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Interactions of Bc mesons in relativistic heavy-ion collisions
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The enhancement of Bc production is expected due to formation of quark-gluon plasma in heavy-ion collisions.
However, it is also expected that the production rate of Bc meson can be affected by its interactions with comovers
in hot hadronic gas. To study this effect we calculate the dissociation cross sections of Bc meson by π and ρ

mesons, including anomalous processes using an effective hadronic Lagrangian. Thermal averaged cross sections
of Bc are evaluated with a form factor when a cutoff parameter in it is 1 and 2 GeV. Using these cross sections in
the kinetic equation, we study the time evolution of Bc mesons in hot hadronic matter formed at LHC. We find
that the effect of interactions with comovers is small but not negligible.
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I. INTRODUCTION

In 1986 Matsui and Satz [1] hypothesized that in a decon-
fined medium color screening would have dissociated J/ψ
mesons, resulting in its suppressed yield. This deconfined
state of matter is called quark-gluon plasma (QGP). Thus,
suppression of J/ψ could be considered as a probe for QGP.
Anomalously large J/ψ suppression was observed by NA50
experiment at CERN [2] with moderate to large transfer
energy in Pb+Pb collisions at PLab = 158 GeV/c. However,
this observed suppression may also occur due to dissociation
by comoving hadrons mainly π and ρ mesons, especially
if the dissociation cross section is at least a few mb [3–8].
To calculate these cross sections, quark potential models,
perturbative QCD [9], QCD sum-rule approach [10,11], and
flavor symmetric effective Lagrangian [12–15] have been
used. Analogous to charmonium, suppression of bottomonium
states was also predicted during QGP phase [1]. Recently
it was observed by CMS in Pb+Pb collisions that excited
states of bottomonium are strongly suppressed [16]. To have
an unambiguous interpretation of the observed signal, the
information of the dissociation cross section is also needed
[13,17].

It has been suggested that the production rate of heavy
mixed flavor hadrons would also be affected in the presence of
QGP [18–20]. For Bc meson, which is bound state of bc or bc,
it is expected that production rate could be enhanced in the
presence of QGP [19,21,22]. QGP contains many unpaired
b(b) and c(c) quarks due to color Debye screening. These
unpaired b(b) and c(c) quarks upon encountering each other
could form Bc mesons and due to relatively large binding
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energy, Bc mesons probably survive in QGP [22]. However,
the observed production rate may also depend upon the disso-
ciation cross section by the hadronic comovers.

In Ref. [22] Bc dissociation by nucleons is examined using
meson-baryon exchange model. The calculated cross sections
are in the range of a few millibarn. Recently in Ref. [23],
using the same couplings and hadronic Lagrangian within
the meson exchange model, the dissociation of Bc meson by
π meson is studied. The resulting cross sections with form
factors are in the range 2–7 mb and 0.2–2 mb for the processes
B+

c + π → D + B and B+
c + π → D∗ + B∗, respectively. The

form factors are included to incorporate the effect finite size
of hadrons. In Ref. [24], the dissociation of Bc meson by
ρ mesons is studied. The calculated cross sections of the
processes B+

c + ρ → D∗ + B and B+
c + ρ → D + B∗ with

form factor are found in the range of 0.6–3 and 0.05–0.3 mb,
respectively. In this paper, we investigate the Bc dissoci-
ation by π and ρ mesons including anomalous couplings
like PVV (pseudo-vector-vector), PPPV, and PVVV, which
are ignored in the previous studies. The inclusion of these
couplings results in the opening of new dissociation channels
and the addition of new processes and extra diagrams. The
contribution of anomalous couplings is found to be significant
for calculating the cross sections of charmonium dissociation
with π and ρ meson in Ref. [25], K mesons in Ref. [26],
and dissociation of Bc meson by nucleons in Ref. [27]. We
also calculate the thermal averaged cross sections and study
the time evolution of Bc meson in hot hadron gas at LHC
using a schematic expanding fireball model with an initial Bc

abundance determined by perturbative QCD (pQCD) assum-
ing that all heavy flavor pairs are produced at the initial stage
through hard parton collisions.

The paper is organized as follows. In Sec. II, the interaction
Lagrangian terms that are relevant for the description of the
dissociation of Bc by π and ρ mesons, including anoma-
lous processes, are given. The analytical expressions of the
amplitudes of dissociation cross sections are also reported
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in this section. In Sec. III, we calculate the cross sections
with and without form factor and their thermal averaged
values. In Sec. IV, we study the time evolution of the Bc

meson abundance at LHC in a schematic model followed by
concluding remarks in Sec. V.

II. INTERACTION LAGRANGIAN AND AMPLITUDES
OF Bc MESON DISSOCIATION

A. Interaction Lagrangian

We consider the following reactions using an effective
Hadronic Lagrangian:

B+
c + π → D + B, B−

c + π → D̄ + B̄ B+
c + ρ → D + B, B−

c + ρ → D̄ + B̄,

B+
c + π → D∗ + B, B−

c + π → D̄∗ + B̄, B+
c + ρ → D∗ + B, B−

c + ρ → D̄∗ + B̄,

B+
c + π → D + B

∗
, B−

c + π → D̄ + B̄∗, B+
c + ρ → D + B∗, B−

c + ρ → D̄ + B̄∗,

B+
c + π → D∗ + B∗, B−

c + π → D̄∗ + B̄∗, B+
c + ρ → D∗ + B∗, B−

c + ρ → D̄∗ + B̄∗.

(1)

In each row the processes of the first two entries are charge conjugates, as are the last two entries. These charge conjugate
processes have the same cross sections. Each process in Eq. (1) is a generic form of the processes given by different charged
states of π , ρ, D, D∗, B, and B∗ mesons. For example, the process B+

c + π → D + B represents the following processes:

B+
c + π+ → D+ + B+, B+

c + π− → D0 + B0, B+
c + π0 → D+ + B0 B+

c + π0 → D0 + B+. (2)

For calculating the cross sections of the above reactions,
relevant interaction Lagrangian terms are required. The re-
quired terms for normal processes (for which the relevant
couplings are dimensionless) are obtained using the method
described in Refs. [23,24] and are given as follows.

PPV Couplings:

LπDD∗ = igπDD∗ D∗μ�τ · (D̄∂μ �π − ∂μD̄�π ) + Hc, (3a)

LπBB∗ = igπBB∗ B̄∗μ�τ · (B∂μ �π − ∂μB�π ) + Hc, (3b)

LBcBD∗ = igBcBD∗ D̄∗μ (B−
c ∂μB̄ − ∂μB−

c B̄) + Hc, (3c)

LBcB∗D = igBcB∗D B∗μ (B−
c ∂μD − ∂μB−

c D) + Hc, (3d)

LρDD = igρDD(D�τ∂μD̄ − ∂μD�τ D̄) · �ρμ, (3e)

LρBB = igρBB �ρμ · (B̄�τ∂μB − ∂μB̄�τB). (3f)

VVV Couplings:

LρD∗D∗ = igρD∗D∗ [�ρμ · (∂μD∗ν �τ D̄∗
ν − D∗ν �τ∂μD̄∗

ν )

+ D̄∗μ · (D∗ν �τ · ∂μ�τν − ∂μD∗ν �τ · �ρν )

+ D∗μ · (�τ · �τ ν∂μD̄∗
ν − �τ · ∂μ�ρνD̄∗

ν )], (4a)

LρB∗B∗ = igρB∗B∗ [�ρμ · (∂μB̄∗ν �τB∗
ν − B̄∗ν �τ∂μB∗

ν )

+ B∗μ · (B̄∗ν �τ · ∂μ�ρν − ∂μB̄∗ν �τ · �ρν )

+ B̄∗μ · (�τ · �ρν∂μB∗
ν − �τ · ∂μ�ρνB∗

ν )]. (4b)

PPVV Couplings:

LπBcD∗B∗ = −gπBcD∗B∗B+
c B̄∗μ�τ · �πD̄∗

μ + Hc, (5a)

LρBcD∗B = gρBcD∗B B+
c B̄�τ · �ρμD̄∗μ + Hc, (5b)

LρBcDB∗ = gρBcDB∗ B+
c B̄∗μ�τ · �ρμD̄ + Hc. (5c)

Where “Hc” represents the Hermitian conjugate of the
corresponding term. In addition to the above normal terms,
there are anomalous terms as well, which are required to give
a complete description of the hadronic processes. The required
interaction Lagrangian terms for the anomalous processes

(for which the relevant couplings are not dimensionless) are
obtained using the method described in Ref. [25] and are given
as follows.

PVV Couplings:

LπD∗D∗ = −g
πD∗D∗ ε

μναβ [(∂μD∗
ν )�τ · �π (∂αD̄∗

β )], (6a)

LπB∗B∗ = g
πB∗B∗ ε

μναβ[
(
∂αB̄∗

β

)
�τ · �π (∂μB∗ν )], (6b)

LBcD∗B∗ = g
BcD∗B∗ ε

μναβ[(∂μD∗
ν )(∂αB∗β )Bc

−

+ Bc
+(∂αB̄∗β )(∂μD̄∗ν )], (6c)

LρD∗D = −g
ρD∗D

εμναβ (D∂μρν∂αD̄∗
β + ∂μD∗

ν∂αρβD̄), (6d)

LρB∗B = −g
ρB∗B

εμναβ (B∂μρν∂αB̄∗
β + ∂μB∗

ν∂αρβ B̄). (6e)

PPPV Couplings:

LπBcD∗B = −ig
πBcD∗B

εμναβ[D∗
μ(∂νB−

c )(�τ · ∂α �π )(∂βB)

+ D̄∗
μ(�τ · ∂ν �π )(∂αB+

c )(∂β B̄)], (7a)

LπBcDB∗ = −ig
πBcDB∗ ε

μναβ[B∗
μ(∂νB−

c )(�τ · ∂α �π )(∂βD)

+ B̄∗
μ(∂νB+

c )(�τ · ∂α �π )(∂βD̄)], (7b)

LρBcBD = −ig
ρBcBDεμναβ [ρμ(∂νD)(∂αB)(∂βB−

c )

+ ρμ(∂νB)(∂αD̄)(∂βB+
c )]. (7c)

PVVV Couplings:

LρBcB∗D∗

= igρBcD∗B∗εμναβ [B∗
μρνD∗

α (∂βB−
c ) + D̄∗

μρν B̄∗
α (∂βB+

c )]

− ihρBcD∗B∗
[
B−

c (∂μD∗
ν )�τ · �ραB∗

β + B+
c (∂μB̄∗

ν )ραD̄∗
β

]
.

(8a)

In Eqs. (3)–(8) �τ represents Pauli spin matrices, and �π and
�ρ represent isospin triplets:

�π = (π1, π2, π3), �ρ = (ρ1, ρ2, ρ3).
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Also, π± = 1√
2
(π1 ∓ π2), π0 = π3, and likewise ρ± and ρ0

are defined. The vector and pseudoscalar charm and bottom
meson doublets are given as

D̄∗
μ = (

D̄∗0
μ , D∗−

μ

)T
, D̄ = (D̄0, D−)T , D = (D0, D+),

B∗
μ = (

B∗+
μ , B∗0

μ

)T
, B̄ = (B−, B̄0), B = (B+, B0)T .

In Eq. (1), for the case of π ; there is no anomalous contri-
bution to the process B+

c + π → D + B, the processes B+
c +

π → D∗ + B and B+
c + π → D + B

∗
appear after including

the anomalous couplings, and two additional diagrams are
added in the process B+

c + π → D∗ + B∗. For the case of
ρ; B+

c + ρ → D + B and B+
c + ρ → D∗ + B∗ are the new

processes appearing after including the anomalous couplings

and in case of processes B+
c + ρ → D∗ + B and B+

c + ρ →
D + B∗, anomalous couplings contribute one additional dia-
gram, respectively.

B. Amplitudes of dissociation cross sections

For calculating the cross sections of Bc dissociation by
π and ρ mesons, we use the effective Lagrangian given in
Eqs. (3)–(8). In this paper, we are only reporting the scattering
amplitudes of the anomalous processes and of additional
diagrams that are dependent on the anomalous couplings.
Dissociation amplitudes of other diagrams that depend only
on normal couplings are given in Refs. [23,24]. Diagrams of
the process B+

c + π → D∗ + B are shown in Fig. 1 (2a to 2c)
and corresponding amplitudes are

M2a = gπD∗D∗gBcBD∗ εμνασ pμ
3 (p3 − p1)β

−i

t − m2
D∗

(
gασ − (p1 − p3)α (p1 − p3)σ

m2
D∗

)
(−p2 − p4)νεβ

D∗ (p3), (9a)

M2b = gπBB∗gBcB∗D∗ εμνασ pμ
3 (p1 + p4)ν

−i

u − m2
B∗

(
gασ − (p1 − p4)α (p1 − p4)σ

m2
B∗

)
(p3 − p2)βε

β
D∗ (p3), (9b)

M2c = −igπBcBD∗ εμναβ pα
1 pμ

4 pν
2ε

β
D∗ (p3), (9c)

and the full amplitude is written as

M2 = M2a + M2b + M2c. (9d)

Diagrams of the process B+
c + π → D + B∗ are shown in Fig. 1 (3a to 3c) and corresponding amplitudes are

M3a = gπD∗DgBcB∗D∗ εμνασ pμ
4 (p4 − p2)β

−i

t − m2
D∗

(
gασ − (p1 − p3)α (p1 − p3)σ

m2
D∗

)
(p1 + p3)νεβ

B∗ (p4), (10a)

M3b = gπB∗B∗gBcB∗D εμνασ pμ
4 (p4 − p1)β

−i

u − m2
B∗

(
gασ − (p1 − p4)α (p1 − p4)σ

m2
D∗

)
(−p2 − p3)νεβ

B∗ (p4), (10b)

M3c = −igπBcDB∗ ε
μναβ

pα
2 pμ

3 pν
1ε

β
B∗ (p4), (10c)

and the full amplitude is written as

M3 = M3a + M3b + M3c. (10d)

Diagrams of the process B+
c + π → D∗ + B∗ are shown in Fig. 1 (4a to 4e). The amplitudes of diagram 4d and 4e which

depend on anomalous couplings are

M4d = gπD∗D∗gBcB∗D∗εσλαβεσλ
γ ζ pγ

4 (p3 − p1)μ
−i

t − m2
D∗

(
gαβ − (p1 − p3)α (p1 − p3)β

m2
D∗

)
pζ

3(p4 − p2)νε
μ
D∗ (p3)εν

B∗ (p4), (11a)

M4e = gπB∗B∗gBcD∗B∗εσλαβεσλ
γ ζ (p4 − p1)ν pγ

3

−i

u − m2
B∗

(
gαβ − (p1 − p4)α (p1 − p4)β

m2
B∗

)
(p3 − p2)μ pζ

4ε
μ
D∗ (p3)εν

B∗ (p4), (11b)

and the full amplitude is written as

M4 = M4a + M4b + M4c + M4d + M4e. (11c)

Now we report the amplitudes of the anomalous diagrams of Bc dissociation by ρ. Diagrams of the process B+
c + ρ → D + B

are shown in Fig. 2 (5a to 5c) and corresponding amplitudes are

M5a = gBcBD∗gρD∗Dεσναβ pν
1(−p2 − p4)σ

−i

t − m2
D∗

(
gαβ − (p1 − p3)α (p1 − p3)β

m2
D∗

)
(p3 − p1)μεμ

ρ (p1), (12a)

M5b = gρB∗BgBcB∗Dεσναβ pσ
1

−i

u − m2
B∗

(−p3 − p2)ν
(

gαβ − (p1 − p4)α (p1 − p4)β

m2
B∗

)
(p4 − p1)μεμ

ρ (p1), (12b)

M5c = −igρBcBDεμναβ pν
2 pα

3 pβ

4εμ
ρ (p1), (12c)
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FIG. 1. Feynman diagrams of Bc dissociation processes (1) B+
c + π → D + B, (2) B+

c + π → D∗ + B, (3) B+
c + π → D + B∗, and

(4) B+
c + π → D∗ + B∗. All diagrams of the processes (2) and (3) and (4d), (4e) diagrams of the process (4) are produced by anomalous

couplings.

and the full amplitude is given by

M5 = M5a + M5b + M5c. (12d)

Diagrams of the process B+
c + ρ → D∗ + B are shown in Fig. 2 (6a to 6d). The amplitude of the anomalous diagram 6d is given

as

M6d = gρB∗BgBcB∗D∗εδγ σλε
δγ

αβ pσ
1 pλ

4(p3 − p1)μ
−i

t − m2
B∗

(
gαβ − (p1 − p3)α (p1 − p3)β

m2
B∗

)
(p4 − p2)νε

μ
ρ (p1)εν

D∗ (p4), (13a)
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FIG. 2. Feynman diagrams of Bc dissociation processes (5) B+
c + ρ → D + B, (6) B+

c + ρ → D∗ + B, (7) B+
c + ρ → D + B∗, and

(8) B+
c + ρ → D∗ + B∗. All diagrams of the processes (5) and (8) and (6d), (7d) diagrams of the processes (6) and (7), respectively, are

produced by the anomalous couplings.

and the full amplitude is written as

M6 = M6a + M6b + M6c + M6d . (13b)

Diagrams of the process B+
c + ρ → D + B∗ are shown in Fig. 2 (7a to 7d). The amplitude of the anomalous diagram 7d is given

as

M7d = gρD∗DgBcB∗D∗εσλγ δε
γ δ

αβ pσ
1 pλ

4(p3 − p1)μ
−i

t − m2
D∗

(
gαβ − (p1 − p3)α (p1 − p3)β

m2
D∗

)
(p2 − p4)ν εμ

ρ (p1)εν
D∗ (p4). (14a)
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And the full amplitude is written as

M7 = M7a + M7b + M7c + M7d . (14b)

Diagrams of the process B+
c ρ → D∗ + B∗ are shown in Fig. 2 (8a to 8e) and corresponding amplitudes are

M8a = g
ρD∗D

g
BcB∗D

εμναβ pα
1 (p3 − p1)β

i

t − m2
D

(p4 − 2p2)λε
μ
ρ (p1)εν

D∗ (p3)ελ
B∗ (p4), (15a)

M8b = −g
ρBB∗ g

BcBD∗ εμλαβ pα
1 pβ

4

i

u − m2
B

(p3 − 2p2)νε
μ
ρ (p1)εν

D∗ (p3)ελ
B∗ (p4), (15b)

M8c = g
ρD∗D∗ g

BcB∗D∗ ε
σ
δαβ pδ

4
−i

t − m2
D∗

[(2p3 − p1)μgσν + (2p1 − p3)νgμσ + (−p3 − p1)σ gμν]

×
(

gαβ (p1 − p3)α (p1 − p3)β

m2
D∗

)
(p4 − p2)λε

μ
ρ (p1)εν

D∗ (p3)ελ
B∗ (p4), (15c)

M8d = g
ρB∗B∗ g

BcB∗D∗ ε
σ
δαβ pδ

3
−i

u − m2
B∗

[(−2p4 + p1)λgσμ + (p1 + p4)σ gμλ + (p4 − 2p1)μgσλ]

×
(

gαβ − (p1 − p4)α (p1 − p4)β

m2
B∗

)
(p2 − p3)ν × εμ

ρ (p1)εν
D∗ (p3)ελ

B∗ (p4), (15d)

M8e = (−igρBcB∗D∗εμνλβ pβ

2 + ihρBcB∗D∗εμνλβ pβ

4

)
εμ
ρ (p1)εν

D∗ (p3)ελ
B∗ (p4), (15e)

and the full amplitude is written as

M8 = M8a + M8b + M8c + M8d + M8e. (15f)

We define the four-momenta of the incoming particles by p1

and p2 and those of the final particles by p3 and p4, so that t =
(p1 − p3)2 and s = (p1 + p2)2. Here mD, mD∗ , mB, and mB∗

represent the masses of D, D∗, B, and B∗ mesons, respectively.
The polarization vector of a vector meson with momentum
pi is represented by εi(pi ). After averaging (summing) over
initial (final) spins and including isospin factor, we calculate
isospin averaged cross sections by using the total amplitudes
given in above equations. The isospin factor for calculating
these cross sections is 2 for all the processes.

III. Bc MESON DISSOCIATION CROSS SECTIONS

A. Numerical values of input parameters

Numerical values of all the meson masses are taken from
Particle Data Group [28]. Estimation of the coupling constants
of the effective Lagrangian is required for calculating the cross
sections. To fix the couplings for the normal processes, we
follow the methods of Refs. [12,29]; we refer to Ref. [12] for
details. In a similar way, we have determined the couplings
for the anomalous interactions, which are reported in this
paper, whereas normal couplings are given in Refs. [23,24].
The coupling gD∗D∗π , which has dimension GeV−1, is fixed by
applying the heavy quark spin symmetry. We follow Ref. [25]
in which this coupling is given as

gD∗D∗π = gD∗Dπ

〈mD〉 ≈ 9.08 GeV−1, (16)

where 〈mD〉 represents the average mass of D and D∗.
For gρD∗D couplings, we can apply the vector meson domi-

nance (VMD) model [12] to the radiative decay of D∗ into D,
i.e., D∗ → Dγ . We use the same method as in Ref. [25]; this

gives

gρD∗D= 2.82 GeV−1. (17)

The coupling constants gρB∗B, gBcB∗D∗ , gπB∗B∗ can be ap-
proximated in heavy quark mass limit, as in Ref. [30], by
gρBB/〈mB〉, gBcB∗D/〈mD〉, and gπB∗B/〈mB〉, respectively. Since
no experimental or phenomenological information is available
for the four-point vertices, we use SU(5) symmetry relations
to relate four-point couplings to the product of two three-
point couplings and assume that the symmetry breaking ef-
fects in the four-point coupling constants are included via
phenomenological values of the three-point couplings, as
argued in Ref. [12]. These symmetry relations are derived in
Refs. [23,24]. Here we report them along with the values of
two four-point couplings as follows:

gρBcD∗B∗ = hρBcD∗B∗ = 2gρD∗DgBcBD∗ ≈ 67 GeV−1. (18)

However, for gπBcB∗D, gπBcD∗B, and gρBcDB couplings, it is not
possible to write these couplings as a product of two three-
point coupling constants because they carry different dimen-
sions. Hence, in this case, we directly use SU(5) symmetry
relation assuming the symmetry breaking effects change Fπ

to FD as in Ref. [25], where Fπ and FD are pion and D meson
decay constants, respectively. Here we have used FD ≈ 2.3Fπ

as in Ref. [25]. This gives

gπBcDB∗ = gπBcD∗B = gρBcDB = 3gBcDB∗

6π2F 3
D

≈ 21.56 GeV−3.

(19)

The three-point coupling gBcDB∗ is given in Refs. [23,24]. We
summarize the values of the coupling constants and methods
for obtaining them in Table I.
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TABLE I. Coupling constants of anomalous interactions Bc with
π and ρ mesons.

Coupling constant Value Method of derivation

gπD∗D∗ 9.08 GeV−1 Heavy quark symmetry
gπB∗B∗ 2.34 GeV−1 Heavy quark symmetry
gBcB∗D∗ 6.134 GeV−1 Heavy quark symmetry
gπBcD∗B 21.56 GeV−3 SU(5) symmetry
gπBcDB∗ 21.56 GeV−3 SU(5) symmetry

gρD∗D 2.82 GeV−1 VMD
gρB∗B 2.58 GeV−1 Heavy quark symmetry
gρBcBD 21.56 GeV−3 SU (5) symmetry
gρBcD∗B∗ 67 GeV−1 SU (5) symmetry

B. Bc dissociation cross sections

In the effective hadronic Lagrangian, the hadrons represent
the fundamental degrees of freedom. This treatment needs to
be corrected by the inclusion of form factors as the hadrons
are not the fundamental particles and have finite sizes. The
resulting change in the transition amplitude of any diagram
can be accounted for by multiplying with the form fac-
tors of the interaction vertices involved in it. In this paper,
we have used the same monopole form factor as given in
Refs. [23,24,27] to be multiplied with three-point vertices of
all the processes:

f3 = �2

�2 + q2
. (20)

Here, � represents a cutoff parameter and q2 = (p1 − p3)2
cm

for t-channel diagrams and (p1 − p4)2
cm for u-channel di-

agrams. This form factor was also used to calculate the
cross sections of B+

c by π , ρ mesons and nucleons in
Refs. [22–24,27] and also in Refs. [12,13,31] to calculate
the hadronic cross sections of charmonium, bottomonium,
and η mesons. For four-point interaction vertices we use the
following form factor:

f4 =
(

�2

�2 + q2

)2

, (21)

where q2 = 1
2 [(p1 − p3)2 + (p1 − p4)2]cm. Generally, the

cutoff parameter may take different values for different ver-
tices. In some cases, cutoff parameters of the form factors
used within meson or baryon exchange models can be fitted
to experimental data of hadronic cross sections [32]. In the
absence of any experimental data, we may provide an estimate
on the basis of the size of the interacting hadrons. It is shown
in Ref. [23] that a variation of the cutoff parameter in the
range 1.2 to 1.8 GeV is consistent with the known sizes of
the interacting hadrons. As in the previous studies [23–25]
and also based on the results given in Ref. [33], we consider
the same cutoff parameters for all the processes and use two
values 1 and 2 GeV.

Figures 3(a)–3(d) show the cross sections for Bc dissoci-
ation with (dashed curves) and without (solid curves) form
factor for the processes (a) B+

c + π → D + B, (b) B+
c + π →

D∗ + B, (c) B+
c + π → D + B∗, and (d) B+

c + π → D∗ + B∗
as a function of total cm energy

√
s. Lower and upper

FIG. 3. Cross sections of Bc dissociation processes (a) B+
c π → DB, (b) B+

c π → D∗B, (c) B+
c π → DB∗, and (d) B+

c π → D∗B∗ with (dashed
curves) and without (solid curves) form factors.
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FIG. 4. Cross sections of Bc dissociation processes (a) B+
c ρ → DB, (b) B+

c ρ → D∗B, (c) B+
c ρ → DB∗, and (d) B+

c ρ → D∗B∗ with (dashed
curves) and without (solid curves) form factors.

dashed curves are with cutoff parameters � = 1 and 2 GeV,
respectively. It can be seen that including the form factors
substantially suppress the cross sections. However, the cross
sections remain rapidly increasing at the threshold for all four
processes, followed by a steady decrease. The process (a) is a
normal process that does not include any anomalous diagram.
The threshold energy of this process is 7.15 GeV. It can be
seen from Fig. 3(a) that the cross section of this process varies
from 0.02 to 2 mb near threshold depending on the value of
�. The same plot is also reported in our previous work [23]
without isospin averaging factor. For anomalous processes (b)
and (c), the cross sections are almost the same, each varying
from 0.05 to 1 mb near threshold depending on the values
of �, as shown in Figs. 3(b) and 3(c). For the process (d),
additional anomalous diagrams are included which are shown
in Fig. 1 as diagrams (4d) and (4e). Figure 3(d) shows that
the cross section of this process varies from 0.8 to 6 mb near
threshold depending on the value of �. This cross section is
also reported in our previous work [23] without including the
anomalous diagrams.

Figures 4(a)–4(d) show the cross sections for Bc disso-
ciation with (dashed) and without (solid) form factor for
the processes (a) B+

c + ρ → D + B, (b) B+
c + ρ → D∗ + B,

(c) B+
c + ρ → D + B∗, and (d) B+

c + ρ → D∗ + B∗, respec-
tively, as a function of the total cm energy

√
s. The cross sec-

tions with form factor are rapidly increasing at the threshold,
followed by a steady decrease. For the processes (a) and (b)
the cross sections vary in the range 0.2 to 0.4 mb and 2 to
3 mb, respectively, near threshold, whereas for (c) it almost

remains 1.5 mb near threshold irrespective of the value of �.
For the process (d), cross section varies in the range 0.8 to 1.2
mb near threshold depending on the value of �. It is noted
that both (a) and (d) are anomalous processes, whereas for
(b) and (c) additional diagrams are introduced by anomalous
interactions. Previously in Ref. [24] we have studied (b) and
(c) processes without including the anomalous diagrams.

C. Thermal averaged cross sections

The following formula is used to calculate the thermal
averaged cross sections [31]:

〈συ〉 = [
4α2

1K2(α1)α2
2K2(α2)

]−1 ×
∫ ∞

z0

dz[z2 − (α1 + α2)2

× [z2 − (α1 − α2)2]K1(z)σ (s = z2T 2), (22)

with αi = mi/T, z0 = max(α1 + α2, α3 + α4), K1 and K2 are
the modified Bessel functions of second kind of order 1 and
2, respectively, υ is the relative velocity of initial particles,
and T is the temperature of the hadronic matter. We have
calculated the thermal averaged cross sections of Bc mesons
with form factors as a function of temperature T . Figure
5 shows the temperature dependence of thermal averaged
cross sections for all four processes of Bc dissociation by π .
The range of the temperature is taken from 0.1 to 0.3 GeV.
To highlight the contribution of anomalous diagrams which
contribute in the process (d) B+

c π → D∗B∗, we plot the cross
sections in Fig. 5(d) with (solid curve) and without (dashed
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FIG. 5. Thermal averaged cross sections of Bc dissociation processes (a) B+
c π → DB, (b) B+

c π → D∗B, (c) B+
c π → DB∗, and

(d) B+
c π → D∗B∗ as a function of temperature. Solid and dashed curves represent cross sections with and without anomalous contribution,

respectively.

curve) anomalous diagrams. For � = 1 GeV, the average
decrease in cross section due to anomalous interactions is
about 25%, whereas for � = 2 GeV it is less than 0.1%. In
Fig. 6 thermal averaged cross sections with form factor, of
Bc meson dissociation by ρ mesons are given. The figure
shows that the contribution of the process (b) B+

c + ρ →
D∗ + B is highest. In Figs. 6(b) and 6(c) we highlight the
contribution of anomalous diagrams by showing the plots of
cross sections with (solid curves) and without (dashed curved)
anomalous diagrams. Figure 6(b) shows that anomalous cou-

plings substantially suppress the cross section of the process
(b), whereas for the process (c) the change is relatively small
as shown in Fig. 6(c). In Fig. 6(c), the average decrease
in cross section due to anomalous couplings is about 40%
for � = 1 GeV, whereas for � = 2 GeV, it is increased by
2%. It is also noted that in Fig. 6(b) anomalous couplings
change the slop of the cross section curve for � = 2 GeV.
Thermal averaged cross sections reported here are used to
study yield of Bc mesons in the hadronic matter in the next
section.
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FIG. 6. Thermal averaged cross sections of Bc dissociation processes (a) B+
c ρ → DB, (b) B+

c ρ → D∗B, (c) B+
c ρ → DB∗, and

(d) B+
c ρ → D∗B∗ as a function of temperature. Solid and dashed curves represent cross sections with and without anomalous contribution,

respectively.

IV. DISSOCIATION RATE OF Bc AT LHC

Now we examine the effect of interactions of Bc meson
with the comovers on its production rate in the hot hadronic
matter. The time evolution of Bc abundance is studied at LHC
energy using a schematic expanding fireball model with initial
abundance determined by the cross sections calculated using
a complete pQCD approach.

A. Time evolution of Bc Mesons

Time evolution of Bc meson density in the hot hadronic
matter can be studied by the rate equation

∂μ(nBc u
μ) = �, (23)

where � is composed of the source (the processes in which Bc

mesons are created) and/or the sink (the processes in which
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Bc mesons are dissociated) terms, uμ = γ (1, v) is the four
velocity and is specified in terms of fluid velocity (v) of the
hadronic matter and Lorentz factor γ [31], and nBc is the
density of Bc mesons.

The source term in �, represented by �1, is given as

�1 =
∑
a,b,c

〈σbc→Bcavbc〉nbnc, (24)

and the sink term in �, represented by �2, is given by

�2 =
∑
a,b,c

〈σBca→bcvBca〉nBc na. (25)

Here a = π, ρ; b = B, B∗; and c = D, D∗, and na, nBc , nb,
and nc represent the densities of a, Bc, b, and c mesons,
respectively. Thus, � can be expressed as

� =
∑
a,b,c

〈σbc→Bcavbc〉nbnc −
∑
a,b,c

〈σBca→bcvBca〉nBc na, (26)

where 〈σaBc→bcvBca〉 and 〈σbc→Bcavbc〉 represent thermal av-
eraged cross sections of Bc dissociation with the comoving
particle a and production of Bc through corresponding reverse
process, respectively. We assume for the sake of simplicity
that the comovers almost remain in chemical equilibrium
throughout the course of their interaction with Bc mesons,
so that the densities of a, b, and c particles (except Bc) are
assumed to take their equilibrium values:

na,b,c ≈ neq
a,b,c. (27)

In chemical equilibrium, the principle of detailed balance
holds and hence the production rate of Bc mesons is equal to
its rate of dissociation:

〈σBca→bcvBca〉neq
Bc

neq
a = 〈σbc→Bcavbc〉neq

b neq
c , (28)

The equilibrium density neq [34] of a hadron is given as

neq = dm2T

2π2
K2(m/T ), (29)

where K2 is the modified Bessel function of the second kind
and second order, m is the mass of the hadron, and d = (2S +
1)(2I + 1) is its degeneracy factor due to spin S and isospin I .
Using Eqs. (24)–(28) in Eq. (23), we get

∂μ(nBc u
μ) =

∑
a,b,c

〈σBca→bcvBca〉
(
neq

Bc
− nBc

)
neq

a . (30)

To determine the time evolution of the transverse radius of the
fireball, we use the hydrodynamic model as in Ref. [31]. In
LHC the particles are distributed almost uniformly in the cen-
tral rapidity region. We use cylindrical coordinates (τ, η, r, φ)
due to cylindrically symmetric geometry of collision. Here
τ , η, r, and φ represent longitudinal proper time, space-time
rapidity, transverse radius, and polar angle, respectively. The
proper time τ and rapidity are defined as

τ = (t2 − z2)
1
2 , η = 1

2
ln

t + z

t − z
. (31)

The density nBc (τ, η, r, φ) remains constant in φ − r plane
due to cylindrical symmetry. The assumption of radial trans-
verse expansion implies that uφ = uη = 0 [31]. Further as-

suming that in the transverse plane density is uniform. Ap-
plying these assumptions and averaging over the radial coor-
dinate [35,36], we get

1

τR2(τ )

∂

∂τ
[τR2(τ )nBc

〈uτ 〉]

=
∑
a;b;c

〈σBca→bcvBca〉(neq
Bc

− nBc )neq
a . (32)

Here R(τ ) is the transverse radius of the fireball [31], and 〈uτ 〉
represents the averaged τ component of four-velocity vector
which is expressed as

〈uτ 〉 = 2

R2(τ )

∫ R(τ )

0
drruτ (r). (33)

The expression of uτ in terms of βr (radial flow velocity of
the hadronic matter) can be written as

uτ (t ) = 1√
1 − β2

r

, (34)

where βr is taken

βr (τ, r) = dR

dτ

( r

R

)a
. (35)

Here a is a constant and its value is taken to be 1 as in
Refs. [31,34]. 〈uτ 〉 of Eq. (33) can now be written as

〈uτ (t )〉 =
∫ 1

0
dy

1√
1 − (dR/dτ )2y

. (36)

We use the following ansatz to describe the time evolution of
the transverse radius of the fireball:

R(τ ) = RH + vH (τ − τH ) + aH

2
(τ − τH )2, (37)

where RH and vH represent transverse radius and transverse
flow velocity of fireball, respectively, at hadronization, while
aH = 0.02 fm−1, taken from Ref. [31], is the traverse acceler-
ation of expansion. This implies that 〈uτ 〉 is given by

〈uτ (t )〉 = 2

1 +
√

1 − (aH (τ − τH ) + vH )2
. (38)

To solve the evolution Eq. (32), we require time variation of
temperature, which can be obtained by applying the condition
of entropy conservation as follows:

τR2(τ )〈uτ (t )〉s(T ) = τ0R2(τ0)〈uτ (t0)〉s(T0), (39)

where s(T ) is the entropy density which is given by

s(T ) =
∑

i

di

2π2
m3

i K3(mi/T ), (40)

with i = π, K, ρ, ω, K∗ and di is the degeneracy factor. We
take hadronization temperature TH = 0.17 GeV. The freeze-
out temperature TF ≈ 0.1 GeV and averaged transverse flow
velocity � 0.65 at kinetic freeze-out are obtained from the
fit of low pT spectra of light hadrons at

√
sNN = 2.76 with

hydrodynamics-inspired blast-wave models in Ref. [37]. We
use the extracted value of the fireball volume ∼5000 fm3 [38]
at freeze-out in Pb+Pb collisions at

√
sNN = 2.76 TeV for

5% most central events. The freeze-out time τF = 10 fm/c is
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(a) Λ = 1 GeV, sNN = 2.76 TeV
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FIG. 7. Time evolution of Bc meson abundance (normalized to initial value) at
√

sNN = 2.76 TeV, with (solid curves) and without
anomalous (dashed curves) contributions, from hadronization time τH = 2 fm/c to freeze-out time τF = 10 fm/c. For the left panel cutoff
parameter � = 1 GeV and for the right panel � = 2 GeV.

obtained from the study of two-pion Bose-Einstein correla-
tions in LHC at

√
sNN = 2.76 [39]. All these values are used

in Eqs. (37)–(40) to find fitted values of RH ≈ 8 fm, τH ≈
2 fm/c, and vH ≈ 0.5. At present the measurements of fireball
parameters are not available at

√
sNN = 5.05 TeV. So we use

the extrapolated values; 0.68 for transverse flow velocity and
5800 fm3 for fireball volume at kinetic freeze-out temperature
TF = 0.1 GeV and time τF = 11 fm/c using the results given
in Ref. [40]. A fit of these values produces τH ≈ 2.5, whereas
RH and vH virtually remain the same.

Finally, we require the abundance of Bc meson at
hadronization time to solve the rate Eq. (32). Since the temper-
ature of the fireball is small as compared to masses of cc̄ and
bb̄, therefore, it is unlikely that Bc is produced at thermal stage
of the process. We assume that all heavy flavor quark pairs
are produced at the initial stage through hard parton collisions
and their numbers remain approximately unchanged during
time evolution of the fireball. Thus, averaged hard scattering
yield of Bc mesons at given centrality class is estimated by the
following formula:

NBc = σpp→Bc

σ
(inel)
pp

NcollRcut, (41)

where total inelastic cross section in pp collision σ (inel)
pp ≈ 60

and 72 mb for LHC at
√

sNN = 2.76 and 5.05 TeV, respec-
tively, Ncoll = 1876 is the number of primordial pp collisions
for 5% most centered events, estimated using Glauber model
[41]. The inclusive Bc production cross section σpp→Bc is
taken to be 53 and 97 nb at

√
sNN = 2.76 and 5.05 TeV,

respectively. These values include the contribution of 13S1,
2S, and 1P Bc states that are below BD threshold, and hence
cascade to Bc ground state with 100% BR. The value at

√
sNN = 5.05 TeV is calculated in Ref. [42] using complete

pQCD approach. The details of these calculations and com-
parison to other methods are given in Ref. [43]. However, the
Ref. [42] reports the cross sections for 11S0 and 13S1 states
only. The production cross sections of 21S0 and 23S1 states
are obtained by multiplying the corresponding values of 1S
states with the factor |R2S (0)/R1S (0)|2 � 0.6 [44], whereas
the cross section of 1P states is taken 50% of Bc ground state
as found in Ref. [45] using pQCD approach. The value at√

sNN = 2.76 TeV is obtained by extrapolation of logarithmic
fit of the values at

√
sNN = 5.05, 8.12, and 13 TeV given in

Ref. [42]. The factor Rcut represents the fraction of Bc mesons
produced within given rapidity y and pT cut. We take Rcut =
0.48 for |y| < 2 and pT > 5 GeV [42]. With these inputs we
find that NBc ≈ 7.9 × 10−4 and 1.2 × 10−3 at

√
sNN = 2.76

and 5.05 TeV, respectively, for 0 to 5% centrality class.
By using thermal averaged cross sections given in the

previous section and solving Eq. (32) numerically with initial
abundance N0 = NBc , the time dependence of Bc meson yield
in hadronic matter at LHC is calculated for � = 1 and 2
GeV. The resultant time-dependent yield for

√
sNN = 2.76

TeV normalized to initial value (at τ = τH ) is plotted in Fig.
7 using cross sections with (solid curves) and without (dashed
curves) anomalous interaction. We take � = 1 and 2 GeV for
Figs. 7(a) and 7(b), respectively. Figure 7 shows that the
normalized yield of Bc mesons slowly decreases with time
in the hadronic matter. Total decrease with anomalous con-
tribution is 8% and 12.5% for � = 1 and 2 GeV, respectively,
and without anomalous contribution it is 11.5% and 27.5%,
respectively, for

√
sNN = 2.76 TeV. So the anomalous con-

tribution significantly decreases the suppression of Bc meson
due to the comover effect for � = 2 GeV. In Fig. 8 we show
the plots of time variation of normalized yield at

√
sNN =

064906-12



INTERACTIONS OF BC MESONS IN RELATIVISTIC … PHYSICAL REVIEW C 100, 064906 (2019)

FIG. 8. Same as decribed in the caption of Fig. 7, except
√

sNN = 5.05 TeV, hadronization time τH = 2.5 fm/c, and freeze-out time
τF = 11 fm/c.

5.05 TeV. Total decrease with anomalous contribution is 9%
and 14% for � = 1 and 2 GeV, respectively, and without
anomalous contribution, it is 13% and 30%, respectively. So
we find that normalized Bc yield is somewhat more suppressed
at higher value of center of mass energy in Pb-Pb collisions.

V. CONCLUDING REMARKS

A knowledge of Bc dissociation cross sections by the
comovers (in this paper by π and ρ mesons) is essential
to extract information on properties of QGP at LHC. In
this paper, we have calculated cross sections for Bc meson
dissociation by π and ρ mesons using the meson exchange
model including anomalous couplings like PVV, PPPV, and
VVVP. Previously, we have studied these processes without
including these couplings. We find that anomalous couplings
significantly reduce the cross section of the dominant process

B+
c + ρ → D∗ + B both for � = 1 and 2 GeV as shown in

Fig. 6. To study the effect of Bc meson interactions with
comovers in hot hadronic gas, we solve the kinetic equation
for the heavy-ion collision dynamics at LHC. The plots show
that the total suppression caused by the interactions of Bc

mesons with comovers is about 10%. This result shows that
although the effect of interaction with comovers is small but
it is not negligible. We also find that normalize yield of Bc

meson is not much affected by the value of the center of mass
energy in Pb-Pb collisions.
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