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Abstract. Due to the extreme large magnetic field produced in the initial stage
of non-central heavy-ion collision, the dynamical process of gluon decay into
heavy quark pair will take place under an external field rather than in vacuum.
Unlike in the vacuum case, where the process is forbidden by energy momen-
tum conservation, under the external field, a process emerges considering the
background energy which recovers the conservation. We calculate the gluon
decay rate at leading order under a uniform magnetic field.

It is widely accepted that the strongest electromagnetic field in nature is generated
in high energy nuclear collisions [1–4]. The maximum of the magnetic field can reach
5m2

π ∼ 0.1 GeV2 in Au+Au collisions at top RHIC energy and almost 70m2
π ∼ 1 GeV2 in

Pb+Pb collisions at LHC energy [3, 4], where mπ is the pion mass. The strong magnetic field
will cause many novel phenomena like chiral magnetic effect(CME) [1], photoproduction of
dileptons and quarkonia in peripheral and ultra-peripheral collisions [5], splitting of D0 and
D̄0 directed flows [6], and spin-polarized difference between Λ and Λ̄ [7].

In our previous study [8], we calculate the heavy quark production with the elementary
process gg → QQ̄ under the extreme strong magnetic field and show the analytical results
with the Lowest Landau Level approximation (LLL). Because of the dimension reduction in
phase space, the cross section of this process has a divergence around the incoming energy
threshold. Then the heavy quark pair production in nucleus-nucleus collisions will be ex-
tremely enhanced at low transverse momentum and suppressed at high transverse momentum.
The existence of external magnetic field breaks the rotational invariance and only the momen-
tum along the magnetic field is conserved [8]. The production process becomes anisotropic
and strongly dependent on the direction of motion.

To verify the validity of this LLL approximation, we put our calculation a step forward,
extending to the next Landau level. From the result, we could conclude that if the partons
mainly distributed in the small x region and the heavy quark produced at low pT region with
external magnetic field ∼ 10GeV2 then the process could be well described at LLL. In the
calculation, we found that the cross section of such an elementary process will encounter a
divergence for u− and t− channel if we set the final quarks up to n = 1 state. The inducement
of this divergence is not from the threshold of the initial energy but the on−shell of the internal
quark, which means the Feynman diagram could be cut, and the sub-process is just the decay
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of the on shell gluon to quark anti-quark pair. In vacuum, the elementary process like Fig. 1 is
forbidden due to the energy-momentum conservation because the massless gluon has no rest
mass. However, with the background field, this process will no longer be forbidden any more
because the strong magnetic field could compensate the energy. This process has been widely
studied in the astro physics when they consider the QED processes on a magnetars [12–14].
In heavy-ion collision, when considering the pre equilibrium stage with magnetic field, the
gluon decay has barely contributed to the quark statistics. In this proceeding paper, we wi,ll
calculate and discuss the process g→ QQ̄ under LLL.

Figure 1. Elementary process of the gluon decay into quark anti-quark pair.

The Feynman rules associated with quarks are controlled by Dirac equation[
iγµ
(
∂µ + iqAµ

)
− m
]
ψ = 0, (1)

where m is the quark mass, q the quark electric charge, and Aµ the electromagnetic potential.
We consider an external magnetic field B in the direction of z-axis and choose the Landau
gauge with A0 = 0 and A = Bxey. In this case, the momentum along the x-axis is not
conserved. Taking into account the Landau energy levels for a fermion moving in an external
magnetic field, the stationary solution of the Dirac spinor can be written as

ψ−n,σ(x, p) = e−ip·xun,σ(x, p), ψ+n,σ(x, p) = eip·xvn,σ(x, p) (2)

where the quantum number n is Landau level, and the four-momentum is defined as pµ =
(ϵ, 0, py, pz) with py = aqB controlled by the center of gyration a.

With the stationary solution of fermion field above, we could obtain the S-matrix of the
decay process g→ qq̄ as

S f i = −ig
∫

d4xψ̄(σ−)
− (x)pz−,0,a−γµtcAµ

c (x)ψ(σ+)
+ (x)pz+,0,a+ (3)

when we proceed our calculation under LLL, we could obtain

S f i = tc g

2
√

2ωL7/2
e−

i
4ω sin θ[4a− cos ϕ+λ2

Bω sin θ(−i+sin(2ϕ))]

× ϵz
pz−(−pz− + ω cos θ) + (m + E−)(m + E+)

√
m(m + E−)

√
m(m + E+)

(2π)3δ3
f i(E, py, pz) (4)

where ωk̂ = ω(1, sin θ cos ϕ, sin θ sin ϕ, cos θ) is the momentum of the initial gluon and ϵz is
the z-component of its polarization vector.

The two independent polarization modes of gluon is O mode and E mode, with ϵO =
(− cos θ cos ϕ,− cos θ sin ϕ, sin θ) and ϵE = (sin ϕ,− cos ϕ, 0). Since the S-matrix is propor-
tional to ϵz, only O-mode remains. If here we set θ = π/2, then ϵz = 1 and pz+ = −pz−, E+ =



E− = E, we could obtain a simplified formulation

S f i = tc gm

E
√

2ωL7/2
e−

1
4 λ

2
Bω

2+iΦ(2π)3δ3
f i(E, py, pz) (5)

whereΦ is a phase term which will not contribute to the decay rate. And this S-matrix has the
exact the same formula with [13, 14] except the color factor. The decay rate of the process
g→ QQ̄ with θ = π/2

Γ = g2
∑

c

1
T

∫
L

dpz+

2π

∫
L

dpz−

2π
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L

da+
2πλ2

B

∫
L

da−
2πλ2

B

|S f i|
2

= g2 4q2m2

12πE2ωλ2
B

e−λ
2
Bω

2/2
∫

da−
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2/2 (6)
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Figure 2. (Left)The decay rate of g → QQ̄ with final quark mass m = 1.5GeV and θ = π/2 changes
with initial gluon energy. (Right)–Starting form Eq.(4). The decay rate changes with polarization angle
at eB = 1 GeV2 and different lines represent ω = 3.1 GeV(Red), 3.5 GeV(Blue) and 6.0 GeV(Green)
respectively. Dashed lines are the thresholds of angle window determined by the energy conservation
condition.

From Fig.2, we could see that the decay rate decreasing with incoming energy has the
same property with the scattering cross section gg → QQ̄, which has a threshold depending
on the rest mass of final fermions and increasing with magnetic field. The difference appears
when considering the polarization angle dependence. The energy conservation condition√

p2
z+ + m2 +

√
p2

z− + m2 = ω is satisfied only with polarization angle is around π/2 which
means the gluon is moving perpendicular to the magnetic field especially when the gluon
energy approaches threshold. And when the energy grows, the angle window becomes larger
and along with the exponential decrease of the magnitude of decay width. On the contrary,
when the incoming gluon is moving along the magnetic field, it is obvious to see that the
energy conservation is violated and this process is forbidden.

In summary, we derived the gluon decay rate under the external magnetic field in the
strong field limit. This process is barely considered in the initial stage quark production since
the magnetic field is believed to decay at a very fast speed when the system enters the QGP
phase. From the result, we could conclude that the decay rate of gluon increases with the
magnitude of magnetic field which means a stronger magnetic field can induce a faster decay



of the gluon even if the gluon has no interaction with magnetic field. As our previous work
mentioned, the LLL is more suitable for a lighter quark, and we believed that the light quark
production will also be affected by this process.
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