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Abstract: Considering the magnetic field response of the QGP medium, we perform a systematical study of the chir-

al magnetic effect (CME), and make a comparison with the experimental results for the background-subtracted correl-
ator H at the energies of the RHIC Beam Energy Scan (BES) and the LHC energy. The CME signals from our com-

putations show a centrality trend and beam energy dependence that are qualitatively consistent with the experimental

measurements of the charge dependent correlations. The time evolution of the chiral electromagnetic current at the

RHIC and LHC energies is systematically studied. The dependence of the time-integrated current signal on the beam

energy +/s with different centralities is investigated. Our phenomenological analysis shows that the time-integrated

electromagnetic current is maximal near the collision energy /s ~ 39 GeV . The qualitative trend of the induced elec-

tromagnetic current is in agreement with the CME experimental results at the RHIC and LHC energies.
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1 Introduction

When two heavy ions collide with a non-zero impact
parameter, a strong magnetic field with a magnitude of
the order of eB ~ m2 [1-8] (m, is the pion mass), is gener-
ated in the direction of the angular momentum of the col-
lision. The chirality imbalance should have experimental
consequences in such a strong magnetic field. If the chir-
ality is non-zero, the quark spins are locked either paral-
lel or anti-parallel to the magnetic field direction, depend-
ing on the quark charge. This would lead to a charge sep-
aration in the final state and to an electromagnetic cur-
rent along the direction of the magnetic field [9-12].
Such charge separation and electromagnetic current phe-
nomena are called the chiral magnetic effect (CME)
[13-18].

It has been argued that positive charges separate from
negative charges along the direction of the angular mo-
mentum of the collision if the P and CP-violating pro-
cesses occur in QGP generated in relativistic heavy-ion
collisions [19, 20]. The directional movement of positive
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and negative charges in a strong magnetic field should
produce an electromagnetic current, which is an in-
triguing phenomenon that originates in the interplay of a
quantum anomaly_)with _t)he magnetic field. The electro-
magnetic current J = o B would be induced by the chiral-
ity imbalance in an external magnetic field E), where
o = e®us/(2n?) is the chiral magnetic conductivity and s
is the chiral chemical potential.

Although there exists an obvious background contam-
ination, it was suggested that signals of charge separation
are seen in the relativistic heavy-ion collision data of the
STAR [21-23] and PHENIX [24] experimental groups at
RHIC, and the ALICE [25] collaboration at the LHC.
With a new background subtraction method, the data ob-
tained in the RHIC Beam Energy Scan (BES) [26] by the
STAR experimental group further demonstrated the pos-
sible existence of the CME signal. It seems that the CME
signal in the energy range from 19.6 to 62.4 GeV [26] is
more clearer. A new phase of the RHIC energy scan will
be performed during 2020, which will allow a more ac-
curate study of CME.
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In this paper, we consider three important issues: 1)
the magnetic field response of the quark gluon plasma
(QGP) to the time evolution of the strong magnetic field;
2) the interplay of charge separation with the magnetic
field; and 3) the dynamical processes in the chiral mag-
netic current in response to the time-dependent magnetic
field. We choose the simplified KMW model to discuss
the charge separation and to compare it with the experi-
mental results at the RHIC and LHC energies. For the
study of the electromagnetic current, we take into ac-
count the finite frequency response of CME to a time-
varying magnetic field, find a significant impact of the
QGP medium feedback, and study the generated electro-
magnetic current as a function of beam energy at RHIC
and LHC.

The paper is organized as follows: the magnetic field
response of the QGP medium in relativistic heavy-ion
collisions is given in Sec. 2. The charge separation at the
RHIC and LHC energies is discussed in Sec. 3. In Sec. 4,
we use the Kubo formula to compute the electromagnetic
current at the energies of the RHIC BES, the top RHIC
energy, and at the LHC energy of 2.76 TeV. The conclu-
sions are summarized in Sec. 5.

2 The magnetic field and the response of the
QGP medium

One of the main issues of CME is the time evolution
of the magnetic field in relativistic heavy-ion collisions.
This issue has been investigated in many studies [2-5, §,
9, 27—29], which found that enormous magnetic fields
(B ~ 105 T) can be generated at the very beginning of the
collisions. However, according to these studies, the in-
tensity of the magnetic field rapidly decreases with time.
The higher the collision energy, the faster is the magnetic
field decrease. Such a short magnetic field duration im-
plies that the manifestation of CME in relativistic heavy-
ion collisions is problematic. Recently, a limit of the
magnetic field effect at late times was reported in [30—32]
by studying the chiral vortex effect in relativistic heavy-
ion collisions. Nevertheless, it was suggested in [8, 16]
that the calculation of the magnetic field in vacuum is ap-
propriate only for the early stage of collisions, and that
the magnetic field response of the QGP medium should
be considered after the formation of QGP.

Tuchin studied [33] the magnetic field properties in
the QGP medium and suggested that due to the large
electric conductivity, the magnetic field is partially
'frozen' during the entire plasma lifetime. The magnetic
conductivity of the QGP medium was also quantitatively
studied in [34-38]. We also made a study of the space-
time evolution of the magnetic field in QGP in [8, 16].
The magnetic field at the center of QGP has only the y

component, and the magnitude of the magnetic field is
given as

P a2 2
By(t>to,0)=7°e i IO)BS(O), (1)

where 7y is the formation time of partons, B?,(O) is the
magnetic field at ¢ = ¢y and at the central poinf (F=0), cs
is the speed of sound, and a, is the root-mean-square of
the transverse entropy distribution. Here, we use ¢2 ~ 1/3
and a, ~ 3. The formation time 7, is given as [8, 16]

fo = 1/0s, )
where Q; is the saturation momentum, which is
03~ AT, x=0/ Vs, 3)

where A4 is the atomic number of the colliding nucleus,
and w is a parameter between 0.25 and 0.3 (w =0.3 in
this paper). The saturation momentum for different nuc-
lei and center-of-mass energies is
2 2w
A \3C+o [ s \C+o)
2 = —— —_—
0;(Vs:b.4) _(197) (130)

x QX(Vs =130 GeV,b,A = 197), (4)

where Q?(+/s=130GeV,b,A =197) was given in Ref.
[39]. The results for #, and B‘y)(O) for two centralities and
the RHIC BES and LHC collision energies are given in
Table 1.

The time evolution of the magnetic field is plotted in
Fig. 1 for two centralities at the RHIC BES energies, the
top RHIC energy, and the LHC energy of 2.76 TeV. The
magnetic fields in vacuum at different energies are also
plotted for comparison. Recently, the RHIC STAR col-
laboration [26] presented the results of the dependence of
charge correlations in the Au-Au collisions at midrapid-
ity for center-of-mass energies of 7.7, 11.5, 19.6, 27, 39,
and 62.4 GeV. It was observed [26] that the signal gradu-
ally reduces as the beam energy is decreased, and tends to
vanish below 7.7 GeV after background subtraction. This
suggested that hadronic interactions dominate over par-
tonic interactions at lower collision energies. Therefore,

Table 1. Results for 7y and B?(O) for two centralities and the RHIC
BES and LHC collision energies.

centrality: 10%~30% centrality: 30%~60%

Vs/Gev to/fm eB?. /MeV?2 to/fm EB?, /MeV?
11.5 0.209 4275.0 0.260 6214.4
19.6 0.195 6407.1 0.242 8045.0
27 0.187 7616.7 0.232 8687.4
39 0.178 8569.5 0.221 8753.0
62.4 0.168 8481.6 0.208 7653.7
200 0.144 3980.8 0.179 2766.2
2760 0.102 579.3 0.126 156.1
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Fig. 1.

Time evolution of the magnetic field for two centralities in the Au - Au collisions, for \/E =11.5,19.6, 27, 39, 62.4,200 GeV,

and in the Pb-Pb collisions at v/s = 2760 GeV. The solid squares and solid triangles correspond to the results in the QGP medium

and for centralities of 10%~30% and 30%~60%, respectively. The hollow squares and hollow triangles are the results in vacuum

with centralities of 10%~30% and 30%~60%, respectively.

the chiral magnetic effect was analyzed starting from
v/s =11.5 GeV in that article.

Itis found that the magnetic fields with QGP re-
sponse last longer in the 27 - 62.4 GeV energy region.
Compared with the magnetic field in vacuum, the life-
time of the magnetic field is longer when the QGP medi-
um response is considered. The strength of the magnetic
field decreases rapidly with time, and the higher the colli-
sion energy, the faster is the magnetic field decrease.
Compared with the RHIC energies, the initial magnetic
field (at £ =0) at the LHC energy is much bigger, but the
magnetic field decreases much faster both in vacuum and
with the QGP response. For the non-central collisions, the
magnetic field is mainly due to the contribution of the
spectator nucleus. When the two colliding nuclei are
closer, the magnetic field generated is bigger, and for lar-
ger separations of the two nuclei, the magnetic field be-
comes smaller. For example, for the LHC energy, the
spectator nucleus moves away almost at the speed of
light, so that at higher collision energies, the magnetic
field decreases faster.

Figure 2 shows a comparison of the time evolution of
the magnetic field, normalized to its peak value, obtained
in the studies by ECHO-QGP [40], Miiller and Schafer
[32] (M-S) model, Deng and Huang [5] (D-H) magnetic
field calculation, and in our model. The magnetic field
evolution in our model decreases more rapidly than in the
other models, and might induce a weaker CME signal.
The results presented in the next sections are based on
our model.
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Fig. 2. Comparison of the time evolution of the magnetic

field, normalized to its peak value, given in the studies:
ECHO-QGP [40] (dashed line curve), M-S [32] (dotted line
curve), D-H [5] (dash-dotted line curve), and in our model
(real line curve).

Charge separation at the RHIC and LHC
energies

In this section, we first introduce the KMW model
[9], and then give a detailed analysis of CME in relativist-
ic heavy-ion collisions at the RHIC and LHC energies.

The potential transition with non-zero winding num-
ber Q. passes through a barrier associated with QCD
which exceeds the strong coupling constant @,. The trans-
ition can be implemented by an instanton [41, 42] or
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sphaleron [43, 44]. At low temperature, the transition is
mainly achieved by the quantum tunneling effect, which
is exponentially depressed by a transition called instan-
ton. The transition at high temperatures is not forbidden
and can be achieved by a transition called sphaleron. This
may occur in the background of extremely high temperat-
ure quark gluon plasma (QGP). Thus, it provides a choice
for generating chirality. On the other hand, the discovery
of CME in relativistic heavy-ion collisions also implies
generation of QGP.
The transition rate in QCD was given by the KMW

model in Ref. [9] as follows:

dNE

d3xde
where the superscript + defines the transition of Qy, = +1.
The total transition rate is the sum of the rates of the as-
cending and descending transitions

dn, dN*

= . 6
d3xdt - d3xdt ©)

=T* ~192.80°T%, (5)

In the case of a suitable magnetic field with a large
temperature 7' and non-zero winding number Qy, the
charge separation given in Ref. [9] is

0~20u Y |as]y(2]as@|), ™
f
where
, forx<1,
o= 3 lrret ®

and ® = eBp? is the magnitude of the magnetic flux.

We define by N and N; the total positive/negative
charge in units of e above (a) and below (b) the reaction
plane, respectively. A.=N;-Nj is the difference in
charge between each side of the reaction plane. A charge
difference will be generated locally when there is a trans-
ition from one vacuum to another. If the quarks experi-
ence many interactions in QGP, the observed final charge
separation is suppressed. A suppression function

&x(xy) = exp(=|y=(x) =yl /) ©)
is introduced to describe nuclear screening, where y..(x) is
the upper and lower y coordinate of the overlap region,
and A is the screening length. The expectation value of the
change of A, and A_ due to a transition is either positive
or negative with equal probability, and is given by

= > lagly (2lasf) e (xo), (10)
f

where only the most probable transitions (Qy = +1) are
considered.

One can calculate the variation of A. by assuming
that all transitions occur independently from each other.

By using Eq. (5) and p ~ (1;—)73 ~1/(a;T), we calculate

(A%) and (A, A_) for small magnetic fields (2 |q f€B| < l/pz).
Since the magnetic field is a function of the rapidity n,
one can compute <Ai> and (A,A_) as

02) =2 ] [ nate e+
! -
xfﬁ dndrrleB(t,n,x.)%, (11)
Ady=—dxa,[ Y 2] f x £ (ué ()
7 £

X f dndrr[eB(t,1,x.)]%, (12)
Ti

where the space-time rapidity is n = %log[(t+z)/ t—z], and
the proper time 7 = (t2 _22)1/2. The magnetic field should
not alter the transition rate dramatically. There is also a
constant «, of the order of magnitude of one but with
large uncertainties [9]. <Ai> and (A;A_) are connected to
the correlators a,+ (a;—) by:

1 =2

_ Lty
ey =a= N2 16 <A1>, (13)
1 =2
a,_=d_4 = mﬁ <A+A7>7 (14)

where N. is the total number of positively or negatively
charged particles in the corresponding # interval.

Early studies of charge separation fluctuations per-
pendicular to the reaction plane in high energy physics
experiments  used  the  three-point  correlator
v= <<cos (% +¢p— 2‘PRP)>>, where the double averaging
is done over all particles in an event and over all events
[21, 22, 25]. Unfortunately, the y correlator includes some
background contributions not related to CME [45-47].
The background contribution is mainly from the elliptic
flow (v;) in combination with the two-particle correla-
tions. The two-particle correlator ¢ = (Cos (¢a—¢ﬁ)> was
introduced to solve this problem.

By inducing H and F as CME and CME without the
background contribution, one can express y and J in the
following way [46, 47].

y =(cos(¢1 +¢2 —2¥rp)) = kvoF — H, (15)

5= (cos(¢1 — o)) = F+H. (16)

The H factor related to chiral magnetic signal can be ob-
tained as:

H* = (kvads —y) [ (1 +kvy), (17)

where the coefficient x ranges from 1 to 2, due to the fi-
nite detector acceptance and theoretical uncertainties [46,
47]; we take the experimental results with x = 1.5 in the
following. A one-to-one correspondence is made between
the charge separations a. (a,-) of the KWM model and
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the experimental results Hss (Hops). Therefore, the calcu-
lated result a,. —a,_ can be compared with the experi-
mental result Hss — Hos, as shown in Fig. 3.

It can be seen from Fig. 3 that the model explains bet-
ter the experimental data at the energies of RHIC BES
and the top RHIC energy than at the LHC energy. For the
Au-Au collisions at RHIC, the CME signal given by our

calculations increases from the central to peripheral colli-
sions, and the general trend of our results is consistent
with the experiment. However, for the Pb-Pb collisions at
the LHC energy of +/s =2760 GeV, the experimental
CME signal [25] is very small, and only a small signal is
present at the centrality of 60%~70%. Our model pre-
dicts no CME signal in this case.

ol (a)AutAu ~ (b)Au+tAu  (c)AutAu (d)Au+ Au
 \s=11.5Gev - Vs=19.6GeV o s=27Gev Vs =39GeV |
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Fig. 3.
observable Hgs — Hpg at the RHIC and LHC energies [26].

Fig. 4 shows Hss — Hos as a function of beam energy
for two centrality bins at the RHIC energies. The experi-
mental results with « = 1.5 from Ref. [26] are used as ref-
erence for our theoretical calculations. The results in
Fig. 4 show that our calculated CME signal has a very
similar trend as the experimental measurements. The
magnitude of our predictions is lower than the experi-
mental data, presumably because our magnetic field de-
creases very quickly, as shown in Fig. 2. A quickly de-
creasing trend in the interval from 19.6 to 7.7 GeV is
seen, which suggests that hadronic interactions dominate
over partonic interactions at low beam energies. Gener-
ally speaking, our model closely follows the evolution of
the magnetic field, so that the our calculations include
certain model limitations.

4 Chiral magnetic current

Let us now turn to the induced chiral magnetic cur-
rent generated by the magnetic field in the relativistic
heavy-ion collisions at the RHIC and LHC energies. As-
suming that the generated magnetic field has a homogen-

Comparison between the centrality dependence of a4, —a— from our model and of the background subtracted experimental

1 [ LA | T T T L | T ]
I (a) ®  experiment ]
I our model ]
0.5F -
B = u .
S S S
4 I
2ol +
2 05 Au-Au 10% -30% h
5 '2 ++ t +—t—t——t+—++1
V; (b) i ™ ]

Au-Au 30% -60%
M| L L L PR |

10

20 200
VS (GeV)
Fig. 4. Hgss—Hops as a function of beam energy for two
centrality bins at the RHIC energies. The solid curves are
our calculation results. The experimental results are from
Ref. [26] with k = 1.5.
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eous distribution, one can calculate the induced current as
[16, 18]:

i = fo N %B(v)[U)'((v)cos(vt)+0')'('(v)sin(vt)], (18)

where v is the frequency, and the Fourier transform of the
magnetic field is given by

B(v) = f " dtB(t)e™. (19)

The real o7} (v) and imaginary o7/(v) parts of the chiral
magnetic conductivity are related by the Kramers-Kron-
ing relation

1 o/ (qo)
o=1ts f dgo 21, (20)
T —00 qgo—Vv
1 ©  0y(qo0)
a;(’(v)z_—sf dgo 212 @1
T —c0 qo—Vv

where o, (v) = lim_,y 0 (po = v, §). The symbol S in Egs.
(20) and (21) defines the integral of a singularity in the
upper and the lower complex plane. The chiral magnetic
conductivity should be complex, and is given as

(po+ie+19)> ~(qg+p)* _
(po+ie+19)* —(g—p)?

Imz (2g +tpoy)log

=%

where g. = 1 |po £ pl.

After computing the real and imaginary parts of the
magnetic conductivity, we use Eq. (18) to calculate the
electromagnetic current. In order to use Egs. (18) and
(19), we need the dependence of the magnetic field on
time after the formation of a parton. The magnetic field
evolution for ¢ > #y is given by Eq. (1).

Figure 5 shows the time dependence of the induced
electromagnetic current, normalized to the zero fre-
quency chiral magnetic conductivity (0'0 EO’X(U):O)I;—;Z/JS)
, for collisions with the centrality of 10%~30% at the
RHIC and LHC energies. It can be observed that the elec-
tromagnetic current signal manifests as a strong pulse,
which reaches a maximum at ¢~ Ifm. The maximum
value of the electromagnetic current signal directly re-
flects the intensity of the induced electromagnetic cur-
rent. It increases with the collision energy from
Vs=19.6GeV to +/s=39GeV, remains almost un-
changed from /s =39 GeV to /s=62.4GeV, and then
decreases from /s = 39 GeV to /s = 2760 GeV.

Figure 6 is the same as Fig. 5, but for the centrality of
30%~60%. It can be seen that the maximum value of the
electromagnetic current increases from /s = 19.6 GeV to
/s =39 GeV, and then decreases from v/s = 39 GeV to /s =

oy(p) =0 (p) +io{(p), (22)

where both a,(p) and o/ (p) are real functions. They can
be expressed as:

1 .

o (p) = ;ImR}g(p), (23)
1 .

o/ (p) = —;ReR}e(p), (24)

where R%(p) = %sifkﬁ{;k(p) is the retarded correlator,
which can be calculated as

Ri()_i82 P_iPZ—P(Z)fmd ()2(2 +1po)
R p _1671'2 p p2 0 qg q £ q pO
. 2 2
<1o (PO+T€+“])2 (C]"'P) , (25)
(po+ie+1q)" —(q—p)*
where
8@ = Z s((q—ps) —(q+py)), (26)

s=+

and 7i(x) = [1 +exp(8x)]~! is the Fermi-Dirac distribution
function. One can compute the imaginary part of the log-
arithm in Eq. (25) with p=|p] >0 and ¢ > 0 as

7|24 =1pol6 (15— °)|16(a+ — @) - 0~ — @)]

+mpof(p* - pp)[0(a—q+)~0(g—q-)), (27)

2760 GeV. Figures 5 and 6 both indicate that the intensity
of the induced electromagnetic current is clearly larger
with the QGP response than in vacuum, and both show
that the CME signal almost vanishes at the LHC energy
5 = 2760 GeV.

The dependence of the time-integrated current signal
(Q = f j(t)dt) on the center-of-mass energy at RHIC and
LHC is shown for two centralities in Fig. 7(a, b). It is
found that the time-integrated current signal reaches a
maximum around /s ~ 39 GeV, and then decreases with
+/s. The qualitative trends of Figs. 5, 6, 7 are in agree-
ment with the CME experimental results obtained at
RHIC and LHC in a wide range of beam energies [26].

S Summary

Considering the magnetic field response of the QGP
medium, we performed a systematical study of the charge
separation and compared it with the experimental results
for the background-subtracted correlator H at the RHIC
and LHC energies. The results show that our calculated
chiral magnetic effect signal has the same trend as the ex-
perimental results at RHIC. Quantitatively, our results ap-
pear to be lower than the experimentally measured correl-
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Fig. 5. Time evolution of the induced electromagnetic current, normalized to zero frequency chiral magnetic conductivity (o) , for
the RHIC and LHC collision energies. The solid curves show the results with the QGP response, and the dashed curves in vacuum.
The centrality is 10%~30%.
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Fig. 6. As Fig.5, but for the centrality of 30%~60%.
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Fig. 7. Dependence of the time-integrated current signal (Q = f j(t)dt) on collision energy at RHIC and LHC for the centrality of
10%~30% (a), and the centrality of 30%~60% (b). The solid curves are the results with the QGP response and the dashed lines in va-
cuum.
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ations, which may be due to the rapid decrease of the
magnetic field.

The time evolution of the chiral electromagnetic cur-
rent at the energies of the RHIC Beam Energy Scan and
the LHC energy was systematically investigated. The de-
pendence of the time-integrated current signal on the cen-
ter-of-mass energy /s at RHIC and LHC and different
centralities was also studied. In such a wide range of col-
lision energies, it is important to identify the collision en-

ergy at which the electromagnetic current is largest, so as
to help steer the experimental study of CME. Our phe-
nomenological analysis showed that the time-integrated
electromagnetic current has a maximum near /s ~ 39
GeV. The qualitative trend of the induced electromagnet-
ic current with collision energy is in agreement with the
CME experimental results from RHIC and LHC [26]. We
argue that the electromagnetic current at the LHC energy
/s =2760 GeV is so small that CME cannot be produced.
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