 0.5Þ in Pb-Pb collisions, at
the center-of-mass energy per nucleon-nucleon pairffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV has been investigated by the ALICE
collaboration [8]. Unfortunately, the system size [repre-
sented by dN=dηðη ¼ 0Þ] dependence of the D�=D ratio
was not yet reported, as it was for strange mesons in [9].
This measurement is very interesting since different
system sizes represent different samples of hadron gas
with different lifetimes. Longer living systems are most
likely to reach chemical equilibrium, whereas short living
systems are less likely.
In a previous work, we have investigated the strange

sector by evaluating the ratio between the K� and K yields
ðK�=KÞ as a function of the proper time, using the thermal
cross sections of the interactions of the Kð�Þ mesons with
other light mesons as input in the rate equations [6]. The
obtained ratio was in very good agreement with exper-
imental data [9]. A similar analysis in the charm sector is
going to be presented in what follows.
The purpose of this work is to extend the formalism

used in [6] to evaluate the time evolution of the ratio
D�=D during the hadron gas phase of heavy ion
collisions. We calculate the production and absorption
cross sections of the D� and D mesons with the help of
an effective Lagrangian formalism, and use them in rate
equations to compute the time evolution of the D� and D
abundances and the ratio D�=D. Finally we estimate
D�=D as a function of the central multiplicity den-
sity (dN=dηðη ¼ 0Þ).
The paper is organized as follows. In Sec. II we describe

the effective formalism and introduce the thermally aver-
aged cross sections of the Dð�Þ-absorption and production
reactions. In Sec. III we present and analyze the time
evolution of the ratio D�=D and its relation with the central

multiplicity density. Finally, Sec. IV is devoted to the
summary of the main points and to the concluding remarks.
In the Appendix the explicit expressions for the contribu-
tions to the amplitudes of the considered processes
are given.

II. INTERACTIONS OF D AND D�
WITH LIGHT MESONS

A. Effective Lagrangians and reactions

In the present study, the reactions involving the
interactions of D and D� mesons with π and ρ mesons
as well as between them will be analyzed within an
effective field theory approach. In particular, we focus on
the lowest-order Born contributions to the D� and D
absorption reactions shown in Figs. 1 and 2, as well
as their inverse processes. To calculate their respective
cross sections, we follow Refs. [6,10,11] and employ
the effective Lagrangians involving π, ρ, D, and D�
mesons [12–17],

LπDD� ¼ igπDD�D�μτ⃗ · ðD̄∂μπ⃗ − ∂μD̄ π⃗Þ þ H:c:;

LρDD ¼ igρDDðDτ⃗∂μD̄ − ∂μDτ⃗ D̄Þ · ρ⃗μ;
LρD�D� ¼ igρD�D� ½ð∂μD�ντ⃗D̄�

ν −D�ντ⃗∂μD̄�
νÞ · ρ⃗μ

þ ðD�ντ⃗ · ∂μρ⃗ν − ∂μD�ντ⃗ · ρ⃗νÞD̄�μ

þD�μðτ⃗ · ρ⃗ν∂μD̄�
ν − τ⃗ · ∂μρ⃗νD̄�

νÞ�;
LπD�D� ¼ −gπD�D�ϵμναβ∂μD�

νπ∂αD̄�
β;

LρDD� ¼ −gρDD�ϵμναβðD∂μρν∂αD̄�
β þ ∂μD�

ν∂αρβD̄Þ; ð1Þ

where τ⃗ are the Pauli matrices in the isospin space; π⃗
denotes the pion isospin triplet; and Dð�Þ ¼ ðDð�Þ0; Dð�ÞþÞ
represents the isospin doublets for the pseudoscalar
(vector) Dð�Þ mesons. The coupling constants gπDD� ,
gρDD, gρD�D� , gπD�D� , and gρDD� will have their values
given in the next section.
With the effective Lagrangians introduced above, the

amplitudes of the D� and D absorption processes shown in
Figs. 1 and 2 can be calculated and are given by

MD�π→ρD ¼ Mð1aÞ þMð1bÞ þMð1cÞ;

MD�ρ→πD ¼ Mð2aÞ þMð2bÞ þMð2cÞ;

MD�D̄→ρπ ¼ Mð3aÞ þMð3bÞ þMð3cÞ;

MD�D̄�→ππ ¼ Mð4aÞ þMð4bÞ þMð4cÞ þMð4dÞ;

MD�D̄�→ρρ ¼ Mð5aÞ þMð5bÞ þMð5cÞ þMð5dÞ;

MDD̄→ππ ¼ Mð6aÞ þMð6bÞ;

MDD̄→ρρ ¼ Mð7aÞ þMð7bÞ þMð7cÞ þMð7dÞ; ð2Þ

where the expressions for each contribution MðpÞ are
explicitly summarized in the Appendix. We mention that,
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in contrast to the works involving the strange mesons
[6,10,11], here we do not consider the decay width ΓD� in
the propagators of the intermediate vector charmed mesons,
since it is very small and does not change our results
significantly.

B. Cross sections

The isospin-spin-averaged cross section in the center of
mass (CM) frame for the processes in Eq. (2) is given by:

σðφÞr ðsÞ ¼ 1

64π2s

jp⃗fj
jp⃗ij

Z
dΩ

X
S;I

jMðφÞ
r ðs; θÞj2; ð3Þ

where r denominates the reactions according to Eq. (2);
ffiffiffi
s

p
is the CM energy; jp⃗ij and jp⃗fj denote the three-momenta
of initial and final particles in the CM frame, respec-
tively; the symbol

P
S;I stands for the sum over the spins

and isospins of the particles in the initial and final state,
weighted by the isospin and spin degeneracy factors of the
two particles forming the initial state for the reaction r, i.e.

X
S;I

jMrj2 →
1

g1i;r

1

g2i;r

X
S;I

jMrj2; ð4Þ

where g1i;r ¼ ð2I1i;r þ 1Þð2I2i;r þ 1Þ and g2i;r ¼ ð2S1i;r þ
1Þð2S2i;r þ 1Þ are the degeneracy factors of the particles in
the initial state. The cross sections for the inverse processes
of those shown in Figs. 1 and 2 can be calculated through
the use of the detailed balance relation.
In the evaluation of the cross sections, to prevent the

artificial increase of the amplitudes with the energy and
take into account the finite size of the hadrons, we

FIG. 2. Diagrams contributing to the processes D�D̄� → ρρ
[diagram (5d)], DD̄ → ππ [diagrams (6a) and (6b)], and DD̄ →
ρρ [diagrams (7a)–(7d)], without specification of the charges of
the particles.

FIG. 1. Diagrams contributing to the processes D�π → ρD
[diagrams (1a)–(1c)], D�ρ → πD [diagrams (2a)–(2c)], D�D̄ →
ρπ [diagrams (3a)–(3c)], D�D̄� → ππ [diagrams (4a)–(4d)],
D�D̄� → ρρ [diagrams (5a)–(5c)].
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introduce form factors in each vertex in the reactions.
Fortunately, all the form factors for the vertices DπD�,
DρD, D�ρD�, D�πD�, and DρD� have already been
calculated with the method of QCD sum rules in previous
works [18–21]. They were parametrized with the following
forms [18]:

IÞ gM1M2M3
¼ A

Q2 þ B
ð5Þ

and

IIÞ gM1M2M3
¼ Ae−ðQ2=BÞ; ð6Þ

where M1 is the off-shell meson in the vertex and Q2 is its
Euclidean four momentum squared. The parameters A and
B are given in Table I.
The final element in this set of reactions is the formation

of the D� meson from the pion and D meson. Adopting a
similar approach as in Refs. [6,10,22], the scattering cross
section for the process Dπ → D� is given by the spin-
averaged relativistic Breit-Wigner cross section,

σDπ→D� ¼ gD�

gD̄gπ

4π

p2
cm

sΓ2
D�→Dπ

ðs −m2
D� Þ2 þ sΓ2

D�→Dπ

; ð7Þ

where gD� , gD̄, and gπ are the degeneracy of D�, D̄, and π
mesons, respectively; pcm is the momentum in CM frame;
ΓD�→Dπ is the total decay width for the reaction D� → Dπ,
which is supposed to be effectively

ffiffiffi
s

p
-dependent via the

formula

ΓD�→Dπð
ffiffiffi
s

p Þ ¼ g2D�→Dπ

2πs
p3
cmð

ffiffiffi
s

p Þ; ð8Þ

with the value of constant gD�→Dπ being determined from
the experimental value of ΓD�→Dπð

ffiffiffi
s

p Þ.
We have employed in the computations of the present

work the isospin-averaged masses: mπ ¼ 137.3 MeV,
mρ¼775.2MeV, mD¼1867.2MeV, mD� ¼2008.6MeV;
and for the decay width: ΓD�→Dπ ¼ 69.2 keV.
In Fig. 3(a) the D� absorption cross sections for the

processes summarized in Figs. 1 and 2 are plotted as a
function of the CM energy

ffiffiffi
s

p
. It can be seen that the

exothermic processes with only light mesons in the final

state have higher magnitudes at smaller energies. Among
these, the D�D̄� → ππ presents a faster decreasing as the
energy increases. On the other hand, up to moderate
energies the process D�D̄� → ρρ is larger than other
reactions, as a consequence of two effective couplings
involving three vector mesons [10]. In the case of reactions
with a D meson in the final state, the only endothermic
process, D�π → ρD, has the cross section approximately
one order of magnitude higher than that of the reaction
D�ρ → πD for higher energies. In Fig. 3(b), the D
absorption cross sections are displayed. The processes
with only light mesons in the final state have greater cross
sections typically by two or three orders of magnitude.
These results allow one to quantitatively estimate and

compare the different contributions for the D� and D
absorptions. Also, they have smaller magnitudes when
contrasted with the equivalent reactions involving strange
mesons reported in Refs. [6,10,11].
For the sake of completeness, we also present the

cross sections related to the D� and D production,
obtained through the detailed balance relation involving

TABLE I. Parameters for the form factors in the M1 M2 M3

vertex [18]. The meson M1 is off-shell.

M1 M2 M3 Form A B

DπD� I 126 11.9
DρD I 37.5 12.1
D�ρD� II 4.9 13.3
D�πD� II 4.8 6.8
DρD� I 234 44

(a)

(b)

FIG. 3. (a) D� absorption cross sections for processes (1)–(5)
shown in Figs. 1 and 2 as a function of the CM energy

ffiffiffi
s

p
. (b) D

absorption cross sections for processes (6)–(7) shown in Fig. 2
and for that described in Eq. (7) as a function of the CM energyffiffiffi
s

p
. The label ðX; YÞ identifies the respective channelDð�ÞX → Y

considered.
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the aforementioned processes. They are shown in Fig. 4 as
functions of the CM energy. Except for the case of σρD→D�π ,
they are all endothermic. The effects encoded in the
detailed balance relations produce cross sections with
different magnitudes when compared with the results
shown in Fig. 3.
To summarize: with a few exceptions, we find cross

sections which are mostly in the range 0.01–10 mb, in
rough agreement with most of the other existing calcu-
lations [23]. The exceptions are the charm annihilation
processes DD̄ → ππ, DD̄ → ρρ, and D�D̄� → ρρ, which
are much larger. However, these processes do not contrib-
ute much to the rate equation (see below) since their cross
sections appear multiplied by the square of the charm
density (nD or nD̄), which is a small number.
Having these cross sections, the next step is to compute

the thermal cross sections.

C. Thermal cross sections

In a relativistic heavy ion collision the reactions dis-
cussed above should occur typically in a later stage, namely

in an equilibrated hadron medium at temperatures between
100 and 160 MeV. Then, the relevant dynamical quantity is
the cross section calculated in the kinematical regime where
the colliding particles have momenta of the order of the
temperature. We define the thermally averaged cross
section, or simply thermal cross section, for a given process
ab → cd as:

hσab→cdvabi ¼
R
d3pad3pbfaðpaÞfbðpbÞσab→cdvabR

d3pad3pbfaðpaÞfbðpbÞ
¼ 1

4β2aK2ðβaÞβ2bK2ðβbÞ
×
Z

∞

z0

dzK1ðzÞσðs ¼ z2T2Þ

× ½z2 − ðβa þ βbÞ2�½z2 − ðβa − βbÞ2�; ð9Þ

where vab is the relative velocity between the two initial
interacting particles a and b, the function fiðpiÞ is the tem-
perature T-dependent Bose-Einstein distribution of particles

(a)

(b)

FIG. 4. (a) D� production cross sections for inverse processes
(1)–(5) shown in Figs. 1 and 2 as a function of the CM energy

ffiffiffi
s

p
.

(b) D production cross sections for inverse processes (6)–(7)
shown in Fig. 2 as a function of the CM energy

ffiffiffi
s

p
. The label

ðX; YÞ identifies the respective channel X → Dð�ÞY considered.

(a)

(b)

FIG. 5. (a) Thermal cross sections as a function of the temper-
ature for theD� absorption via processes (1)–(5) shown in Figs. 1
and 2. (b) Same as (a) but for the D absorption via processes (6)–
(7) shown in Fig. 2 and for that described in Eq. (7). The label
ðX; YÞ identifies the respective channel Dð�ÞX → Y considered.
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of species i, βi ¼mi=T, z0 ¼maxðβa þ βb;βc þ βdÞ,
and K1 and K2 the modified Bessel functions of second
kind.

In Figs. 5 and 6 we plot the thermal cross sections as a
function of the temperature for the D� and D meson
absorption via processes (1)–(7) shown in Figs. 1 and 2.
For the sake of comparison, the thermal cross sections for the
respective inverse reactions are also plotted. Within the
considered range of temperatures, it can be seen that the
reaction ρD → D�π is the only D� production reaction with
larger cross section than the corresponding inverse reaction.
In general, the thermal D� dissociation cross sections are
bigger than those for theproduction reactions.Also,wenotice
that the D� meson absorption is easier by charmed mesons
than by light mesons.More specifically, the processD�D̄� →
ρρ has the largest thermal cross section, being higher than the
D� meson absorption by π, ρmesons by one or two orders of
magnitude. Interestingly, the Dð�Þ production reactions from
light mesons are several orders of magnitude smaller than the
corresponding dissociation processes, reflecting the higher
energy threshold of these processes.
To conclude this section, we highlight the differences

among the magnitudes of thermal cross sections for Dð�Þ
dissociation and production reactions, which in principle
might play an important role in the time evolution of theD�
multiplicity.

III. EVOLUTION EQUATIONS

Now we move to the analysis of the time evolution of the
D� and D multiplicities during the hadronic stage of heavy
ion collisions. To this end, the thermal cross sections
estimated in the previous section will be used as input
in the momentum-integrated evolution equations for theD�
andD abundances to estimate the gain and loss terms due to
Dð�Þ production and absorption. As in the previous works
[6,10], these equations with all considered creation and
annihilation reactions are given by:

dND�

dτ
¼ hσDρ→D�πvDρinρðτÞNDðτÞ − hσD�π→DρvD�πinπðτÞND� ðτÞ þ hσDπ→D�ρvDπinπðτÞNDðτÞ
− hσD�ρ→DπvD�ρinρðτÞND� ðτÞ þ hσπρ→D�D̄vπρinπðτÞNρðτÞ − hσD�D̄→ρπvD�D̄inD̄ðτÞND� ðτÞ
þ hσππ→D�D̄�vππinπðτÞNπðτÞ − hσD�D̄�→ππvD�D̄� inD̄�ðτÞND� ðτÞ þ hσρρ→D�D̄�vρρinρðτÞNρðτÞ
− hσD�D̄�→ρρvD�D̄� inD̄� ðτÞND�ðτÞ þ hσDπ→D�vDπinπðτÞNDðτÞ − hΓD� iND� ðτÞ;

dND

dτ
¼ hσππ→DD̄vππinπðτÞNπðτÞ − hσDD̄→ππvDD̄inD̄ðτÞNDðτÞ þ hσρρ→DD̄vρρinρðτÞNρðτÞ
− hσDD̄→ρρvDD̄inD̄ðτÞNDðτÞ þ hσD�π→DρvD�πinπðτÞND� ðτÞ − hσDρ→D�πvDρinρðτÞNDðτÞ
þ hσD�ρ→DπvD�ρinρðτÞND� ðτÞ − hσDπ→D�ρvDπinπðτÞNDðτÞ þ hσπρ→D�D̄vπρinπðτÞNρðτÞ
− hσD�D̄→ρπvD�D̄inD̄ðτÞND� ðτÞ þ hΓD� iND� ðτÞ − hσDπ→D�vDπinπðτÞNDðτÞ; ð10Þ

where niðτÞ are NiðτÞ denote the density and the abun-
dances of the involved mesons at proper time τ.
The rate equations above and their gain and loss

contributions deserve some comments. The decay of D�

and its regeneration from the daughter particlesD and π are
included in the last line of the two evolution equations.
However, due to the small value of theD� decay width ΓD� ,
the lifetime of the D� mesons is much greater than that of

(a)

(b)

FIG. 6. (a) Thermal cross sections as a function of the temper-
ature for the D� production via inverse processes to those shown
in Figs. 1 and 2. (b) Same as (a) but for the D production via
inverse processes to those shown in Fig. 2. The label ðX; YÞ
identifies the respective channel X → Dð�ÞY considered.
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the hadron gas presumed in this work (of the order of
10 fm=c). Therefore, the decay of D� can be neglected in
the rate equation. Moreover, as in Refs. [6,10,11], some
terms yield very small contributions because of the small-
ness of their thermal cross sections and/or small values of
Dð�Þ densities with respect to the ones of light mesons,
which are the most abundant particles in a hadron gas.
Then, several terms associated with the processes with two
charmed mesons in initial or final states can be safely
neglected.
To obtain the solutions of Eq. (10) we assume that the

pions, rho, and charm mesons in the reactions contributing
to the D� and D multiplicities are in thermal equilibrium. It
is important to emphasize: we assume that particles are in
thermal equilibrium when their momentum distribution is
given by the Boltzmann distribution, which is characterized
by the temperature of the system. We assume that particles
are in chemical equilibrium when their multiplicities do not
change in time. This happens when the right-hand side of
Eqs. (10) is zero. In this situation the production rates of
D’s and D�’s are equal to their respective absorption rates.
A given system may be initially in thermal equilibrium but
not in chemical equilibrium. Then Eqs. (10) will describe
its time evolution towards chemical equilibration. This is
the case in our work.
The density niðτÞ is written as [14,15,22,24–26]

niðτÞ ≈
1

2π2
γigim2

i TðτÞK2

�
mi

TðτÞ
�
; ð11Þ

where γi and gi are the fugacity factor and the degeneracy
factor of the particle of type i, respectively. We obtain the
multiplicity NiðτÞ multiplying the density niðτÞ by the
volume VðτÞ. To model the dynamics of relativistic heavy
ion collisions in the hadronic phase, the temperature TðτÞ
and volume VðτÞ are parametrized according to the boost
invariant Bjorken picture with an accelerated transverse
expansion [15,22,24,25]. The τ dependence of VðτÞ and T
are thus given by

TðτÞ ¼ TC − ðTH − TFÞ
�
τ − τH
τF − τH

�4
5

;

VðτÞ ¼ π

�
RC þ vCðτ − τCÞ þ

aC
2
ðτ − τCÞ2

�
2

τc; ð12Þ

where RC and τC denote the final transverse and longi-
tudinal sizes of the QGP; vC and aC are its transverse flow
velocity and transverse acceleration at τC; TC is the critical
temperature of the quark-hadron transition; TH is the
temperature of the hadronic matter at the end of the mixed
phase, occurring at the time τH; and the kinetic freeze-out
temperature TF leads to a freeze-out time τF. We notice that
this simple picture of the hydrodynamic evolution of fluid
should be seen as a tool to mimic the essential features of
hydrodynamic expansion and cooling of the hadron gas.

The collisions chosen for this study are the central Pb − Pb
collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 5 TeV at the LHC. In this way, we
use the parameter choice of Ref. [25], which, for conven-
ience, is summarized in Table II.
We assume that the total number of charm quarks ðNcÞ in

charmed hadrons remains approximately conserved during
the fireball evolution, i.e. ncðτÞ × VðτÞ ¼ Nc. Then we use
a time-dependent charm quark fugacity factor γc in Eq. (11)
to calculate the charmed mesons in order to keep Nc
constant. Besides, the total number of pions and ρ mesons
at freeze-out was taken from Refs. [15,22]. These numbers
are displayed in Table II.
The time evolution of the D and D� abundances is

plotted in Fig. 7 as a function of the proper time. These
results suggest that the interactions of the D’s and D� with
the hadronic medium produce only small changes in the
multiplicities: while ND� grows 5%, ND decreases by 7%.
In the figure we also show the ratio R ¼ D�=D. This is the
main result of our work. We conclude that the information
contained in open charm multiplicities will be propagated
from the hadronization time to the kinetic freeze-out time
without much distortion.
Finally, in order to make predictions which can be

confronted with experimental data we compute the
ratio R as a function of the multiplicity density of
charged particles measured at midrapidity, i.e. N ¼ ½dNch=
dηðη < 0.5Þ�1=3. The quantity N is usually considered a
measure of the size of the system [27,28], which in turn is
directly related to the kinetic freeze-out temperature [29]. An
empirical connection between these variables was estab-
lished in Ref. [6]. Assuming that the hadron gas suffers a
Bjorken-like cooling, the freeze-out time τf is related to the
freeze-out temperature Tf through the expression:

τf ¼ τh

�
TH

TF

�
3

: ð13Þ

Next, we use the empirical relation between TF and N
extracted from [29] and parametrized as [6]:

TABLE II. Parameters used in Eq. (12) for central Pb − Pb
collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 5 TeV [25].

vC (c) aC (c2=fm) RC (fm)
0.5 0.09 11

τC (fm=c) τH (fm=c) τF (fm=c)
7.1 10.2 21.5

TCðMeVÞ THðMeVÞ TFðMeVÞ
156 156 115

Nc NπðτFÞ NρðτFÞ
14 2410 179

NDðτHÞ ND� ðτHÞ
4.7 6.3
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TF ¼ TF0e−bN ; ð14Þ
whereTF0 ¼ 132.5 MeVandb ¼ 0.02. Then, inserting (14)
into (13) we obtain

τF ∝ e3bN : ð15Þ
Thus,N provides an estimate of the duration of the hadronic
phase. Larger systems have biggerN and live longer.We use
Eq. (15) in the solutions of Eq. (10) to determine R as a
function N .
In Fig. 8 we show theD� andD abundances and the ratio

R ¼ D�=D as a function of N . As it can be seen in the
upper panel of the figure, the abundances depend strongly
on the system size. However, the ratio D�=D does not
change significantly. This fact contrasts with the case of the
strange K� and K mesons discussed in Ref. [6], where the
longer the hadronic system lasts, the smaller is the ratio
K�=K. This difference can be attributed to the difference in
the decay widths D� → Dπ and K� → Kπ, with the latter
being much larger.
To the best of our knowledge, there are so far no data

available to perform a direct comparison with the predic-
tions presented in Fig. 8.

IV. CONCLUDING REMARKS

In this work we have performed a systematic analysis of
theDð�Þ meson dissociation in the hadron gas phase of heavy
ion collisions. Using an effective Lagrangian formalism, we
have evaluated the thermal production and absorption cross
sections of the D� and D mesons in a hadron gas. The
couplings and form factors in all the vertices were previously
computedwithQCD sum rules. Therefore, in our case, much
of the uncertainties and arbitrariness, inherent to this kind of
calculation, were avoided.
The obtained cross sections were used as input in the rate

equations to estimate the time evolution of the Dð�Þ
multiplicities and the ratio D�=D during the hadron gas
phase of heavy ion collisions. The multiplicities of D and
D� remain almost constant during the evolution of the
hadron gas. The ratio D�=D suffers only a slight increase.
This result indicates that charm is already in chemical
equilibrium at the beginning of the hadron gas phase.
Therefore our calculation can be regarded as a microscopic
justification of the use of the statistical hadronization model
to compute the charm meson abundances.
The lifetime of a hadronic fireball is, of course, not

directly measurable and we would like to make contact
with experimental data. To this end, we have assumed a

FIG. 8. Upper panel: D and D� abundances as a function ofN .
Lower panel: D�=D with initial condition D�=D ¼ 1.34 as a
function of N .

FIG. 7. Upper panel: D and D� abundances as a function of the
proper time τ in central Pb − Pb collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 5 TeV,
calculated with the parameters from Table II. Lower panel:
evolution of the ratio R ¼ D�=D.
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Bjorken type cooling for the hadron gas and used an
empirical relation between the freeze-out temperature and
the multiplicity density of charged particles at midrapidity.
With this procedure we estimated the ratio D�=D as a
function of (dN=dηðη ¼ 0Þ). As expected from the first part
of the calculation, we found that D�=D slightly increases if
the hadronic medium lives longer, in sharp contrast to the
K�=K ratio, computed in [6] with the same methods.
We believe that these results can be compared with future

experimental data, and may contribute to a better under-
standing of the hadron medium created in heavy ion
collisions.
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APPENDIX: AMPLITUDES

Here we give the explicit expressions for the contribu-
tions to the amplitudes in Eq. (2), associated with the
processes shown in Figs. 1 and 2. They are [6,10,11]

Mð1aÞ ¼ τðiÞrs τ
ðjÞ
r0s0gπDD�gρD�D�ϵα1ϵ

�β
3

1

t −m2
D� þ imD�ΓD�

�
−gμν þ ðp1 − p3Þμðp1 − p3Þν

m2
D�

�
ðp2 þ p4Þμ

× ðð2p1 − p3Þβgαν − ðp1 þ p3Þνgαβ − ðp1 − 2p3ÞαgβνÞ;

Mð1bÞ ¼ −τðiÞrs τðjÞr0s0gπDD�gρDDϵ
μ
1ϵ

�ν
3

1

s −m2
D
ðp1 þ 2p2Þμðp3 þ 2p4Þν;

Mð1.cÞ ¼ gρDD�gπD�D�εμ1ε
ν
3ϵμγδαϵνσρβ

1

s −m2
D� þ imD�ΓD�

�
−gαβ þ ðp1 þ p2Þαðp1 þ p2Þβ

m2
D�

�
pγ
1p

δ
2p

σ
3p

ρ
4; ðA1Þ

Mð2aÞ ¼ −τðiÞrs τðjÞr0s0gπDD�gρDDϵ
μ
1ϵ

ν
2

1

t −m2
D
ðp1 − 2p3Þμð2p4 − p2Þν;

Mð2bÞ ¼ −τðiÞrs τðjÞr0s0gπDD�gρD�D�ϵα1ϵ
β
2

1

s −m2
D� þ imD�ΓD�

�
−gμν þ ðp1 þ p2Þμðp1 þ p2Þν

m2
D�

�
ðp3 − p4Þμ;

× ðð2p1 þ p2Þβgαν − ðp1 − p2Þνgαβ − ðp1 þ 2p2ÞαgβνÞ

Mð2.cÞ ¼ gρDD�gπD�D�εμ1ε
ν
2ϵμγδαϵνσρβ

1

t −m2
D� þ imD�ΓD�

�
−gαβ þ ðp1 − p3Þαðp1 − p3Þβ

m2
D�

�
pγ
1p

δ
3p

σ
2p

ρ
4; ðA2Þ

Mð3aÞ ¼ τðiÞrs τ
ðjÞ
r0s0gπDD�gρD�D�ϵα1ϵ

�β
3

1

t −m2
D� þ imD�ΓD�

�
−gμν þ ðp1 − p3Þμðp1 − p3Þν

m2
D�

�
ðp2 þ p4Þμ

× ðð2p3 − p1Þαgβν − ðp1 þ p3Þνgαβ þ ð2p1 − p3ÞβgανÞ;

Mð3bÞ ¼ τðiÞrs τ
ðjÞ
r0s0gπDD�gρDDϵ

μ
1ϵ

�ν
3

1

u −m2
D
ð2p4 − p1Þμð2p2 − p3Þν;

Mð3.cÞ ¼ gπD�D�gρDD�εμ1ε
ν
3ϵμγδβϵνσρα

1

u −m2
D� þ imD�ΓD�

�
−gαβ þ ðp1 − p4Þαðp1 − p4Þβ

m −D�2

�
pγ
1p

δ
4p

ρ
2p

σ
3; ðA3Þ

Mð4aÞ ¼ τðiÞrs τ
ðjÞ
r0s0g

2
πDD�ϵμ1ϵ

ν
2

1

t −m2
D
ðp1 − p3Þμðp2 − 2p4Þν;

Mð4bÞ ¼ τðiÞrs τ
ðjÞ
r0s0g

2
πDD�ϵμ1ϵ

ν
2

1

u −m2
D
ð2p1 − 2p4Þμðp2 − 2p3Þν

Mð4.cÞ ¼ g2πD�D�εμ1ε
ν
2ϵμγδαϵνσρβ

1

t −m2
D� þ imD�ΓD�

�
−gαβ þ ðp1 − p3Þαðp1 − p3Þβ

m2
D�

�
pγ
1p

δ
3p

σ
2p

ρ
4;

Mð4.dÞ ¼ −g2πD�D�εμ1ε
ν
2ϵμγδαϵνσρβ

1

u −m2
D� þ imD�ΓD�

�
−gαβ þ ðp1 − p4Þαðp1 − p4Þβ

m2
D�

�
pδ
1p

γ
4p

σ
2p

ρ
3; ðA4Þ
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Mð5aÞ ¼ τðiÞrs τ
ðjÞ
r0s0g

2
ρD�D�ϵα1ϵ

�β
3 ϵγ2ϵ

�δ
4

1

t −m2
D� þ imD�ΓD�

�
−gμν þ ðp1 − p3Þμðp1 − p3Þν

m2
D�

�

× ðð2p3 − p1Þαgβμ − ðp1 þ p3Þμgαβ þ ð2p1 − p3ÞβgανÞððp2 þ p4Þγgδν þ ðp2 − 2p4ÞνgγνÞ;

Mð5bÞ ¼ τðiÞrs τ
ðjÞ
r0s0g

2
ρD�D�ϵα1ϵ

�β
4 ϵγ2ϵ

�δ
3

1

u −m2
D� þ imD�ΔD�

�
−gμν þ ðp1 − p4Þμðp1 − P4Þν

m2
D�

�

× ðð2p4 − p1Þαgβμ − ðp1 þ p4Þμgαβ þ ð2p1 − p4ÞβgανÞððp2 þ p3Þγgγν þ ðp2 − 2p3Þνgγν þ ðp3 − 2p2ÞδgγνÞ;

Mð5.cÞ ¼ −g2ρDD�εα1ε
β
3ε

γ�
2 εδ�4 ϵαβμνϵγδσω

1

t −m2
D
pν
1p

μ
3p

σ
2p

ω
4 ;

Mð5.dÞ ¼ g2ρDD�εα1ε
β
3ε

γ
2ε

δ
4ϵαδμνϵγβσω

1

u −m2
D
pμ
1p

ν
4p

σ
2p

ω
3 ;

Mð6aÞ ¼ τðiÞrs τ
ðjÞ
r0s0g

2
πDD�

1

t −m2
D� þ imD�ΓD�

�
−gμν þ ðp1 − p3Þμðp1 − p3Þν

m2
D�

�
ðp1 þ p3Þμðp2 þ p4Þν;

Mð6bÞ ¼ τðiÞrs τ
ðjÞ
r0s0g

2
πDD�

1

u −m2
D� þ imD�ΓD�

�
−gμν þ ðp1 − p4Þμðp1 − p4Þν

m2
D�

�
ðp1 þ p4Þμðp2 þ p3Þν; ðA5Þ

Mð7aÞ ¼ τðiÞrs τ
ðjÞ
r0s0g

2
ρD�D�ϵ�μ3 ϵ�ν4

1

t −m2
D
ð2p1 − p3Þμð2p2 − p4Þν;

Mð7bÞ ¼ τðiÞrs τ
ðjÞ
r0s0g

2
ρD�D�ϵ�μ4 ϵ�ν3

1

t −m2
D
ð2p1 − p4Þμð2p2 − p3Þν;

Mð7.cÞ ¼ g2ρDD�εα3ε
β
4ϵμγδαϵνσρβ

1

t −m2
D� þ imD�ΓD�

�
−gμν þ ðp1 − p3Þμðp1 − p3Þν

m2
D�

�
pδ
1p

γ
3p

ρ
2p

σ
4;

Mð7.dÞ ¼ −g2ρDD�εα3ε
β
4ϵμγδαϵνσρβ

1

u −m2
D� þ imD�ΓD�

�
−gμν þ ðp1 − p4Þμðp1 − p4Þν

m2
D�

�
pγ
1p

δ
4p

ρ
2p

σ
3; ðA6Þ

where τði;jÞrs is the isospin factor related to i, j-th component of π, ρ isospin triplets and rðsÞ-th component of Dð�Þ isospin
doublets; p1 and p2 are the momenta of initial state particles, while p3 and p4 are those of final state particles; s, t, u are the

Mandelstam variables: s ¼ ðp1 þ p2Þ2, t ¼ ðp1 − p3Þ2, and u ¼ ðp1 − p4Þ2; and ϵð�Þm ≡ ϵð�ÞðpmÞ is the polarization vector.
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