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Electromagnetic fields in small systems from a multiphase transport model
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We calculate the electromagnetic fields generated in small systems by using a multiphase transport (AMPT)
model. Compared to A + A collisions, we find that the absolute electric and magnetic fields are not small in
p + Au and d + Au collisions at energies available at the BNL Relativistic Heavy Ion Collider and in p + Pb
collisions at energies available at the CERN Large Hadron Collider. We study the centrality dependencies and the
spatial distributions of electromagnetic fields. We further investigate the azimuthal fluctuations of the magnetic
field and its correlation with the fluctuating geometry using event-by-event simulations. We find that the azimuthal
correlation 〈cos 2(�B − �2)〉 between the magnetic field direction and the second-harmonic participant plane is
almost zero in small systems with high multiplicities, but not in those with low multiplicities. This indicates that
the charge azimuthal correlation 〈cos(φα + φβ − 2�RP)〉 is not a valid probe to study the chiral magnetic effect
(CME) in small systems with high multiplicities. However, we suggest searching for possible CME effects in
small systems with low multiplicities.

DOI: 10.1103/PhysRevC.97.024910

I. INTRODUCTION

Relativistic heavy-ion collisions are believed to create a
deconfined matter with partonic degrees of freedom, i.e.,
quark-gluon plasma (QGP), with increasing temperature or
baryon chemical potential [1–3]. On the other hand, the
relativistic motion of the colliding heavy ions also brings an
extremely large electromagnetic field with a magnitude of
about eB ∼ m2

π ∼ 1018 to 1019 G from the energy available
at the BNL Relativistic Heavy Ion Collider (RHIC energy)
to the energy available at the CERN Large Hadron Collider
(LHC energy) [4–10]. In the past few years, strong interest
has been generated, which has led to many great efforts to
study various possible physical effects related to the strong
electromagnetic fields. A very famous example is the so-called
chiral magnetic effect (CME) [4,11–14] in which the joint
action from a nonzero axial charge density of the matter and
the magnetic field B will lead to a dipole charge separa-
tion along the B direction. The charge azimuthal correlation
or three-particle correlator [γ = 〈cos(φα + φβ − 2�RP)〉 =
〈cos(φα + φβ − 2φc)〉/v2,c] was proposed to experimentally
measure the CME [15]. The first measurements are consistent
with the CME expectations in both Au + Au collisions at the
RHIC energy [16,17] and Pb + Pb collisions at the LHC energy
[18], though many background effects can also contribute to the
observable γ [19–25]. However, the recent measurements on
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small systems from the CMS experiment show similar mag-
nitudes of charge azimuthal correlation in p + Pb collisions
to those in Pb + Pb collisions at the LHC energy [26,27],
which strongly challenges the CME interpretation due to the
following arguments. For A + A collisions, the major axis of
eccentricity is almost aligned closely with the magnetic field.
It is the special type of configuration that makes the CME
maximally measured by the three-particle correlator. However,
for p + A collisions, the major axis of the eccentricity is found
to be random with respect to the magnetic field [28]. This
indicates that the magnetic field direction and the participant
plane are almost irrelevant in p + A collisions. As a result,
the “relevance vs irrelevance” between A + A and p + A
collisions implies that the correlator due to the CME should be
very different between large and small systems. Therefore, the
observed similar magnitude and multiplicity dependence of the
three-particle correlator indicate that the dominant contribution
of the correlation signal may not be related to the CME [26–28].

The aim of this work is to give a detailed study of the
space structure of event-by-event generated electromagnetic
fields in small systems, e.g., p + Au, d + Au, and p + Pb
collisions. Because one expects that the charge separation
signal �γ is proportional to 〈B2 cos 2(�B − �EP)〉 [29], we
focus on both the magnitude of the magnetic field B and its
azimuthal correlation 〈cos 2(�B − �2)〉 with the bulk matter
geometry (represented by the second order of the event plane
�2). We show the absolute electric and magnetic fields are not
small in p + Au and d + Au collisions at the RHIC energy
and in p + Pb collisions at the LHC energy. On the other
hand, because �B and �2 can fluctuate due to the fluctuations
of spectator [9,10] and participant nucleons [30–35], a finite
〈cos 2(�B − �2)〉 is the key to experimentally measuring any
magnetic-field-induced effect through the observable γ . It
has turned out that both the B direction and the geometry
plane (event plane or participant plane) are strongly correlated
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in A + A collisions [29], but are not correlated in p + A
collisions [28]. Nevertheless, we show their orientations are
fully random or only weakly correlated in small systems with
high multiplicities, but not in those with low multiplicities.
We perform our calculations by using a multiphase transport
model (AMPT) model [36]. The model is suitable to study
both electromagnetic fields and the geometry fluctuations
for two reasons. First, the HIJING model [37,38], which is
the initial part of the AMPT model, has been successfully
applied to calculate the properties of electromagnetic fields
[10]. Meanwhile, the AMPT model also can give very good
descriptions to anisotropic flows originating from geometry
fluctuations in both A + A and p + A systems at both the
RHIC energy and the LHC energy [39–41]. Therefore, we
choose it as our tool to study the properties of electromagnetic
fields in small systems in this work.

This paper is organized as follows. We give a general setup
of our calculations in Sec. II. In Sec. III, we present our
numerical results. We expand discussions and summarize in
Sec. IV.

II. GENERAL SETUP

A. AMPT model

The AMPT model with a string-melting mechanism is a
dynamical transport model [36], which consists of four main
components: initial condition, parton cascade, hadronization,
and hadronic rescatterings. The initial condition, which in-
cludes the spatial and momentum distributions of participant
matter, minijet partons production, and soft string excitations,
is obtained through the HIJING model [37,38]. The parton
cascade starts the partonic evolution with a quark-antiquark
plasma from the melting of strings. Parton scatterings are
modeled by Zhang’s parton cascade [42], which currently
only includes two-body elastic parton scatterings using cross
sections from the pQCD with screening masses. A naive
quark coalescence model is then used to combine partons
into hadrons [43] when the system freezes out. The evolution
dynamics of the hadronic matter is described by a relativistic
transport (ART) model [44]. For p + Au, d + Au, and p + Pb
collisions, we set a random orientation of the reaction plane in
our AMPT simulations to mimic the experimental cases.
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FIG. 1. The electromagnetic fields at t =0 and r = 0 for Au+Au
collisions at

√
s = 200 GeV.

b(fm)
0 2 4 6 8 10 12 14

2 π
e<

fi
el

d
>/

m

0
10
20
30
40
50
60
70

|
x

|B |
y

|B

|
x

|E |
y

|E

yB

=2.76TeV,t=0sPb+Pb,

FIG. 2. The electromagnetic fields at t = 0 and r = 0 for Pb + Pb
collisions at

√
s = 2.76 TeV.

B. Calculations of the electromagnetic field and
the participant plane

We calculate electromagnetic fields by using the spatial
distribution of protons from the initial condition, i.e., the
HIJING model. The magnetic field is calculated specifically
at the center-of-mass frame, in which rc = (xc,yc,zc) is the
center of mass of the participating nucleons in small-system
collisions. In this calculation, following Ref. [10], we calculate
the electromagnetic fields as

eE(t,r) = e2

4π

∑

n

Zn

Rn − Rnvn

(Rn − Rn · vn)3

(
1 − v2

n

)
, (1)

eB(t,r) = e2

4π

∑

n

Zn

vn · Rn

(Rn − Rn · vn)3

(
1 − v2

n

)
. (2)

Here we use the natural unit h̄ = c = 1, where Zn is the charge
number of the nth particle, for protons it is 1; Rn = r − rn is
the relative position of the field point r to the source point
rn; and rn is the location of the nth particle with velocity vn

at the retarded time tn = t − |r − rn|. The summations run
over all charged protons in the system. When we calculate the
electromagnetic fields of the small systems, we consider all
protons that are at least r > 0.3 fm [9] away from the center
of mass rc.

FIG. 3. The special geometrical illustration for p + Pb collisions
with an impact parameter of b.
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FIG. 4. The electromagnetic fields at t = 0 and r = rc as functions of the impact parameter b in p + Au collisions (a) and d + Au collisions
(b) at

√
s = 200 GeV and in p + Pb collisions at

√
s = 5.02 TeV (c).

We calculate the second order of the participant plane �2

by using the spatial distribution of partons from the string-
melting mechanism before the parton cascade process starts.
For p + Au, d + Au, and p + Pb collisions, we calculate the
angle of the participant plane �2 by

�2 = arctan 2(〈r2 sin(2φ)〉,〈r2 cos(2φ)〉) + π

2
, (3)

where r is the displacement of the participating partons from
the center of mass, φ is the azimuthal angle of the participating
partons in the transverse plane, and the brackets 〈 〉 means
taking the average over all participating partons [30,31].

III. RESULTS AND DISCUSSIONS

A. Centrality dependencies

We first show the impact parameter b dependencies of the
electromagnetic fields at t = 0. Figure 1 shows the results for
Au + Au collisions at r = 0 and t = 0 at the RHIC energy√

s = 200 GeV, and Fig. 2 is for Pb + Pb collisions at r = 0
and t = 0 at the LHC energy

√
s = 2.76 TeV. (Note that

the 〈|Bx |〉 and 〈|Ex,y |〉 look overlapped in the two figures.)
Our calculations well reproduce the results of Deng and
Huang [10].

Then we calculate the electromagnetic fields in three small
systems, p + Au collisions and d + Au collisions at the
RHIC energy

√
s = 200 GeV and p + Pb collisions at the

LHC energy
√

s = 5.02 TeV. Figure 3 illustrates a special
configuration of the p + Pb collision in which the x axis is
along the impact parameter b from a proton (−b/2, 0 fm) to a
Pb nucleus (0, b/2 fm) and the y axis is perpendicular to it. In

general, for a given impact parameter b, the proton (Pb) center
can be located around the circle with a radius of b and the
center at the Pb (proton) center. Because one experimentally
can measure the event plane direction only according to the
momentum anisotropies of the final particles, we define that the
x direction is along the direction of the participant plane �2 and
the y direction is perpendicular to �2. Their impact parameter
dependencies of the electromagnetic fields are shown in Fig. 4.
We can see that the three small systems show a similar
behavior in terms of the impact parameter dependence of the
electromagnetic fields that shows 〈|Bx |〉, 〈|By |〉, 〈|Ex |〉, and
〈|Ey |〉 first increase and then decrease. 〈|By |〉 and 〈|Ey |〉 have
a maximum value at the impact parameter b ≈ RA and RA

is the radius of the Au nucleus or the Pb nucleus. 〈|Bx |〉 and
〈|Ex |〉 begin to decrease at the impact parameter b ≈ 8 fm.
However, 〈Bx〉 ≈ 〈By〉 ≈ 〈Ex〉 ≈ 〈Ey〉 ≈ 0, which means the
event-averaged electromagnetic fields are almost zero in the
three small systems. Note that even 〈By〉 is zero in small
systems but is finite in A + A collisions, because �2 is not
correlated with the impact parameter in small systems.

We show the Npart (the number of participant nucleons)
dependence of the electromagnetic fields at the center of mass
rc and t = 0 in Fig. 5. We find that our Npart dependencies of the
magnetic fields are consistent with the results from Ref. [28]. In
Fig. 6, we show the Ntrack dependencies of the electromagnetic
fields at rc and t = 0, where Ntrack is the number of final
charged particles, which is an important experimental variable
[26]. Here we set |η| < 2.4 and pT > 0.4 GeV/c at the LHC
energy and |η| < 1 and pT > 0.15 GeV/c at the RHIC energy
to match the CMS definition or the STAR acceptance of Ntrack.
We can see that although the averaged electromagnetic fields
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FIG. 5. The electromagnetic fields at t = 0 and r = rc as functions of Npart in p + Au collisions (a) and d + Au collisions (b) at
√

s =
200 GeV and in p + Pb collisions at

√
s = 5.02 TeV (c).
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FIG. 6. The electromagnetic fields at t = 0 and r = rc as functions of Ntrack in p + Au collisions (a) and d + Au collisions (b) at
√

s =
200 GeV and in p + Pb collisions at

√
s = 5.02 TeV (c).

are zero (only 〈By〉 is shown for clarification here), the average
of the absolute value of the magnetic fields is still strong over
the whole Ntrack range, which could potentially bring some
electromagnetic-field-based effects.

B. Spatial distributions of electromagnetic fields

The spatial distributions of the electromagnetic fields are
evidently inhomogeneous in Au + Au collisions and Pb + Pb
collisions [10]. In Fig. 7, we show the contour plots of 〈Bx,y,z〉,
〈|Bx,y,z|〉, 〈Ex,y,z〉, and 〈|Ex,y,z|〉 at t = 0 in the transverse
plane for p + Pb collisions at

√
s = 5.02 TeV, where the upper

two panels are for b = 0 fm and the lower two panels are for
b = 6 fm. For b = 6 fm, we present a special configuration of
p + Pb events in which the x axis is along the impact parameter
b from the proton (−3, 0 fm) to the Pb nucleus (0, 3 fm)

and the y axis is perpendicular to it, as illustrated in Fig. 3.
We can see that for p + Pb collisions, the longitudinal fields
Bz, Ez, |Bz|, and |Ez|, are much smaller than the transverse
fields Bx , |Bx |, Ey , and |Ey |. Bx , |Bx |, Ey , and |Ey | peak
around (x,y) = (b/2, ± RPb), while By , |By |, Ex , and |Ex |
peak around (x,y) = (±RPb + b/2, y = 0), where RPb is the
radius of the Pb nucleus. Compared to Au + Au collisions [10],
the spatial distributions of the magnetic fields are very different
in p + Au and p + Pb collisions, because these small systems
are unsymmetrical. Moreover, we also study the spatial dis-
tributions of the electromagnetic fields for p + Au collisions
at

√
s = 200 GeV and find that their spatial distributions are

similar to those in p + Pb collisions; however, their fields have
around 200/5020 ≈ 1/25 times smaller magnitudes than those
in p + Pb collisions everywhere.

FIG. 7. The spatial distributions of the electromagnetic fields in the transverse plane at t = 0 for b = 0 (upper panels) and b = 6 fm (lower
panels) for p + Pb collisions at

√
s = 5.02 TeV, where the unit is m2

π .
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FIG. 8. The event-by-event histograms of �B − �2 at impact parameters b = 0, 3, 6, and 9 fm [(a)–(d)] for p + Pb collisions at
√

s =
5.02 TeV. Here �B is the azimuthal direction of the B field (at t = 0 and r = rc) and �2 is the second-harmonic participant plane.

C. Azimuthal correlations between magnetic fields
and matter geometry

As we mentioned, �γ is proportional to
〈B2 cos 2(�B − �2)〉. After showing that the magnitude
of magnetic fields is not small, the correlation of
〈cos 2(�B − �2)〉 is presented in this subsection. After
we determine �B and �2 event-by-event, the distributions
of their relative angles can be obtained. In Fig. 8 we plot
the accumulated histograms of �B − �2 at b = 0, 3, 6 and
9 fm for p + Pb collisions at

√
s = 5.02 TeV, where �B is

the azimuthal direction of the magnetic field at t = 0 and the
center of mass of participants rc, and �2 is the second order
of the event plane calculated from Eq. (3). For b = 0, 3, and
6 fm, the histograms of �B − �2 are basically flat indicating
that �B and �2 are uncorrelated. For b = 9 fm, the histogram
has a shape peaking at �B − �2 = 0 with a corresponding
width. It is interesting to see that there is a correlation
between �B and �2 for very peripheral p + Pb collisions.
This is because when the impact parameter is very large, the
projectile proton associated with a few wounded nucleons
from the Pb side prefer to be in a dipole shape. Figure 9 shows
the corresponding two-dimensional correlation distributions.
Again for b = 0, 3, and 6 fm the events are almost uniformly
distributed, indicating negligible correlations between �B and
�2. For b = 9 fm, the event distributions evidently concentrate
around �B − �2 = 0 or π , indicating a nonzero correlation
between the two angles.

Figure 10(a) shows the correlation 〈cos 2(�B − �2)〉 as
a function of the impact parameter b and Fig. 10(b) shows
the correlation 〈cos 2(�B − �2)〉 as a function of Ntrack. We
can see that the correlation 〈cos 2(�B − �2)〉 ≈ 0 when the
impact parameter is not very big in three small-system p +
Au, d + Au and p + Pb collisions. Meanwhile, for p + Au

and d + Au collisions at the RHIC energy, the correlation
〈cos 2(�B − �2)〉 is almost zero when Ntrack > 10. For p + Pb
collisions at the LHC energy, the correlation 〈cos 2(�B − �2)〉
is close to zero when Ntrack > 50. It indicates that the tradi-
tional CME observable �γ becomes not valid for studying
the CME in small systems with high multiplicities, for which
the CMS experiment measured in the region of Ntrack > 100
[26,27]. Because the magnetic field direction is likely parallel
to the event plane in small systems with low multiplicities,
unlike A + A collisions where �B is perpendicular to �2,
�γ should be reduced or even change sign in the presence
of the CME for low-multiplicity events of small systems.
Therefore, it will be very interesting to measure �γ in
low-multiplicity (or peripheral) events to observe such an
effect in future experiments.1 However, we emphasize that
our proposal to search for the CME in low-multiplicity events
works under the assumption that the QGP is created in those
events.

IV. CONCLUSIONS

In summary, we have utilized the AMPT model to inves-
tigate the generation of the electromagnetic fields in small-
system p + Au and d + Au collisions at the RHIC energy and
p + Pb collisions at the LHC energy. Although after averaging
over many events the electromagnetic fields are almost zero,
the absolute values of the magnetic fields are nonzero on
an event-by-event basis and they can still reach the order

1The recent results from the CMS event shape engineering measure-
ment show a hint that the intercept parameter bnorm is changed from
zero to a negative value with the decreasing of multiplicity, which is
qualitatively consistent with our expectation [27].

FIG. 9. The scatter plots on the �B − �2 plane at impact parameters b = 0, 3, 6, and 9 fm [(a)–(d)] for p + Pb collisions at
√

s = 5.02 TeV,
where �B is the azimuthal direction of the B field (at t = 0 and r = rc) and �2 is the second-harmonic participant plane.
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FIG. 10. The correlation 〈cos 2(�B − �2)〉 as a function of the impact parameter b (a) and as a function of Ntrack (b) in p + Au and d + Au
collisions at

√
s = 200 GeV and in p + Pb collisions at

√
s = 5.02 TeV.

of several m2
π . The spatial structure of the electromagnetic

field is further studied and very inhomogeneous distribu-
tions are found. Because of large fluctuations of both the
azimuthal orientation of the magnetic field and the participant
plane in small-system collisions, the azimuthal correlation
〈cos 2(�B − �2)〉 between the magnetic field direction and
the second-harmonic participant plane is strongly suppressed
in high-multiplicity events, but not in low-multiplicity events.
The correlation 〈cos 2(�B − �2)〉 is almost zero in small
systems with high multiplicities, which indicates that the
traditional CME observable �γ is not valid to study the CME
in small systems with high multiplicities. However, because of
a nonzero correlation of 〈cos 2(�B − �2)〉 in low-multiplicity

small-system collisions, we suggest measuring �γ in small
systems with low multiplicities to search for some possible
effects from the CME.
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