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The formation of the QCD vacuum with nonzero winding number Qw during relativistic heavy-ion collisions
breaks the parity and charge-parity symmetry. A new kind of field configuration can separate charge in the
presence of a background magnetic field—the “chiral magnetic effect.” The strong magnetic field and the QCD
vacuum can both completely be produced in the noncentral nuclear-nuclear collision. Based on the theory of
Kharzeev, McLerran, and Warringa, we use the Wood-Saxon nucleon distribution to replace that of the uniform
distribution to improve the magnetic field calculation method of the noncentral collision. The chiral magnetic field
distribution at Large Hadron Collider (LHC) energy regions are predicted. We also calculate the contributions to
the magnetic field of the total charge given by produced quarks.
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I. INTRODUCTION

When two heavy ions collide with a nonzero impact
parameter, a magnetic (electromagnetic) field of enormous
magnitude is created in the direction of angular momentum
of the collision [1–3]. If a nonzero chirality is present in such
a situation, an electromagnetic current will be induced in the
direction of the magnetic field. This is the so-called chiral
magnetic effect [4–6].

One of the most exciting signals of the deconfinement and
the chiral phase transitions in heavy-ion collisions, the chiral
magnetic effect [7–12], predicts the preferential emission of
charged particles along the direction of angular momentum in
the case of noncentral heavy-ion collisions due to the presence
of nonzero chirality. As it was stressed in Refs. [1–3], both the
deconfinement and the chiral phase transitions are essential
requirements for the chiral magnetic effect to take place.

In a heavy-ion collision this current leads to an excess of
positive charge on one side of the reaction plane (the plane
in which the beam axis and the impact parameter lies) and
negative charge on the other; the resulting charge asymmetry
is also modulated by the radial flow and the transport properties
of the medium. This charge asymmetry can be investigated ex-
perimentally [13–17] using the observable proposed [18–21].

In recent years, Kharzeev, McLerran, and Warringa (KMW)
presented new evidence of a charge-parity (CP) violation in
relativistic heavy-ion collisions caused by the nonzero Qw

gauge field configurations [1,2]. KMW proposed that this kind
of configuration can separate charge, which means the right-
and left-hand quarks created during the collisions will move
oppositely with respect to the reaction plane in the presence
of a background magnetic field. Also, high-energy physics
experiments have obtained a series of results to support the
chiral magnetic effect.

KMW [1] presented a novel mechanism for charge sep-
aration. The topological charge changing transitions provide
the parity (P) and CP violations necessary for charge sep-
aration. The variance of the net topological charge change

is proportional to the total number of topological charge
changing transitions. Hence, if sufficiently hot matter is created
in heavy-ion collisions so that topological charge transitions
can take place, we expect on average in each event a finite
amount of topological charge change.

Charge separation needs a symmetry axis along which
the separation can take place. The only symmetry axis in a
heavy-ion collision is angular momentum, which points in
the direction perpendicular to the reaction plane. In central
collisions there is no symmetry axis, so in that case charge
separation should vanish. The strong magnetic field and
the QCD vacuum can both completely be produced in the
noncentral nuclear-nuclear collision. Based on the theory of
KMW, we use the Wood-Saxon nucleon distribution to replace
that of the uniform distribution to improve the magnetic field
calculation method of the noncentral collision. The chiral
magnetic field distribution at Large Hadron Collider (LHC)
energy regions are predicted in this paper.

The paper is organized as follows. The modified calculation
of chiral magnetic field and the comparison of our results with
that given by KMW are described in Sec. II, along with the
predicted results of the LHC energy region. The produced
particle contribution to the magnetic field is considered in
Sec. III. A summary is given in Sec. IV.

II. THE MODIFIED CALCULATION OF CHIRAL
MAGNETIC FIELD

The situation with the experimental search for the local
strong parity violation drastically changed once it was noticed
[1–6] that in noncentral nuclear collisions it would lead
to asymmetry in the emission of positively and negatively
charged particles perpendicular to the reaction plane. Such
a charge separation is a consequence of the difference in
the number of quarks with positive and negative helicities
positioned in the strong magnetic field of a noncentral nuclear
collision, the so-called chiral magnetic effect (CME).
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FIG. 1. The magnetic field around a moving charged particle.

We begin with a charged particle moving along the direction
of the z axis as shown in Fig. 1. The magnetic field around it
can be given by

�B = 1

c2
�v × �E. (1)

If the movement is relativistic, at the time t = 0, the charge is
the origin of the coordinates. The magnitude of the magnetic
field �B is given by

B = 1

4πε0c2

qv(1 − β2) sin θ

r2(1 − β2 sin θ )3/2
. (2)

Now we consider a particle with charge Z and rapidity Y
traveling along the z axis. At t = 0 the particle can be found
at position �x ′

⊥; the magnetic field at the position �x = (�x⊥, z)
caused by the particle is given by

e �B(�x) = ZαEM sinh Y

× (�x ′
⊥ − �x⊥) × �ez

[(�x ′
⊥ − �x⊥)2 + (t sinh Y − z cosh Y )2]3/2

. (3)

Now we suppose two similar nuclei with charge Z and
radius R are traveling in positive and negative z directions
with rapidity Y0. At t = 0 they have a noncentral collision with
impact parameter b at the origin point. We take the centers of
the two nuclei at x = ±b/2 at time t = 0 so that the direction
of b lies along the x axis (see Fig. 2).

As the nuclei are nearly traveling with the speed of
light in typical heavy-ion collision experiments, the Lorentz
contraction factor γ is so large that we can consider the two
included nuclei as pancake shaped. As a result, the nucleon’s
number density of each nuclei at �x ′ = (�x ′

⊥, z) can be given by

ρs±(�x ′
⊥) = 2

4/3πR3

√
R2 − (�x ′

⊥ ± �b/2)2. (4)

As a result, it seems that the nucleon distribution on average
in a nucleus is an approximate result before considering the
Lorentz contraction. In Ref. [1], the KMW model used the
uniform nuclear distribution as the nuclear distribution. But for
a real situation, the nucleon distribution is not strictly uniform.
It seems more reasonable to use the Wood-Saxon distribution

FIG. 2. Cross-sectional view of a noncentral heavy-ion collision
along the z axis. The two nuclei have radii R, move in opposite
directions, and collide with impact parameter b. The plane y = 0 is
called the reaction plane. The angle φ is an azimuthal angle with
respect to the reaction plane. The region in which the two nuclei
overlap contains the participants; the regions in which they do not
overlap contain the spectators.

to replace the uniform distribution. We use the Wood-Saxon
distribution in this paper,

nA(r) = n0

1 + exp
(

r−R
d

) , (5)

where n0 = 0.17 fm−3, d = 0.54 fm, and the radius R =
1.12 A1/3 fm. Considering the Lorentz contraction, the density
in the two-dimensional plane can be given by

ρ±(�x ′
⊥) = N

∫ R

−R
dz′ n0

1 + exp
(√

(x ′∓b/2)2+y ′2+z′2−R
d

) , (6)

where N is the normalization constant. The number densities
should be normalized as∫

d �x ′
⊥ρ±(�x ′

⊥) = 1. (7)

We now estimate the strength of the magnetic field at
position �x = (�x⊥, z) caused by the two traveling nuclei. We are
only interested in the time t > 0, i.e., just after the collision.
Then we can split the contribution of particles to the magnetic
field in the following way:

�B = �B+
s + �B−

s + �B+
p + �B−

p , (8)

where �B±
s and �B±

p are the contributions of the spectators and
the participants moving in the positive or negative z direction,
respectively. For spectators, we assume that they do not scatter
at all and that they keep traveling with the beam rapidity Y0.
According to Eq. (3), we use the density above and find

e �B±
s (τ, η, �x⊥)

= ±ZαEM sinh(Y0 ∓ η)
∫

d2 �x ′
⊥ρ±(�x ′

⊥)

× [1 − θ∓(�x ′
⊥)]

(�x ′
⊥ − �x⊥) × �ez

[(�x ′
⊥ − �x⊥)2 + τ 2 sinh(Y0 ∓ η)2]3/2

,

(9)
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where τ = (t2 − z2)1/2 is the proper time, η = 1
2 ln[(t + z)/

(t − z)] is the space-time rapidity, and

θ∓(�x ′
⊥) = θ [R2 − (�x ′

⊥ ± �b/2)2]. (10)

Here, we would like to neglect the contribution of the
production particles created by the interactions approximately
and so we just need to take into account the contribution of
the participants that were originally there. The distribution
of participants that remain traveling along the beam axis is
given by

f (Y ) = a

2 sinh(aY0)
eaY , −Y0 � Y � Y0. (11)

Experimental data show that a ≈ 1/2, consistent with the
baryon junction stopping mechanism. The contribution of the
participants to the magnetic field can be also given by

e �B±
p (τ, η, �x⊥)

= ±ZαEM

∫
d2 �x ′

⊥

∫
dYf (Y ) sinh(Y ∓ η)

× ρ±(�x ′
⊥)θ∓(�x ′

⊥)
(�x ′

⊥ − �x⊥) × �ez

[(�x ′
⊥ − �x⊥)2 + τ 2 sinh(Y ∓ η)2]

3
2

.

(12)

We calculate the magnetite of the magnetic field at the origin
(η = 0, �x⊥ = 0), in which case it is pointing in the y direction.
We took a Au-Au collision with different beam rapidities and
different impact parameters.

Figure 3 shows the dependence of the magnetic field on
the proper time for a Au-Au collision with b = 8 fm at

√
s =

64 GeV. The solid line denotes our calculation results using the
Wood-Saxon nuclear distribution, and the dashed line denotes
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FIG. 3. The dependence of the magnetic field on proper time for
Au-Au collisions with

√
s = 64 GeV and b = 8 fm. The solid line

denotes our calculation results by using the Wood-Saxon nuclear
distribution, the dashed line denotes the KMW results by using the
uniform nuclear distribution, and the dash-dotted line denotes the
difference between our model and KMW’s model.
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FIG. 4. The same as Fig. 3 but for
√

s = 200 GeV.

the KMW results using the uniform nuclear distribution. The
dash-dotted line is the difference between our model and
KMW’s model. From Fig. 3 we know that the magnetic fields
can indeed be created in noncentral heavy-ion collisions and
it is this field that makes it possible to separate the right-
and left-hand quarks. Figures 3 and 4 also show that the size
of the field is quite large, especially just after the collision,
and decreases rapidly over time, and the magnitude of the
magnetic field using the Wood-Saxon nuclear distribution is
slightly bigger that that using the uniform distribution. Figure
4 shows the dependence of the magnetic field on proper time
for a Au-Au collision with b = 8 fm and

√
s = 200 GeV. The

same situation is also shown in Fig. 3.
Figure 5 shows the dependencies of the magnetic field on

proper time for Au-Au collisions at different collision energies√
s = 64 GeV [Fig. 5(a)] and

√
s = 200 GeV [Fig. 5(b)],

respectively. Figure 5(a) shows us that the magnetic field is
slightly large for large impact parameter b when τ � 1.2 fm
at

√
s = 64 GeV, and τ ∼ 1.2 fm is a cross point. But when

τ > 1.2 fm, the magnetic field is relatively larger for small
impact parameter b than it is for the large impact parameter.
Figure 5(b) shows that when the energy of the center-of-
mass central system increases from

√
s = 64 GeV to

√
s =

200 GeV, the magnetic fields are nearly unchanged when
τ � 0.3 fm, and τ ∼ 0.3 fm is a cross point. The magnitude
of the cross point at

√
s = 200 GeV is far less than that

at
√

s = 64 GeV. When τ > 0.3 fm, the magnetic field is
relatively large for small impact parameter b.

Figure 6 shows the dependencies of the magnetic field
on proper time for Au-Au collisions at different impact
parameters of b = 4 fm [Fig. 6(a)] and b = 8 fm [Fig. 6(b)],
respectively. Figures 6(a) and 6(b) show us that the magnetic
field at

√
s = 64 GeV is larger than that at

√
s = 200 GeV.

We have done further research based on the discussion
above. The magnetic field at the LHC energy regions is
predicted by using Eqs. (9) and (12). Figure 7 shows the
dependencies of the magnetic field on proper time for Pb-Pb
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FIG. 5. The dependencies of the magnetic field on proper time for
Au-Au collisions at different collision energies for (a)

√
s = 64 GeV

and (b)
√

s = 200 GeV.

collisions and
√

s = 900 GeV at different impact parameters
of b = 4, b = 8, and b = 12 fm, respectively. Figure 7 shows
that, at τ ∼ 0, the magnitudes of the magnetic field at b = 4,
b = 8, and b = 12 fm are nearly same, but the magnitudes
of the magnetic field decrease as τ increases. It is shown
that the magnitudes of the magnetic field of more off-central
collisions (b = 12 fm) drop dramatically along with the time.
We also predict the dependencies of a magnetic field on proper
time for Pb-Pb collisions and

√
s = 2760 GeV (Fig. 8) and at√

s = 5500 GeV (Fig. 9), respectively. Figures 8 and 9 present
the same rule as in Fig. 7. It is obvious that the magnitude of
the magnetic field in the LHC energy region is not as big as
the ones in the Relativistic Heavy Ion Collider (RHIC) energy
regions.

The analysis shows an enormous magnetic field can indeed
be created in off-central heavy-ion collisions and it is this
field that makes it possible to separate the right- and left-hand
quarks. The size of the field is quite large, especially just after
the collision, and decreases rapidly over time.

III. THE MAGNETIC FIELD OF TOTAL CHARGES
BY THE PRODUCED QUARKS

To discuss the produced quark distribution, we start with
the momentum spectrum of quarks radiated by a stationary

0 0.5 1 1.5 2 2.5 3
10

0

10
1

10
2

10
3

10
4

10
5

(a) b = 4fm

eB
 (

M
eV

2 )

 

 
Y=4.19
Y=5.36

 0.5 1 1.5 2 2.5 3
10

0

10
1

10
2

10
3

10
4

10
5

(b) b = 8fm

τ (fm)

eB
 (

M
eV

2 )

 

 
Y=4.19
Y=5.36

FIG. 6. The dependencies of the magnetic field on proper time
for Au-Au collisions at different impact parameters of (a) b = 4 fm
and (b) b = 8 fm.

thermal source with temperature Tth:

E
d3Nth

d3p
= d3Nth

dYdpT dφ
∝ Ee−E/Tth . (13)

In the following we give the spectra in terms of rapidity
Y = tanh−1(pL/E). The rapidity distribution of thermal quarks
can be given by integrating Eq. (13) over the transverse
component [22,23], such as

dNth

dY
∝ mTth

(2π )2

(
1 + 2ξ0 + 2ξ 2

0

)
e(−1/ξ0), (14)

where ξ0 = Tth/(m cosh Y ).
Equations (13) and (14) give the isotropic thermal dis-

tribution. As mentioned in Refs. [24–27], the measured
momentum distribution of the produced particles is certainly
anisotropic [28–37]. It is privileged in the direction of the
incident nuclei. This is because the produced particles still
carry their kinematic information, making the longitudinal
direction more populated than the transverse ones. The
simplest way [22,23,28] to account for the anisotropy is
to add up the contributions from a set of fireballs with
centers located uniformly in the rapidity region [−Yf 0, Yf 0].
The corresponding rapidity distribution is obtained through
changing ξ0 into ξ = Tth/[m cosh(Y − Yf )] and integrating
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FIG. 7. The dependencies of the magnetic field on proper time for
Pb-Pb collisions and

√
s = 900 GeV at different impact parameters

of b = 4, b = 8 and b = 12 fm.

over Yf from −Yf 0 to Yf 0:

dNth

dY
∝

∫ Yf 0

−Yf 0

dYf

mTth

(2π )2
(1 + 2ξ + 2ξ 2)e(−1/ξ ), (15)

where ξ = Tth/[m cosh(Y − Yf )]. The distribution of pro-
duced quarks can be given by

f (Y ) = K

∫ Yf 0

−Yf 0

(1 + 2 + 22)e−1/dYf . (16)
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FIG. 8. The dependencies of the magnetic field on proper time for
Pb-Pb collisions and

√
s = 2760 GeV at different impact parameters

of b = 4, b = 8, and b = 12 fm.
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FIG. 9. The same as Fig. 8 but for
√

s = 5500 GeV.

It also should be normalized and K is a normalization
constant. Here

 = Tthe
−(τ−τ0)/τ0

m cosh(Y − Yf )
. (17)

Let us try to figure out how the density of the electric charge
should be dependent on the chemical potential and the nucleon
number of colliding nuclei:

ρq±(�x ′
⊥, Y ) = κ

ρ±(�x ′
⊥)

1 + exp
( ε(Y )−μq

T

) , (18)

where ε(Y ) is the quark energy as a function of the rapidity Y
of produced quarks, μq is the quark chemical potential, T is
temperature, and κ is a normalization constant. The energy of
the quark is given as

ε(Y ) =
√

m2 + p2
T cosh Y, (19)

where we assume the average transverse momentum pT =
0.2 GeV, the constituent quark mass m = 0.308 GeV, and the
temperature T = 0.2 GeV. With the parametrizations of T and
baryon chemical potential μB from Fig. 1 of Ref. [38], we
assume that μB = 0.03 GeV with μq = 0.01 GeV at

√
s =

200 GeV, and μB = 0.06 GeV with μq = 0.02 GeV at
√

s =
64 GeV.

Then we get the expression for the magnetic field of the
total charge given by the produced particles:

e �B(τ, η, �x⊥)

= ±ZKαEM

∫
d2 �x ′

⊥

∫
dY

∫ Yf 0

−Yf 0

dYf

× (1 + 2 + 22)e−1/ sinh(Y ∓ η)

× ρq±(�x ′
⊥, Y )

(�x ′
⊥ − �x⊥) × �ez

[(�x ′
⊥ − �x⊥)2 + τ 2 sinh(Y ∓ η)2]

3
2

. (20)

Figure 10 shows the dependence of the magnetic field on
the total charge given by produced particles at proper time for
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FIG. 10. The dependence of the magnetic field of total charge
given by the produced particles on proper time for Au-Au collision
with

√
s = 64 GeV at b = 4, b = 8, and b = 12 fm.

a Au-Au collision with
√

s = 64 GeV at b = 4, b = 8, and
b = 12 fm, respectively. The solid line is for b = 4 fm, the
dashed line is for b = 8 fm, and the dash-dotted line is for
b = 12 fm. Equation (18) is used to calculate the results of
produced particles. From Eq. (18), as a whole, we can figure
out that the contribution to the magnetic field of produced
particles is smaller than that of contributions of participant
and spectator nucleons. A smaller impact parameter results in
a larger magnitude of produced particles. When b → 12 fm,
the magnitude of the magnetic field of produced particles is
approximately 0.

Figure 11 shows the dependence of the magnetic field on
the total charge given by produced particles at proper time for
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FIG. 11. The same as Fig. 10 but for
√

s = 200 GeV.

a Au-Au collision with
√

s = 200 GeV at b = 4, b = 8, and
b = 12 fm, respectively.

IV. SUMMARY AND CONCLUSION

In this paper, we start from the magnetic field produced by
traveling charged particles and estimate the magnetic field in
a reasonable way with the Wood-Saxon distribution instead
of the model of uniform distribution in nuclei. We acquired
useful results at the same time.

The QCD vacuum with nonzero winding number Qw,
which is created in heavy-ion collisions, breaks the CP symme-
try. As a result, we obtain a difference between the number of
left- and right-handed fermions for each flavor. In the presence
of a background magnetic field B which is also created in
heavy-ion collision, the right- and left-handed fermions move
oppositely and then a charge difference between opposite sides
of the reaction plane is induced. This is the chiral magnetic
effect. This kind of charge difference has been indeed observed
in high-energy physics experiments and the phenomenon can
be used as a proof of CP violation. We can also use the magnetic
field we have and another model to estimate this kind of effect
theoretically.

We show that an enormous magnetic field can indeed be
created in off-central heavy-ion collisions. It is shown that
this magnetic field makes it possible to separate the right-
and left-hand quarks. The magnitude of the field is quite
large, especially just after the collision, and decreases rapidly
with time. The drop velocity increases with the collision
energy increase. It is shown that the magnitudes of the
magnetic field of more off-central collision at the LHC energy
region drop dramatically along with the time. We also predict
the dependencies of the magnetic field on proper time for
Pb-Pb collisions at

√
s = 2760 and

√
s = 5500 GeV (Fig. 9),

respectively.
We also show the dependence of the magnetic field of the

total charge given by the produced quarks on proper time for
a Au-Au collision with

√
s = 64 GeV and

√
s = 200 GeV at

b = 4, b = 8, and b = 12 fm, respectively. It is shown that
the contribution to the magnetic field of the total charge given
by the produced quarks is smaller than that of contributions
of participant and spectator nucleons. We also find that the
magnitude of the magnetic field given by produced quarks
increases with the impact parameter decreases.
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