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“The universe came into being with a BIG BANG”

Holographic History of the CME

“Experimental Search for the Chiral Magnetic Effect in Relativistic Heavy-Ion Collisions: A Perspective”,  
Feng, Voloshin, Wang, arXiv:2502.09742

1)Big Bang

2)Electroweak symmetry breaking (Baryogensis ?)

3)QGP phase with approx. chiral symmetry (CME ?)

4)Hadronization

5)…

6)Workshop at ECT*

https://arxiv.org/pdf/2502.09742


  

Holographic History of the CME

It is likely that this spontaneous breaking of the chiral symmetry occurs due to the effective 
interaction induced by instantons (see Ref. [22] for a review). The resulting Goldstone bosons play 
a key role in binding the nucleons in atomic nuclei. The flavor-singlet part of the symmetry UA(1) 
is broken by quantum interactions with gluons, similarly to the scale anomaly. This breaking is 
referred to as the chiral anomaly [11,12] discussed before. Because quarks possess both color and 
electric charges, the dynamics of the chiral anomaly can be explored not only with gluons, but also 
with photons. The photons can be directly observed in experiment; they can also be used to 
diagnose the behavior of quark-gluon matter through the chiral anomaly, which thus becomes a 
keyhole into the dynamics of quarks and gluons, and the way they exchange chirality. 
 
 
 

                                  
 
Fig.1 An illustration of the mechanism that underlies the Chiral Magnetic Effect (CME) in 
quantum chromodynamics (QCD) matter [13-16]. The QCD vacuum has a periodic structure, 
with minima corresponding to different Chern-Simons numbers that characterize the topology of 
color fields. An `instanton‘ [2] or `sphaleron‘ [7] transition between such energy-degenerate, 
but topologically distinct, vacuum sectors (shown by the curved dark blue arrow) is 
accompanied by the change of chirality of the chiral fermions. In an external magnetic field (!""⃗ ) 
that pins down the direction of spin (blue arrows), the change of chirality has to be accompanied 
by the change in the direction of momentum (red arrows). If the numbers of left- and right-
handed fermions are different, this results in an electric current along the direction of magnetic 
field – this is the CME. 
 
 
Indeed, consider a system of massless quarks in a strong magnetic field. Quantum charged particles 
in a magnetic field occupy a discrete set of Landau levels – closed orbits with different energies. 
For massless quarks, the lowest Landau level (LLL) has zero energy – the result of the cancellation 
between the positive kinetic energy of rotation and a negative Zeeman energy of the interaction of 
the quark’s spin with a magnetic field. The direction of the quark’s spin on the LLL is thus 
completely determined by its electric charge – the positive quarks (or antiquarks) will have their 

● Analogy to electroweak baryogenesis!
● Sacharov conditions!

McLerran, Kharazeev, Warringa] 2008
[Fukushima, Kharazeev, Warringa] 2008
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Great! But what is Holography good for in this story?

“AdS is the hyperbolic cow of sQGP”

Son, Starinets, Policastro , Kovtun ...
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Anomalies are better than that:

[Rebhan, Schmitt, Stricker]
[Gynther, K.L., Pena-Benitez, Rebhan]  

● Strict equilibrium: 

[Erdmenger, Haack, Kaminski,Yarom]
[Benerjee,Bhattacharya^2,Dutta,Loga,Surowka]  

● Fluid-gravity correspondence
● Experts on hydro: impossible

because not in Landau-Lifschytz
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Anomalies:

Hydrodynamics: [Son, Surowka], [Neiman,Oz]

Holography: [K.L., Megias, Melgar, Pena-Benitez] Geometry: [Jensen, Loga, Yarom], [Kim, Stone]
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Pre-History: 

● [Vilenkin ‘79, ‘80] killed by Nobel prize winner

● [Alekseev, Chaianov, Fröhlich]  cond-mat

● [Giovannini, Shaposhnikov]  astro-particle physics

● [Son, Zhitnitsky],[Metlitski, Zhitnitsky],[Kharzeev, Zhitnitsky]  CVE

● [Newman]  first holographic paper on CME

Worth some PhD in the sociology of science?
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So far for theory, but what about the real world?

Weyl (Dirac) semi-metals:

FIG. 2: Magnetoresistance in field parallel to current ( ~B k a) in ZrTe5. (a) MR at various

temperatures. For clarity, the resistivity curves were shifted by 1.5 m⌦cm (150 K), 0.9 m⌦cm

(100 K), 0.2 m⌦cm (70 K) and �0.2 m⌦cm (5 K). (b) MR at 20K (red symbols) fitted with the

CME curve (blue line); inset: temperature dependence of the fitting parameter a(T ) in units of

S/(cm T2).

observed resistivity can be fitted with a simple quadratic term (Supplementary materials,

Fig. S1). This term is treated as a background and subtracted from the parallel field

component for all MR curves recorded at T  100 K.

A negative MR is observed for T  100 K, increasing in magnitude as temperature

decreases. We found that the magnetic field dependence of the negative MR can be nicely

fitted with the CME contribution to the electrical conductivity, given by �CME = �0 +

a(T )B2, where �0 represents the zero field conductivity. The fitting is illustrated in Fig.

2(b) for T = 20 K, with an excellent agreement between the data and the CME fitting

curve. At 4 Tesla, the CME conductivity is about the same as the zero-field conductivity.

At 9T, the CME contribution increases by ⇠ 400%, resulting in a negative MR that is

much stronger than any conventional one reported at an equivalent magnetic field in a

non-magnetic material.

At very low field, the data show a small cusp-like feature. The origin of this feature is not

completely understood, but it probably indicates some form of anti-localization coming from

the perpendicular ( ~B k b) component. Inset in Fig. 2(b) shows the temperature dependence

of the fitting parameter a(T ), which decreases with temperature faster than 1/T , again

consistent with the CME.

6

[Q. Li, D. Kharzeev et al. ]  

Difficulty: “Current jetting”
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So far for theory, but what about the real world?

Quark Gluon Plasma:

2

FIG. 1. (Color online) Schematic view of a heavy-ion colli-
sion. The charge separation happens along the magnetic field
indicated by the upward arrow. The direction of the charge
separation fluctuates in accord with the sign of the topologi-
cal charge. Drawing is from Ref. [18].

by a flip in quark chirality, play a key role in the chi-
ral symmetry breaking and supposedly in mass genera-
tion [5] (for a review, see [6, 7]).

The chirality flips of the quarks during the topological
transitions create a chirality imbalance, a di!erence in
the numbers of left- and right-handed fermions. The chi-
rality imbalance is predicted, in the presence of a strong
magnetic field, to induce an electric current along the
magnetic field. This phenomenon is called the chiral
magnetic e!ect (CME) [8, 9]. The induced electric cur-
rent can be described as [10–12]

ωJ =
Q

2

f

2ε2
µ5

ωB , (1)

where Qf is the quark electric charge, and µ5 is an axial
chemical potential that quantifies the amount of chirality
imbalance.

Relativistic heavy-ion collisions provide an ideal en-
vironment to search for the CME. In high-temperature
QGP created in those collisions, the chiral symmetry is
restored and the transitions between topologically dif-
ferent vacuum states may be enhanced [8, 13, 14]. In
addition, a large magnetic field on the order of B →
m

2
ω/e → 1018 Gauss can be created (here e is the ele-

mentary charge and mω is the pion mass) [15–17]. The
cartoon in Fig. 1 depicts a noncentral heavy-ion collision,
where the reaction plane (RP), spanned by the impact
parameter direction and the beam direction, is indicated
by the grid parallelogram. The magnetic field, created
mostly by spectator protons of the colliding nuclei, points
perpendicular to the RP.

The magnetic field in heavy-ion collisions is expected
to quickly fade o! as the two spectator remnants recede
from each other. However, the decay time can be signif-
icantly prolonged depending on the electric conductiv-
ity of the QGP [19–23]. With plausible parameters for
the axial current density and the time evolution of the
magnetic field, anomalous (viscous) hydrodynamic cal-

culations suggest that an appreciable CME can manifest
itself in relativistic heavy-ion collisions [10–12].
Experiments at the Relativistic Heavy-Ion Collider

(RHIC) at Brookhaven National Laboratory in the
U.S. and at the Large Hadron Collider (LHC) at CERN
in Europe [24–29] are set to study the properties of the
QGP. It is found that the QGP is strongly coupled and
behaves like a nearly perfect fluid [30, 31]. Experimental
searches for the CME in relativistic heavy-ion collisions
at RHIC and the LHC have persisted over the last two
decades. Significant progress has been made, while many
challenges related to the treatment of background e!ects
remain open. In this Perspective, we review these devel-
opments and challenges and discuss prospects of a poten-
tial CME discovery in high-statistics heavy-ion data to
be available in the next years. For further reading, the
reader is referred to extensive reviews on the subject in
Refs. [32–40]. For discussion of other closely related phe-
nomena, such as the chiral magnetic wave and the chiral
vortical e!ect, see Refs. [33, 41–48].

II. EXPERIMENTAL OBSERVABLES AND
METHODS

A. Gamma correlator

A main signature of the CME is the charge separation
along the magnetic field and perpendicular to the RP. In
a noncentral heavy-ion collision, the overlap interaction
region is of an almond shape (see Fig. 1). The pres-
sure buildup inside the fireball drives a rapid expansion
of the system, strongest in the direction of the highest
pressure gradient (short axis) [49]. This results in an
anisotropic azimuthal (ϑ) distribution of the final-state
particles, which is most often characterized with the help
of Fourier expansion [50],

dN±
dϑ

↑ 1 + 2v1 cos(ϑ↓ ϖRP) + 2v2 cos 2(ϑ↓ ϖRP) + · · ·

+ 2a1± sin(ϑ± ↓ ϖRP) + · · · . (2)

In this expression, we have also added sine terms to ac-
count for a possible particle distribution asymmetry in
the direction of the magnetic field, on average perpendic-
ular to the reaction plane. The subscripts ± denote the
electric charge sign of the particle. The coe”cients vn

quantify the strengths of the corresponding anisotropic
flow: the parameter v1 is often called directed flow, and
v2 elliptic flow. Neglecting the e!ects of the electromag-
netic interactions, the vn coe”cients are charge inde-
pendent. The parity (P)-odd first harmonic sine term
in Eq. (2) with coe”cients a1+ = ↓a1→ is used to de-
scribe the main e!ect of charge asymmetry caused by the
CME. Due to the random nature of the topological charge
fluctuations, the averages of ↔a±↗ over many events van-
ish. Only the correlation measures ↔a1+a1→↗ = ↓a

2
1
and

↔a1±a1±↗ = a
2
1
can be finite.

Parity odd parts:

γ-correlator:
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5. Measurements relative to spectator and participant

planes

Measurements relative to the second harmonic partici-
pant plane yield by definition the largest values of elliptic
flow. The elliptic flow values measured with respect to
the participant plane, v

pp
2
, and to the spectator plane,

v
sp
2
, di!er by 10–20% depending on the collision central-

ity. The CME-induced charge separation is the largest in
the direction of the magnetic field, determined primarily
by spectator protons. It is plausible to assume that the
magnetic field is on average perpendicular to the specta-
tor plane. Therefore, the CME contribution to ”ω would
be the largest if measured with respect to the spectator
plane and would be reduced in magnitude if measured
relative to the participant plane. The flow-induced back-
ground, on the other hand, is proportional to elliptic flow
that is strongest in the participant plane. The relative
magnitudes of v2 and CME signals in two cases are likely
reciprocal, i.e.,

v
sp
2
/v

pp
2

= ”ω
pp
cme/”ω

sp
cme = →cos 2(εpp ↑ εsp)↓ ↔ a. (17)

These features can be used to extract the CME signal
fraction from the two ”ω measurements with respect to
SP and PP, in place of εrp in Eq. (3), by [93, 96]

f
pp
cme ↔ ”ω

pp
cme

”ωpp
=

A/a↑ 1

1/a2 ↑ 1
, (18)

where A = ”ω
sp
/”ω

pp.
Note that the calculation of the double ratio,

(”ω
sp
/v

sp
2
)/(”ω

pp
/v

pp
2
) = A/a, does not require knowl-

edge of the RP resolutions and can be measured more
accurately than, e.g., the ratio v

sp
2
/v

pp
2

= a. Then the
deviation of the double ratio from unity would immedi-
ately indicate the presence of the CME contribution, as
can be seen from the equation below

(”ω/v2)sp

(”ω/v2)pp
= 1 + f

pp
cme

[(
v
pp
2

v
sp
2

)2

↑ 1

]
. (19)

The flow-induced background is identified by design in
this SP/PP method [93, 96]. The method is unique in the
sense that it does not depend on the specific details of the
physics background, whether it is induced by collective
flow or, for example, by spin alignment of vector mesons
from color field fluctuations; as long as the physics back-
ground contributing to ”ω is proportional to flow, it is
accounted for by the method.

The SP/PP method is similar in spirit to the idea of
CME detection in isobar collisions – both approaches
compare two measurements that supposedly di!er in
fcme. The SP/PP method has an advantage in that the
collision events used for SP and PP measurements are
identical, whereas the background in the isobar collisions
might have subtle di!erences, due to di!erences in the
centrality selections and/or isobar nuclear structures.

FIG. 3. (Color online) The first measurements of the
opposite-sign (OS) and same-sign (SS) ω correlators in
Au+Au and Cu+Cu collisions at

→
snn = 200 GeV by

STAR [18, 52]. The thick solid (Au+Au) and dashed
(Cu+Cu) lines represent hijing calculations presenting the
contributions from the RP-independent three-particle corre-
lations. Shaded bands represent uncertainty from the mea-
surement of v2. Figure is taken from Refs. [18, 52].

III. EARLY MEASUREMENTS

A. First results on the gamma correlator

The first results on the CME search in Au+Au and
Cu+Cu collisions at

↗
snn = 200 GeV were published

by the STAR Collaboration in 2009 [18, 52]. As shown
in Fig. 3, a clear di!erence was observed between the
correlators ωos and ωss. The results were consistent with
the general expectations for the CME signal on top of a
common negative background, which could be attributed
to the charge-independent correlations.
STAR has also measured the ω correlators with respect

to the first-order harmonic plane ε1 from the zero-degree
calorimeters (ZDCs) determined by the spectator neu-
trons [97]. The results, cf. Fig. 4, were consistent with
the measurements with respect to the TPC ε2. As dis-
cussed in Sect. II C 5, the TPC (PP) and ZDC (SP) mea-
surements are expected to di!er, however, the statistics
were not su#cient to reveal the di!erence.
STAR has also measured the ω correlators at lower

RHIC energies from the Beam Energy Scan phase-I
(BES-I) data [98]. These results are shown in Fig. 5.
Di!erences between ωos and ωss were observed at all colli-
sion energies except at the two lowest energies of 11.5 and
7.7 GeV. This could suggest that the CME disappears at
these energies, consistent with the expectations that the
chiral symmetry restoration needed for the CME does
not occur at temperatures achievable in the collisions at
low energies.

Problem: mixes with parity even background

Abelev et al. ]  
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Remove background: Isobar run 
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FIG. 16. (Color online) The !ω as a function of v2{2} from
an ESE analysis by STAR for the combined 20–50% centrality
range of Au+Au collisions at

→
snn = 200 GeV. The line is a

linear fit to the data. Error bars (shaded boxes) represent the
statistical (systematic) uncertainties. Figure is taken from
Ref. [110].

1.1 GeV/c2. The obtained intercepts are shown in the
lower panel of Fig. 16. The intercept appears to be larger
at low minv and consistent with zero at high minv.

All ESE analyses assumed that the e!ects of nonflow
and RP-independent background are negligible. These
e!ects will have to be accounted for in future high-
statistics measurements.

B. Spectator/participant planes

The SP/PP method, introduced in Sect. II C 5, was
applied by the STAR Collaboration to Au+Au collisions
at 200 GeV [113]. The SP was estimated by the spec-
tator neutrons measured in the ZDC [114], and the PP
by the second-order harmonic plane reconstructed from
particles in the Time Projection Chamber (TPC). Fig-

ure 17 presents the measured CME fraction f
obs
cme in the

left panel and the absolute CME signal”ω
obs
cme in the right

panel. Sets of four data points in each panel correspond
to four di!erent analysis settings: full-event analyses cor-
respond to POIs and particle c taken from the full TPC
acceptance |ε| < 1, with two POI pT ranges, and sub-
event analyses correspond to selection of POIs from one
side of the TPC and particle c from the other side, with
two sizes of the ”ε gap in between. Four results are
obtained by analysis of the same data and are not sta-
tistically independent. It is found that, while consistent
with zero in peripheral 50–80% collisions, the observed
CME signal in mid-central 20–50% collisions seems to be
finite, with a 1–3ϑ significance depending on the analysis
cuts and methods. For the full-event analysis with POI
kinematic range of |ε| < 1 and 0.2 < pT < 2 GeV/c,
f
obs
cme = (14.7±4.3±2.6)%, with a 2.9ϑ significance above
zero.
This method has also been applied to Au+Au collisions

at
→
snn = 27 GeV. At that energy, the beam rapidity

value is within the pseudorapidity coverage of the event-
plane detector (EPD) [115], so the inner part of EPD
measures spectators and the outer part measures partic-
ipant particles. The (inner) EPD event-plane resolution
is significantly better than that of the ZDC, boosting the
precision reach of the SP/PP measurement in this energy
region. The event statistics from BES-II are still limited
and the current result is consistent with zero CME sig-
nal [115].
The SP/PP method was also used for a separate es-

timates of the CME signal in each of the isobar colli-
sions [116]. For the SP measurements, the ω correlator
and elliptic flow were measured using the event planes
from the STAR’s ZDCs. Two approaches have been used,
one computes a combined first harmonic event plane from
the two ZDCs and the corresponding EP resolution. The
other uses the two ϖ1 harmonic planes from each of the
ZDCs via

(”ω/v2)ZDC =
”↑cos(ϱω + ϱε ↓ ϖ

w
1
↓ ϖ

e
1
)↔

↑cos(2ϱ↓ ϖ
w
1
↓ ϖ

e
1
)↔ , (23)

where ϖ
w(e)
1

is the EP determined with the ZDC on
the west/backward and east/forward side of STAR, with
the EP resolution extracted directly from the data as
↑cos(ϖw

1
↓ ϖ

e
1
)↔. While the ratio in Eq. (23) does not

depend on the EP resolution, a quantitative estimate of
fcme from the double ratio (from PP and SP) requires
the v2 values corrected for the EP resolutions. The ex-
tracted average CME fractions for the 20–50% centrality
were found to be consistent with zero within ↗15% un-
certainties of the measurement, which are dominated by
the poor ZDC EP resolution.

C. Isobar collisions

The isobar 96
44
Ru+96

44
Ru and 96

40
Zr+96

40
Zr collision run

was performed at RHIC in 2018. Tremendous e!orts were
Ru 10% more charge , more CME, nuclear physics the same

15

FIG. 18. (Color online) Isobar Ru+Ru/Zr+Zr ratios of !ω/v2 from the STAR blind analyses (black squares, with error bars
and gray boxes indicating statistical and systematic uncertainties, respectively) [116]. Also shown are background baseline
estimates by STAR for the four measurements that used the cumulant method (short horizontal lines accompanied by shaded
boxes, the heights of which indicate the combined statistical and systematic uncertainties) [120, 121]. The rightmost and second
rightmost purple diamonds indicate the isobar ratios of inverse multiplicities (1/No!ine

trk ) and the relative pair excess of OS over
SS pairs (r). Figure is taken from Ref. [120, 121].

competing e!ect favoring isobar collisions; however, the
magnitude of this e!ect is largely unknown. Considering
all these e!ects, the small fcme observed in isobar colli-
sions does not exclude a significant signal in collisions of
larger nuclei.

D. Utilizing small-large systems

The ALICE Collaboration has taken the isobar idea
further and tried to extract the CME signal from a com-
parison of the ”ω measurements in Xe+Xe and Pb+Pb
collisions [124]. The multiplicity scaled ω correlators are
compared since the flow-induced background is approxi-
mately inversely proportional to the multiplicity. Assum-
ing that both the CME signal and the background scale
with inverse multiplicity, the charge dependence of ”ω

for the two collision systems can be expressed as

#Xe→Xe = sB̃
Xe→Xe + bv

Xe→Xe

2
, (24a)

#Pb→Pb = sB̃
Pb→Pb + bv

Pb→Pb

2
, (24b)

where # → ”ω dNch/dε (here dNch/dε is the pseudo-
rapidity density of charged hadron multiplicity), and
B̃ → ↑B2 cos 2(ϑB ↓ ϑ2)↔. The s and b parameters do
not depend on collision system and quantify the signal
and background contributions, respectively. Using model
calculations of B̃ (see Fig. 19), the s and b parameters
can be extracted from the data using Eqs. (24). These
parameters can be used to calculate the fractions of the
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 (M
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co
s(

2(
2 )

eB (〈  = 5.44 TeVNNsXe −Xe

 = 5.02 TeVNNsPb −Pb

ALICE 
MC Glauber

FIG. 19. (Color online) The expected CME signal as a func-
tion of centrality from MC Glauber simulations for Xe–Xe and
Pb–Pb collisions by ALICE. Figure is taken from Ref. [124].

CME signal in Xe–Xe and Pb–Pb collisions as

fcme =
sB̃

sB̃ + bv2

. (25)

The results obtained with the help of Eq. (25) are
shown in Fig. 20. A smaller CME signal in Xe–Xe com-
pared to Pb–Pb collisions is due to the smaller magnetic
field strength and a larger decorrelation between ϑB and
ϑ2. It is worth noting that the CME fractions in the
two systems are correlated because both are calculated
with the same s and b parameters. The estimated fcme
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AdS4CME initiative:

https://ads4cme.wixsite.com/ads4cme

Poster of Kickoff meeting at IFT

https://ads4cme.wixsite.com/ads4cme
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Tasks for Holography?
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lead to a charge-dependence of elliptic flow of hadrons that is linearly dependent on the

charge asymmetry of the QGP [40] via electric quadrupole [41], while CVE should induce

a characteristic baryonic charge separation [42, 43]. These e↵ects can potentially provide

complementary experimental signals of topological fluctuations in a QCD plasma and a

macroscopic manifestation of a chiral anomaly. The measured CMW observables for pions

and kaons are consistent with the trend the CMW predicts, while no known backgrounds

can explain both pions and kaons data [44, 45]. However, there exists a sizable uncertainty

in the CMW prediction due to the uncertainty of the lifetime of the magnetic field. Cross

correlations between these observables may also provide further experimental tests of the

e↵ects. In the next section, we discuss theoretical uncertainties in more detail.

II. THEORY UNCERTAINTIES

As discussed in Sect. I, the QCD plasma created in high-energy nucleus-nucleus collisions

provides a promising environment to study manifestations of anomaly induced transport

phenomena. However, given the complexity of the space-time evolution of the system, there

remain significant theoretical uncertainties with regard to quantitative understanding of the

CME in heavy-ion collisions, as well as possible backgrounds coming from more conventional

mechanisms. Concerning the quantitative understanding of the CME in heavy-ion collisions,

the dominant theoretical uncertainties originate from

A) the initial distribution of axial charges,

B) the evolution of the magnetic field,

C) the dynamics of the CME during the pre-equilibrium stage,

D) the uncertainties in the hadronic phase and the freeze-out.

Initial distribution of axial charges: There are many possible sources to generate

local imbalances of axial charge densities in a QCD plasma, such as topological transitions

(sphalerons), local fluctuations of topological density, as well as local axial currents due to

the chiral separation e↵ect. Presently, no reliable data-validated model exists that compre-

hensively includes all these sources of axial charge density for the spatial distributions of

axial charge at initial times as well as the additional sources during the later stages of the
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Spacetime dynamics of chiral magnetic currents
in a hot non-Abelian plasma

Sebastian Grieninger 1,* and Dmitri E. Kharzeev1,2,†
1Center for Nuclear Theory, Department of Physics and Astronomy, Stony Brook University,

Stony Brook, New York 11794–3800, USA
2Department of Physics, Brookhaven National Laboratory Upton, New York 11973-5000, USA

(Received 12 September 2023; accepted 16 November 2023; published 4 December 2023)

The correlations of electric currents in hot non-Abelian plasma are responsible for the experimental
manifestations of the chiral magnetic effect in heavy-ion collisions. We evaluate these correlations using
holography, and show that they are driven by large-scale topological fluctuations. In a non-Abelian plasma
with chiral fermions, local axial charge can be generated either by topological fluctuations (creating
domains with nonzero Chern-Simons number) or by thermal fluctuations. Within holography, we
investigate the dynamical creation of the axial charge and isolate the imprint of the topological dynamics
on the spatial correlations of electric current. In particular, we show that the spatial extent of the current
correlation is quite large (∼1 fm) and grows with time, which is consistent with sphaleronlike dynamics.
We provide numerical estimates for this spatial size that can be used as an input in phenomenological
analyses.

DOI: 10.1103/PhysRevD.108.126004

I. INTRODUCTION

Non-Abelian gauge theories, including Quantum
Chromodynamics (QCD), possess topologically nontrivial
configurations of gauge fields [1]. The topology of these
gauge fields is characterized by Chern-Simons number [2]
which differentiates between energetically degenerate but
topologically distinct ground states. Tunneling transitions
between such energy-degenerate vacuum sectors are medi-
ated by instantons, classical Euclidean solutions to the
Yang-Mills field equations [1].
At high energy (or high temperature) the barrier can be

crossed classically by sphalerons [3–5]. Within the
Standard Model such transitions violate the baryon number
conservation and are believed to have occurred in the hot
electroweak plasma in the expanding early Universe [6,7]
satisfying two of Sakharov’s conditions for baryogenesis
[8]. Unfortunately, the temperature of the electroweak
phase transition is too high (TEW ≈ 160 GeV) to observe
these processes in the laboratory.
However, the temperature of the QCD phase transition is

three 3 orders of magnitudes smaller and the QCD plasma

is created in heavy-ion collisions at the relativistic heavy
ion collider (RHIC) and the large hadron collider (LHC). In
QCD, sphaleron transitions are accompanied by a chirality
flip of the light quarks, representing a “local P and CP
violation” [9,10].
The chiral magnetic effect (CME) opens the possibility to

detect the topological transitions by converting the chirality
asymmetry generated by them into a fluctuation of an electric
current, in an external magnetic field [11–13]. In heavy-ion
collisions, the produced quark-gluon plasma is penetrated by
a strong magnetic field created mostly by the spectator
protons [12]. Therefore, the chirality imbalance generated by
topological transitions induces an electric charge separation
along the direction of magnetic field, i.e., relative to the
reaction plane of a heavy-ion collision.
The experimental observable directly linked to fluctua-

tions of electric current was proposed in [14] (see [15] for a
review and discussion):

cosðΔϕα þ ΔϕβÞ ∝
αβ

NαNβ
ðhJ2⊥i − hJ2kiÞ; ð1Þ

where Δϕ is the angle relative to the reaction plane of the
produced hadrons, with α; β ¼ %1 indicating positively
and negatively charged hadrons. As shown in (1), this
experimental observable can be related [16] to the fluctua-
tions in the current J⊥ perpendicular to the magnetic field B
and the current Jk along B, whereNþ andN− is the number
of positive and negative hadrons, respectively.
To evaluate the observables (1), one needs to use a model

for generating the chirality imbalance, and then include
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We extend previous holographic studies of the Chiral Magnetic E!ect (CME) by incorporating a
time-dependent magnetic field. Various magnetic field profiles proposed in the literature are imple-
mented, and their impact on the CME signal is analyzed in both static and expanding backgrounds.
Interestingly, the integrated chiral magnetic current can exhibit a non-monotonic dependence on
the collision energy. Our results suggest that the CME signal is enhanced at collision energies below→
s = 200 GeV. In addition, we derive a quasi-equilibrium formula for the chiral magnetic e!ect in

the expanding background that is valid at late times.

I. INTRODUCTION

The quark-gluon plasma (QGP) formed in heavy-ion
collisions provides an excellent window into the prop-
erties of QCD matter under extreme conditions. The
fast moving ions in non-central collisions generate sizable
magnetic fields [1–12], while the o!-central collisions im-
print a large angular momentum onto the plasma, caus-
ing it to rotate. The magnetic field strength can reach
magnitudes of eB → 10m2

ω
, where mω → 0.14 GeV is

the pion mass, in ultrarelativistic heavy ion collisions at
the Relativistic Heavy Ion Collider (RHIC) at energies of↑
sNN = 200 GeV. These values are even exceeded at the

Large Hadron Collider (LHC). Similarly, the o!-central
collisions The vorticity of the plasma can be accessed
through the decay of the hyperons, and is estimated to
be of the order of 10 MeV [13]. Combined with the chi-
ral imbalance of the plasma, both the magnetic field and
angular velocity can give rise to a variety of anomaly in-
duced transport phenomena, as was recently reviewed in
Refs. [14, 15].

Among these, the Chiral Magnetic E!ect (CME)
stands out as one of the most fascinating manifesta-
tions [16–18], and has received most of the theoretical and
experimental attention. The CME is the phenomenon
where an electric current is generated along the direc-
tion of the magnetic field due to the imbalance between
left- and right-handed particles (for a recent review see
[19] and references therein). The chiral imbalance has
been argued to arise from topological fluctuations of the
non-abelian gauge fields in the QGP [16]. We refer to
the electric current resulting from the CME as the chi-
ral magnetic current. Similarly, the magnetic field com-
bined with a particle/anti-particle imbalance gives rise to

→ sebastian.grieninger@stonybrook.edu
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the Chiral Separation E!ect [20, 21], while a helicity im-
balance leads to the Helical Separation E!ect [22]. The
coherent interplay between the CME and CSE further
gives rise to the Chiral Magnetic Wave [23, 24]. Note also
the recently discovered transport phenomena of Ref. [25].
We refer the reader to Refs. [26–30] for the rotational
counterparts of the anomaly induced transport phenom-
ena. Taken together, these provide a unique opportu-
nity to observe macroscopic e!ects of quantum anomalies
in quantum chromodynamics (QCD), and to probe indi-
rectly the non-trivial topology of the non-abelian gauge
fields. In this work, we focus on the chiral magnetic e!ect
phenomenology in the context of heavy ion collisions.

The existence of the CME has been experimentally
verified in condensed matter experiments [31–34]. The
measurement of this e!ect in heavy ion collisions ap-
pears to be more elusive, with preliminary searches at
both RHIC and LHC, and a subsequent dedicated ex-
periment at RHIC known as the isobar runs. The blind
analysis of the isobar runs by the Star Collaboration [35]
concluded that there was no CME signal according to
the pre-defined criteria of the experiment. These crite-
ria were later re-examined and a post-blind analysis was
presented in Refs. [36, 37], with results consistent with a
finite CME signal. However, this conclusion is not defini-
tive, and further experimental analyses are being carried
out. In this paper we consider the theoretical uncertain-
ties arising from the time dependence of the magnetic
field, which may help to understand the experimental re-
sults.

The magnitude of the chiral magnetic current strongly
depends on the strength of the magnetic field. However,
the exact time dependence of the magnetic field during
heavy-ion collisions is still debated in the literature. As
was recently suggested in [38], the presence of a conduct-
ing medium (such as the QGP itself) can significantly
extend the lifetime of these magnetic fields through a
mechanism analogous to Faraday induction. As the ex-
ternal magnetic field begins to decay, it induces electric
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We extend previous holographic studies of the Chiral Magnetic E!ect (CME) by incorporating a
time-dependent magnetic field. Various magnetic field profiles proposed in the literature are imple-
mented, and their impact on the CME signal is analyzed in both static and expanding backgrounds.
Interestingly, the integrated chiral magnetic current can exhibit a non-monotonic dependence on
the collision energy. Our results suggest that the CME signal is enhanced at collision energies below→
s = 200 GeV. In addition, we derive a quasi-equilibrium formula for the chiral magnetic e!ect in



the expanding background that is valid at late times.



I. INTRODUCTION



The quark-gluon plasma (QGP) formed in heavy-ion
collisions provides an excellent window into the prop-
erties of QCD matter under extreme conditions. The
fast moving ions in non-central collisions generate sizable
magnetic fields [1–12], while the o!-central collisions im-
print a large angular momentum onto the plasma, caus-
ing it to rotate. The magnetic field strength can reach
magnitudes of eB → 10m2



ω
, where mω → 0.14 GeV is



the pion mass, in ultrarelativistic heavy ion collisions at
the Relativistic Heavy Ion Collider (RHIC) at energies of↑
sNN = 200 GeV. These values are even exceeded at the



Large Hadron Collider (LHC). Similarly, the o!-central
collisions The vorticity of the plasma can be accessed
through the decay of the hyperons, and is estimated to
be of the order of 10 MeV [13]. Combined with the chi-
ral imbalance of the plasma, both the magnetic field and
angular velocity can give rise to a variety of anomaly in-
duced transport phenomena, as was recently reviewed in
Refs. [14, 15].



Among these, the Chiral Magnetic E!ect (CME)
stands out as one of the most fascinating manifesta-
tions [16–18], and has received most of the theoretical and
experimental attention. The CME is the phenomenon
where an electric current is generated along the direc-
tion of the magnetic field due to the imbalance between
left- and right-handed particles (for a recent review see
[19] and references therein). The chiral imbalance has
been argued to arise from topological fluctuations of the
non-abelian gauge fields in the QGP [16]. We refer to
the electric current resulting from the CME as the chi-
ral magnetic current. Similarly, the magnetic field com-
bined with a particle/anti-particle imbalance gives rise to
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the Chiral Separation E!ect [20, 21], while a helicity im-
balance leads to the Helical Separation E!ect [22]. The
coherent interplay between the CME and CSE further
gives rise to the Chiral Magnetic Wave [23, 24]. Note also
the recently discovered transport phenomena of Ref. [25].
We refer the reader to Refs. [26–30] for the rotational
counterparts of the anomaly induced transport phenom-
ena. Taken together, these provide a unique opportu-
nity to observe macroscopic e!ects of quantum anomalies
in quantum chromodynamics (QCD), and to probe indi-
rectly the non-trivial topology of the non-abelian gauge
fields. In this work, we focus on the chiral magnetic e!ect
phenomenology in the context of heavy ion collisions.



The existence of the CME has been experimentally
verified in condensed matter experiments [31–34]. The
measurement of this e!ect in heavy ion collisions ap-
pears to be more elusive, with preliminary searches at
both RHIC and LHC, and a subsequent dedicated ex-
periment at RHIC known as the isobar runs. The blind
analysis of the isobar runs by the Star Collaboration [35]
concluded that there was no CME signal according to
the pre-defined criteria of the experiment. These crite-
ria were later re-examined and a post-blind analysis was
presented in Refs. [36, 37], with results consistent with a
finite CME signal. However, this conclusion is not defini-
tive, and further experimental analyses are being carried
out. In this paper we consider the theoretical uncertain-
ties arising from the time dependence of the magnetic
field, which may help to understand the experimental re-
sults.



The magnitude of the chiral magnetic current strongly
depends on the strength of the magnetic field. However,
the exact time dependence of the magnetic field during
heavy-ion collisions is still debated in the literature. As
was recently suggested in [38], the presence of a conduct-
ing medium (such as the QGP itself) can significantly
extend the lifetime of these magnetic fields through a
mechanism analogous to Faraday induction. As the ex-
ternal magnetic field begins to decay, it induces electric
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The correlations of electric currents in hot non-Abelian plasma are responsible for the experimental
manifestations of the chiral magnetic effect in heavy-ion collisions. We evaluate these correlations using
holography, and show that they are driven by large-scale topological fluctuations. In a non-Abelian plasma
with chiral fermions, local axial charge can be generated either by topological fluctuations (creating
domains with nonzero Chern-Simons number) or by thermal fluctuations. Within holography, we
investigate the dynamical creation of the axial charge and isolate the imprint of the topological dynamics
on the spatial correlations of electric current. In particular, we show that the spatial extent of the current
correlation is quite large (∼1 fm) and grows with time, which is consistent with sphaleronlike dynamics.
We provide numerical estimates for this spatial size that can be used as an input in phenomenological
analyses.



DOI: 10.1103/PhysRevD.108.126004



I. INTRODUCTION



Non-Abelian gauge theories, including Quantum
Chromodynamics (QCD), possess topologically nontrivial
configurations of gauge fields [1]. The topology of these
gauge fields is characterized by Chern-Simons number [2]
which differentiates between energetically degenerate but
topologically distinct ground states. Tunneling transitions
between such energy-degenerate vacuum sectors are medi-
ated by instantons, classical Euclidean solutions to the
Yang-Mills field equations [1].
At high energy (or high temperature) the barrier can be



crossed classically by sphalerons [3–5]. Within the
Standard Model such transitions violate the baryon number
conservation and are believed to have occurred in the hot
electroweak plasma in the expanding early Universe [6,7]
satisfying two of Sakharov’s conditions for baryogenesis
[8]. Unfortunately, the temperature of the electroweak
phase transition is too high (TEW ≈ 160 GeV) to observe
these processes in the laboratory.
However, the temperature of the QCD phase transition is



three 3 orders of magnitudes smaller and the QCD plasma



is created in heavy-ion collisions at the relativistic heavy
ion collider (RHIC) and the large hadron collider (LHC). In
QCD, sphaleron transitions are accompanied by a chirality
flip of the light quarks, representing a “local P and CP
violation” [9,10].
The chiral magnetic effect (CME) opens the possibility to



detect the topological transitions by converting the chirality
asymmetry generated by them into a fluctuation of an electric
current, in an external magnetic field [11–13]. In heavy-ion
collisions, the produced quark-gluon plasma is penetrated by
a strong magnetic field created mostly by the spectator
protons [12]. Therefore, the chirality imbalance generated by
topological transitions induces an electric charge separation
along the direction of magnetic field, i.e., relative to the
reaction plane of a heavy-ion collision.
The experimental observable directly linked to fluctua-



tions of electric current was proposed in [14] (see [15] for a
review and discussion):



cosðΔϕα þ ΔϕβÞ ∝
αβ



NαNβ
ðhJ2⊥i − hJ2kiÞ; ð1Þ



where Δϕ is the angle relative to the reaction plane of the
produced hadrons, with α; β ¼ %1 indicating positively
and negatively charged hadrons. As shown in (1), this
experimental observable can be related [16] to the fluctua-
tions in the current J⊥ perpendicular to the magnetic field B
and the current Jk along B, whereNþ andN− is the number
of positive and negative hadrons, respectively.
To evaluate the observables (1), one needs to use a model



for generating the chirality imbalance, and then include
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II. THEORY UNCERTAINTIES
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5. Measurements relative to spectator and participant



planes



Measurements relative to the second harmonic partici-
pant plane yield by definition the largest values of elliptic
flow. The elliptic flow values measured with respect to
the participant plane, v



pp
2
, and to the spectator plane,



v
sp
2
, di!er by 10–20% depending on the collision central-



ity. The CME-induced charge separation is the largest in
the direction of the magnetic field, determined primarily
by spectator protons. It is plausible to assume that the
magnetic field is on average perpendicular to the specta-
tor plane. Therefore, the CME contribution to ”ω would
be the largest if measured with respect to the spectator
plane and would be reduced in magnitude if measured
relative to the participant plane. The flow-induced back-
ground, on the other hand, is proportional to elliptic flow
that is strongest in the participant plane. The relative
magnitudes of v2 and CME signals in two cases are likely
reciprocal, i.e.,



v
sp
2
/v



pp
2



= ”ω
pp
cme/”ω



sp
cme = →cos 2(εpp ↑ εsp)↓ ↔ a. (17)



These features can be used to extract the CME signal
fraction from the two ”ω measurements with respect to
SP and PP, in place of εrp in Eq. (3), by [93, 96]



f
pp
cme ↔ ”ω



pp
cme



”ωpp
=



A/a↑ 1



1/a2 ↑ 1
, (18)



where A = ”ω
sp
/”ω



pp.
Note that the calculation of the double ratio,



(”ω
sp
/v



sp
2
)/(”ω



pp
/v



pp
2
) = A/a, does not require knowl-



edge of the RP resolutions and can be measured more
accurately than, e.g., the ratio v



sp
2
/v



pp
2



= a. Then the
deviation of the double ratio from unity would immedi-
ately indicate the presence of the CME contribution, as
can be seen from the equation below



(”ω/v2)sp



(”ω/v2)pp
= 1 + f



pp
cme



[(
v
pp
2



v
sp
2



)2



↑ 1



]
. (19)



The flow-induced background is identified by design in
this SP/PP method [93, 96]. The method is unique in the
sense that it does not depend on the specific details of the
physics background, whether it is induced by collective
flow or, for example, by spin alignment of vector mesons
from color field fluctuations; as long as the physics back-
ground contributing to ”ω is proportional to flow, it is
accounted for by the method.
The SP/PP method is similar in spirit to the idea of



CME detection in isobar collisions – both approaches
compare two measurements that supposedly di!er in
fcme. The SP/PP method has an advantage in that the
collision events used for SP and PP measurements are
identical, whereas the background in the isobar collisions
might have subtle di!erences, due to di!erences in the
centrality selections and/or isobar nuclear structures.



FIG. 3. (Color online) The first measurements of the
opposite-sign (OS) and same-sign (SS) ω correlators in
Au+Au and Cu+Cu collisions at



→
snn = 200 GeV by



STAR [18, 52]. The thick solid (Au+Au) and dashed
(Cu+Cu) lines represent hijing calculations presenting the
contributions from the RP-independent three-particle corre-
lations. Shaded bands represent uncertainty from the mea-
surement of v2. Figure is taken from Refs. [18, 52].



III. EARLY MEASUREMENTS



A. First results on the gamma correlator



The first results on the CME search in Au+Au and
Cu+Cu collisions at



↗
snn = 200 GeV were published



by the STAR Collaboration in 2009 [18, 52]. As shown
in Fig. 3, a clear di!erence was observed between the
correlators ωos and ωss. The results were consistent with
the general expectations for the CME signal on top of a
common negative background, which could be attributed
to the charge-independent correlations.
STAR has also measured the ω correlators with respect



to the first-order harmonic plane ε1 from the zero-degree
calorimeters (ZDCs) determined by the spectator neu-
trons [97]. The results, cf. Fig. 4, were consistent with
the measurements with respect to the TPC ε2. As dis-
cussed in Sect. II C 5, the TPC (PP) and ZDC (SP) mea-
surements are expected to di!er, however, the statistics
were not su#cient to reveal the di!erence.
STAR has also measured the ω correlators at lower



RHIC energies from the Beam Energy Scan phase-I
(BES-I) data [98]. These results are shown in Fig. 5.
Di!erences between ωos and ωss were observed at all colli-
sion energies except at the two lowest energies of 11.5 and
7.7 GeV. This could suggest that the CME disappears at
these energies, consistent with the expectations that the
chiral symmetry restoration needed for the CME does
not occur at temperatures achievable in the collisions at
low energies.








A) the initial distribution of axial charges,
B) the evolution of the magnetic field,
C) the dynamics of the CME during the pre-equilibrium stage,

D) the uncertainties in the hadronic phase and the freeze-out.
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STAR Isobar post-blind analysis, Vsyy = 200 GeV, Ru+Ru/Zr+Zr, 20-50%
[M. Abdallah et al. (STAR), Phys. Rev. C 105 (2022) 014901]

— this study: baseline estimate
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FIG. 16. (Color online) The !ω as a function of v2{2} from
an ESE analysis by STAR for the combined 20–50% centrality
range of Au+Au collisions at



→
snn = 200 GeV. The line is a



linear fit to the data. Error bars (shaded boxes) represent the
statistical (systematic) uncertainties. Figure is taken from
Ref. [110].



1.1 GeV/c2. The obtained intercepts are shown in the
lower panel of Fig. 16. The intercept appears to be larger
at low minv and consistent with zero at high minv.



All ESE analyses assumed that the e!ects of nonflow
and RP-independent background are negligible. These
e!ects will have to be accounted for in future high-
statistics measurements.



B. Spectator/participant planes



The SP/PP method, introduced in Sect. II C 5, was
applied by the STAR Collaboration to Au+Au collisions
at 200 GeV [113]. The SP was estimated by the spec-
tator neutrons measured in the ZDC [114], and the PP
by the second-order harmonic plane reconstructed from
particles in the Time Projection Chamber (TPC). Fig-



ure 17 presents the measured CME fraction f
obs
cme in the



left panel and the absolute CME signal”ω
obs
cme in the right



panel. Sets of four data points in each panel correspond
to four di!erent analysis settings: full-event analyses cor-
respond to POIs and particle c taken from the full TPC
acceptance |ε| < 1, with two POI pT ranges, and sub-
event analyses correspond to selection of POIs from one
side of the TPC and particle c from the other side, with
two sizes of the ”ε gap in between. Four results are
obtained by analysis of the same data and are not sta-
tistically independent. It is found that, while consistent
with zero in peripheral 50–80% collisions, the observed
CME signal in mid-central 20–50% collisions seems to be
finite, with a 1–3ϑ significance depending on the analysis
cuts and methods. For the full-event analysis with POI
kinematic range of |ε| < 1 and 0.2 < pT < 2 GeV/c,
f
obs
cme = (14.7±4.3±2.6)%, with a 2.9ϑ significance above
zero.
This method has also been applied to Au+Au collisions



at
→
snn = 27 GeV. At that energy, the beam rapidity



value is within the pseudorapidity coverage of the event-
plane detector (EPD) [115], so the inner part of EPD
measures spectators and the outer part measures partic-
ipant particles. The (inner) EPD event-plane resolution
is significantly better than that of the ZDC, boosting the
precision reach of the SP/PP measurement in this energy
region. The event statistics from BES-II are still limited
and the current result is consistent with zero CME sig-
nal [115].
The SP/PP method was also used for a separate es-



timates of the CME signal in each of the isobar colli-
sions [116]. For the SP measurements, the ω correlator
and elliptic flow were measured using the event planes
from the STAR’s ZDCs. Two approaches have been used,
one computes a combined first harmonic event plane from
the two ZDCs and the corresponding EP resolution. The
other uses the two ϖ1 harmonic planes from each of the
ZDCs via



(”ω/v2)ZDC =
”↑cos(ϱω + ϱε ↓ ϖ



w
1
↓ ϖ



e
1
)↔



↑cos(2ϱ↓ ϖ
w
1
↓ ϖ



e
1
)↔ , (23)



where ϖ
w(e)
1



is the EP determined with the ZDC on
the west/backward and east/forward side of STAR, with
the EP resolution extracted directly from the data as
↑cos(ϖw



1
↓ ϖ



e
1
)↔. While the ratio in Eq. (23) does not



depend on the EP resolution, a quantitative estimate of
fcme from the double ratio (from PP and SP) requires
the v2 values corrected for the EP resolutions. The ex-
tracted average CME fractions for the 20–50% centrality
were found to be consistent with zero within ↗15% un-
certainties of the measurement, which are dominated by
the poor ZDC EP resolution.



C. Isobar collisions



The isobar 96
44
Ru+96



44
Ru and 96



40
Zr+96



40
Zr collision run



was performed at RHIC in 2018. Tremendous e!orts were











FIG. 2: Magnetoresistance in field parallel to current ( ~B k a) in ZrTe5. (a) MR at various



temperatures. For clarity, the resistivity curves were shifted by 1.5 m⌦cm (150 K), 0.9 m⌦cm



(100 K), 0.2 m⌦cm (70 K) and �0.2 m⌦cm (5 K). (b) MR at 20K (red symbols) fitted with the



CME curve (blue line); inset: temperature dependence of the fitting parameter a(T ) in units of



S/(cm T2).



observed resistivity can be fitted with a simple quadratic term (Supplementary materials,



Fig. S1). This term is treated as a background and subtracted from the parallel field



component for all MR curves recorded at T  100 K.



A negative MR is observed for T  100 K, increasing in magnitude as temperature



decreases. We found that the magnetic field dependence of the negative MR can be nicely



fitted with the CME contribution to the electrical conductivity, given by �CME = �0 +



a(T )B2, where �0 represents the zero field conductivity. The fitting is illustrated in Fig.



2(b) for T = 20 K, with an excellent agreement between the data and the CME fitting



curve. At 4 Tesla, the CME conductivity is about the same as the zero-field conductivity.



At 9T, the CME contribution increases by ⇠ 400%, resulting in a negative MR that is



much stronger than any conventional one reported at an equivalent magnetic field in a



non-magnetic material.



At very low field, the data show a small cusp-like feature. The origin of this feature is not



completely understood, but it probably indicates some form of anti-localization coming from



the perpendicular ( ~B k b) component. Inset in Fig. 2(b) shows the temperature dependence



of the fitting parameter a(T ), which decreases with temperature faster than 1/T , again



consistent with the CME.
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FIG. 1. (Color online) Schematic view of a heavy-ion colli-
sion. The charge separation happens along the magnetic field
indicated by the upward arrow. The direction of the charge
separation fluctuates in accord with the sign of the topologi-
cal charge. Drawing is from Ref. [18].



by a flip in quark chirality, play a key role in the chi-
ral symmetry breaking and supposedly in mass genera-
tion [5] (for a review, see [6, 7]).
The chirality flips of the quarks during the topological



transitions create a chirality imbalance, a di!erence in
the numbers of left- and right-handed fermions. The chi-
rality imbalance is predicted, in the presence of a strong
magnetic field, to induce an electric current along the
magnetic field. This phenomenon is called the chiral
magnetic e!ect (CME) [8, 9]. The induced electric cur-
rent can be described as [10–12]



ωJ =
Q



2



f



2ε2
µ5



ωB , (1)



where Qf is the quark electric charge, and µ5 is an axial
chemical potential that quantifies the amount of chirality
imbalance.
Relativistic heavy-ion collisions provide an ideal en-



vironment to search for the CME. In high-temperature
QGP created in those collisions, the chiral symmetry is
restored and the transitions between topologically dif-
ferent vacuum states may be enhanced [8, 13, 14]. In
addition, a large magnetic field on the order of B →
m



2
ω/e → 1018 Gauss can be created (here e is the ele-



mentary charge and mω is the pion mass) [15–17]. The
cartoon in Fig. 1 depicts a noncentral heavy-ion collision,
where the reaction plane (RP), spanned by the impact
parameter direction and the beam direction, is indicated
by the grid parallelogram. The magnetic field, created
mostly by spectator protons of the colliding nuclei, points
perpendicular to the RP.
The magnetic field in heavy-ion collisions is expected



to quickly fade o! as the two spectator remnants recede
from each other. However, the decay time can be signif-
icantly prolonged depending on the electric conductiv-
ity of the QGP [19–23]. With plausible parameters for
the axial current density and the time evolution of the
magnetic field, anomalous (viscous) hydrodynamic cal-



culations suggest that an appreciable CME can manifest
itself in relativistic heavy-ion collisions [10–12].
Experiments at the Relativistic Heavy-Ion Collider



(RHIC) at Brookhaven National Laboratory in the
U.S. and at the Large Hadron Collider (LHC) at CERN
in Europe [24–29] are set to study the properties of the
QGP. It is found that the QGP is strongly coupled and
behaves like a nearly perfect fluid [30, 31]. Experimental
searches for the CME in relativistic heavy-ion collisions
at RHIC and the LHC have persisted over the last two
decades. Significant progress has been made, while many
challenges related to the treatment of background e!ects
remain open. In this Perspective, we review these devel-
opments and challenges and discuss prospects of a poten-
tial CME discovery in high-statistics heavy-ion data to
be available in the next years. For further reading, the
reader is referred to extensive reviews on the subject in
Refs. [32–40]. For discussion of other closely related phe-
nomena, such as the chiral magnetic wave and the chiral
vortical e!ect, see Refs. [33, 41–48].



II. EXPERIMENTAL OBSERVABLES AND
METHODS



A. Gamma correlator



A main signature of the CME is the charge separation
along the magnetic field and perpendicular to the RP. In
a noncentral heavy-ion collision, the overlap interaction
region is of an almond shape (see Fig. 1). The pres-
sure buildup inside the fireball drives a rapid expansion
of the system, strongest in the direction of the highest
pressure gradient (short axis) [49]. This results in an
anisotropic azimuthal (ϑ) distribution of the final-state
particles, which is most often characterized with the help
of Fourier expansion [50],



dN±
dϑ



↑ 1 + 2v1 cos(ϑ↓ ϖRP) + 2v2 cos 2(ϑ↓ ϖRP) + · · ·



+ 2a1± sin(ϑ± ↓ ϖRP) + · · · . (2)



In this expression, we have also added sine terms to ac-
count for a possible particle distribution asymmetry in
the direction of the magnetic field, on average perpendic-
ular to the reaction plane. The subscripts ± denote the
electric charge sign of the particle. The coe”cients vn



quantify the strengths of the corresponding anisotropic
flow: the parameter v1 is often called directed flow, and
v2 elliptic flow. Neglecting the e!ects of the electromag-
netic interactions, the vn coe”cients are charge inde-
pendent. The parity (P)-odd first harmonic sine term
in Eq. (2) with coe”cients a1+ = ↓a1→ is used to de-
scribe the main e!ect of charge asymmetry caused by the
CME. Due to the random nature of the topological charge
fluctuations, the averages of ↔a±↗ over many events van-
ish. Only the correlation measures ↔a1+a1→↗ = ↓a



2
1
and



↔a1±a1±↗ = a
2
1
can be finite.
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lead to a charge-dependence of elliptic flow of hadrons that is linearly dependent on the



charge asymmetry of the QGP [40] via electric quadrupole [41], while CVE should induce



a characteristic baryonic charge separation [42, 43]. These e↵ects can potentially provide



complementary experimental signals of topological fluctuations in a QCD plasma and a



macroscopic manifestation of a chiral anomaly. The measured CMW observables for pions



and kaons are consistent with the trend the CMW predicts, while no known backgrounds



can explain both pions and kaons data [44, 45]. However, there exists a sizable uncertainty



in the CMW prediction due to the uncertainty of the lifetime of the magnetic field. Cross



correlations between these observables may also provide further experimental tests of the



e↵ects. In the next section, we discuss theoretical uncertainties in more detail.



II. THEORY UNCERTAINTIES



As discussed in Sect. I, the QCD plasma created in high-energy nucleus-nucleus collisions



provides a promising environment to study manifestations of anomaly induced transport



phenomena. However, given the complexity of the space-time evolution of the system, there



remain significant theoretical uncertainties with regard to quantitative understanding of the



CME in heavy-ion collisions, as well as possible backgrounds coming from more conventional



mechanisms. Concerning the quantitative understanding of the CME in heavy-ion collisions,



the dominant theoretical uncertainties originate from



A) the initial distribution of axial charges,



B) the evolution of the magnetic field,



C) the dynamics of the CME during the pre-equilibrium stage,



D) the uncertainties in the hadronic phase and the freeze-out.



Initial distribution of axial charges: There are many possible sources to generate



local imbalances of axial charge densities in a QCD plasma, such as topological transitions



(sphalerons), local fluctuations of topological density, as well as local axial currents due to



the chiral separation e↵ect. Presently, no reliable data-validated model exists that compre-



hensively includes all these sources of axial charge density for the spatial distributions of



axial charge at initial times as well as the additional sources during the later stages of the
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FIG. 18. (Color online) Isobar Ru+Ru/Zr+Zr ratios of !ω/v2 from the STAR blind analyses (black squares, with error bars
and gray boxes indicating statistical and systematic uncertainties, respectively) [116]. Also shown are background baseline
estimates by STAR for the four measurements that used the cumulant method (short horizontal lines accompanied by shaded
boxes, the heights of which indicate the combined statistical and systematic uncertainties) [120, 121]. The rightmost and second
rightmost purple diamonds indicate the isobar ratios of inverse multiplicities (1/No!ine



trk ) and the relative pair excess of OS over
SS pairs (r). Figure is taken from Ref. [120, 121].



competing e!ect favoring isobar collisions; however, the
magnitude of this e!ect is largely unknown. Considering
all these e!ects, the small fcme observed in isobar colli-
sions does not exclude a significant signal in collisions of
larger nuclei.



D. Utilizing small-large systems



The ALICE Collaboration has taken the isobar idea
further and tried to extract the CME signal from a com-
parison of the ”ω measurements in Xe+Xe and Pb+Pb
collisions [124]. The multiplicity scaled ω correlators are
compared since the flow-induced background is approxi-
mately inversely proportional to the multiplicity. Assum-
ing that both the CME signal and the background scale
with inverse multiplicity, the charge dependence of ”ω



for the two collision systems can be expressed as



#Xe→Xe = sB̃
Xe→Xe + bv



Xe→Xe



2
, (24a)



#Pb→Pb = sB̃
Pb→Pb + bv



Pb→Pb



2
, (24b)



where # → ”ω dNch/dε (here dNch/dε is the pseudo-
rapidity density of charged hadron multiplicity), and
B̃ → ↑B2 cos 2(ϑB ↓ ϑ2)↔. The s and b parameters do
not depend on collision system and quantify the signal
and background contributions, respectively. Using model
calculations of B̃ (see Fig. 19), the s and b parameters
can be extracted from the data using Eqs. (24). These
parameters can be used to calculate the fractions of the
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FIG. 19. (Color online) The expected CME signal as a func-
tion of centrality from MC Glauber simulations for Xe–Xe and
Pb–Pb collisions by ALICE. Figure is taken from Ref. [124].



CME signal in Xe–Xe and Pb–Pb collisions as



fcme =
sB̃



sB̃ + bv2



. (25)



The results obtained with the help of Eq. (25) are
shown in Fig. 20. A smaller CME signal in Xe–Xe com-
pared to Pb–Pb collisions is due to the smaller magnetic
field strength and a larger decorrelation between ϑB and
ϑ2. It is worth noting that the CME fractions in the
two systems are correlated because both are calculated
with the same s and b parameters. The estimated fcme
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It is likely that this spontaneous breaking of the chiral symmetry occurs due to the effective 
interaction induced by instantons (see Ref. [22] for a review). The resulting Goldstone bosons play 
a key role in binding the nucleons in atomic nuclei. The flavor-singlet part of the symmetry UA(1) 
is broken by quantum interactions with gluons, similarly to the scale anomaly. This breaking is 
referred to as the chiral anomaly [11,12] discussed before. Because quarks possess both color and 
electric charges, the dynamics of the chiral anomaly can be explored not only with gluons, but also 
with photons. The photons can be directly observed in experiment; they can also be used to 
diagnose the behavior of quark-gluon matter through the chiral anomaly, which thus becomes a 
keyhole into the dynamics of quarks and gluons, and the way they exchange chirality. 
 
 
 



                                  
 
Fig.1 An illustration of the mechanism that underlies the Chiral Magnetic Effect (CME) in 
quantum chromodynamics (QCD) matter [13-16]. The QCD vacuum has a periodic structure, 
with minima corresponding to different Chern-Simons numbers that characterize the topology of 
color fields. An `instanton‘ [2] or `sphaleron‘ [7] transition between such energy-degenerate, 
but topologically distinct, vacuum sectors (shown by the curved dark blue arrow) is 
accompanied by the change of chirality of the chiral fermions. In an external magnetic field (!""⃗ ) 
that pins down the direction of spin (blue arrows), the change of chirality has to be accompanied 
by the change in the direction of momentum (red arrows). If the numbers of left- and right-
handed fermions are different, this results in an electric current along the direction of magnetic 
field – this is the CME. 
 
 
Indeed, consider a system of massless quarks in a strong magnetic field. Quantum charged particles 
in a magnetic field occupy a discrete set of Landau levels – closed orbits with different energies. 
For massless quarks, the lowest Landau level (LLL) has zero energy – the result of the cancellation 
between the positive kinetic energy of rotation and a negative Zeeman energy of the interaction of 
the quark’s spin with a magnetic field. The direction of the quark’s spin on the LLL is thus 
completely determined by its electric charge – the positive quarks (or antiquarks) will have their 
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Holographic History of the CME





“The universe came into being with a BIG BANG”



Holographic History of the CME



“Experimental Search for the Chiral Magnetic Effect in Relativistic Heavy-Ion Collisions: A Perspective”,  

Feng, Voloshin, Wang, arXiv:2502.09742



		Big Bang



		Electroweak symmetry breaking (Baryogensis ?)



		QGP phase with approx. chiral symmetry (CME ?)



		Hadronization



		…



		Workshop at ECT*









Holographic History of the CME







TexMaths16§display§\partial_\mu J^\mu_5 = \frac{g^2 N_f}{16\pi^2} \tr ( G_{\mu\nu} \tilde G^{\mu\nu} )§png§600§TRUE§



TexMaths16§display§\vec J = \frac{\mu_5}{2\pi^2} \vec B§png§600§TRUE§		Analogy to electroweak baryogenesis!



		Sacharov conditions!







McLerran, Kharazeev, Warringa] 2008

[Fukushima, Kharazeev, Warringa] 2008







Holographic History of the CME



Great! But what is Holography good for in this story?







TexMaths22§display§\frac{\eta}{s} = \frac{1}{4\pi}§png§600§TRUE§“AdS is the hyperbolic cow of sQGP”



Son, Starinets, Policastro , Kovtun ...





Holographic History of the CME





Anomalies are better than that:



[Rebhan, Schmitt, Stricker]

[Gynther, K.L., Pena-Benitez, Rebhan]  





TexMaths16§display§\vec J = \frac{\mu_5 - A^0_5}{2\pi^2} \vec B§png§600§TRUE§

TexMaths16§display§H - \mu_5 Q_5§png§600§TRUE§		Strict equilibrium: 









TexMaths16§display§A_5^0 = \mu_5§png§600§TRUE§

TexMaths16§display§\vec J =0§png§600§TRUE§[Erdmenger, Haack, Kaminski,Yarom]

[Benerjee,Bhattacharya^2,Dutta,Loga,Surowka]  





TexMaths20§display§\vec{J}=\frac{\mu \mu_5}{2\pi^2} \vec\Omega§png§600§TRUE§		Fluid-gravity correspondence



		Experts on hydro: impossible

because not in Landau-Lifschytz









Holographic History of the CME







TexMaths20§display§\nabla_\mu J^\mu_a = \frac{d_{abc}}{16\pi^2} F^a_{\mu\nu}\tilde F_a^{\mu\nu} + \frac{b_a}{348\pi^2} R^{ab}_{\mu\nu} \tilde R_{ab}^{\mu\nu} §png§600§TRUE§Anomalies:



Hydrodynamics: [Son, Surowka], [Neiman,Oz]



Holography: [K.L., Megias, Melgar, Pena-Benitez]



Geometry: [Jensen, Loga, Yarom], [Kim, Stone]





Holographic History of the CME



Pre-History: 



		[Vilenkin ‘79, ‘80] killed by Nobel prize winner



		[Alekseev, Chaianov, Fröhlich]  cond-mat



		[Giovannini, Shaposhnikov]  astro-particle physics



		[Son, Zhitnitsky],[Metlitski, Zhitnitsky],[Kharzeev, Zhitnitsky]  CVE



		[Newman]  first holographic paper on CME







Worth some PhD in the sociology of science?





Holographic History of the CME



So far for theory, but what about the real world?



Weyl (Dirac) semi-metals:





[Q. Li, D. Kharzeev et al. ]  



Difficulty: “Current jetting”







Holographic History of the CME



So far for theory, but what about the real world?



Quark Gluon Plasma:









TexMaths16§display§\langle a_{1,\pm}\rangle =0§png§600§TRUE§Parity odd parts:





TexMaths16§display§\langle a_{1,+} a_{1,+}\rangle = - \langle a_{1,+} a_{1,-} \rangle§png§600§TRUE§γ-correlator:







TexMaths16§display§\Delta\gamma = \gamma_{OS} - \gamma_{SS}§png§600§TRUE§Problem: mixes with parity even background



Abelev et al. ]  





Holographic History of the CME



Remove background: Isobar run 





Ru 10% more charge , more CME, nuclear physics the same







Holographic History of the CME



AdS4CME initiative:



https://ads4cme.wixsite.com/ads4cme



Poster of Kickoff meeting at IFT







Holographic History of the CME







Tasks for Holography?
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8 out of 61 authors invited

All accepted

4 had to cancel because 

of lack of funding



Precarious situation for fundamental science?







Slide by courtesy of 





Holographic History of the CME





sQGP is also the most vortical liquid:  spin polarization!



My personal take: theory is scary!



		Spin (relativistic?)



		Spincurrent



		Spin connection



		Torsion (is “trivial”)



		Pseudo gauge transformatoins



		Role of CVE? 













TexMaths16§display§J^\mu_5 = \epsilon^{\mu\nu\rho\lambda} J^\mathrm{Spin}_{\nu\rho\lambda}§png§600§TRUE§

Holographic History of the CME



This years workshop:



Spin Polarization



Vorticity 



Chiral Magnetic Effect



Holographic Transport 



Quasinormal Modes 



Anomalies 



Fluctuations 



Magnetic Fields 



Driven Systems 



Holographic QCD 



Kinetic Theory



Hydrodynamics



Looking forward to a great workshop!





