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CME @ HIC (Brookhaven Lab Youtube channel)

Video link: Hot Quark Soup at RHIC

https://www.youtube.com/watch?v=kXy5EvYu3fw


  

CME @ HIC

Quark Gluon Plasma:

QCD out of equilibrium topological gluon field configurations

+

+

B

+

--

+

QCD axial anomaly induces Q5

Spectators induce strong magnetic field

CME leads to charge separation

Strong non-equilibrium physics

[Kharzeev, McLarren, Warringa] 



  

CME @ HIC

[Fukushima, Kharzeev,Warringa] 

[Vilenkin] 1980, 
[Alekseev,Chaianov, Fröhlich]
[Giovaninni, Shaposhnikov],... 

Axial anomaly (QED):

CME:

Equilibrium quantity, not the chiral charge ! Lifetime!



  

CME @ HIC

Chiral fermion in (very strong) magnetic field:

Lowest Landau Level:

Higher Landau Levels:

CME current stems from LLL only



  

How to measure CME?

CME

CME signal averages out to zero over many collisions:

Way out: “g-correlator”

P-odd

P-even

CME @ HIC



  

[Star Collaboration] Phys.Rev.Lett. 113 (2014) 052302

“same sign” vs. “opposite sign” CME signal

But to soon to declare victory: signal is contaminated 
by significant backgrounds:

● “Local charge conservation”

● “Transverse momentum conservation”

● “Cluster decay”

● Signal present in p-A collisions

CME @ HIC

[Kharzeev, Liao, Voloshin, Wang] Prog.Part.Nucl.Phys. 88 (2016)



  

Huge effort to get experimental grip on CME: new methods (“event shape engeneering”),
new improved correlators, ... 

Most important:  Isobar run @ RHIC in 2018

Expect ~20% higher 
CME signal in Ru

Results expected to be (finally) out this year!

CME @ HIC



  

[Kharzeev, Liao] 
Nature Reviews 3, pp.55–63 (2021) 

“The data in panel b was compiled by the authors based on the experimental results published in Refs. 
[65,66,71,78,79], comprising different centrality ranges and with various background assumptions. “

“Caution must be taken as these extractions are often subject to model assumptions and/or poorly 
controlled systematic uncertainties. Nevertheless, these experimental results, although far from being 
conclusive, are strongly suggestive of a detectable CME signal, especially in the RHIC energy region” 

CME @ HIC 
 

                 
 
Fig.4 Experimental measurements of the Chiral Magnetic Effect (CME). a. An illustration of 
the hadron angular correlation pattern in the (x-y) plane transverse to the beam axis z in a heavy-
ion collision. The CME induces an asymmetry in the emission of positive and negative hadrons 
along the axis of magnetic field !""⃗  that is approximately orthogonal to the event plane angle 0" . 
b. Possible CME signal, as extracted from the measured charge asymmetry ` 1 −correlator‘ (see 
text for the definition), is shown for heavy-ion collisions at Relativistic Heavy Ion Collider (RHIC)  
and Large Hadron Collider (LHC) over a broad range of the center-of-mass energies per nucleon 
pair √.,, . The data in panel b was compiled by the authors based on the experimental results 
published in Refs. [65,66,71,78,79], comprising different centrality ranges and with various 
background assumptions.   Panel a is reproduced with permission from Ref. [88]. 
 
 
 
Experimentalists found a clever way of doing just this, by measuring the angular correlations 
between charged hadrons. Despite the dipole orientation being either along or against the direction 
of magnetic field, the emission pattern (see Fig.4a) is such that along the axis  perpendicular to the 
event plane Ψ" , the strong radial flow pushes extra positive charges to move together in one 
direction, while the extra negative charges move together in the opposite direction.     As a result, 
two same-sign (SS) hadrons tend to be produced side-by-side whereas two opposite-sign (OS) 
hadrons tend to be produced back-to-back. These charge-dependent two-hadron correlation 
patterns remain the same despite flipping the orientation of the CME-induced dipole in the fireball. 
The difference between the angular correlations of SS and OS pairs can thus be a signal of the 
CME, as first proposed in Ref. [57]. Such charge asymmetry correlation measurements can be 
done through a number of carefully crafted observables, for example the so-called 1 −  and 
3 −correlators [57] (and their variants [58-62]), event-by-event shape analysis [63-66], the R-
correlator [67] and charged balance function [68]. Extensive experimental efforts have been 
carried out at both RHIC and LHC over the past decade to measure these observables for collisions 
spanning a wide range of center-of-mass energies [64-66,69-77]. Although they do demonstrate 
sensitivity to the CME signal, it turns out that they are unfortunately susceptible to a number of 
background correlations, see further discussion in Refs [17,39,58,78,79,80]. For example, many 
hadron resonances emerging from the collision decay into secondary hadrons which often contain 



  

CME @ HIC



  

Shear viscosity:

Question: How long does it take to build up the CME current if one starts out with J=0 ?

● Quark Gluon Plasma: strongly coupled liquid

● One of the success stories of holography

● Especially successful for CME, CVE

Investigate this question in a holographic setup

Equilibration, isotropisation times:

[Policastro, Son, Starinets] 

[Chesler, Yaffe] 

[Lin, Yee], [Ammon, Grieninger, Jimenez-Alba, Malcedo, Melgar],[K.L., Lopez, Milans del Bosch],
[Fernandez-Pendas, K.L.], [Morales-Tejera, K.L.], [Cartwright] 

[Newman], [Yee], [Erdmenger, Kaminski, Haack, Yarom], [Banerjee, Bhattacharya, Bhattacharyya, Dutta, Loganayagam, Surowka]
[Rebhan, Schmitt, Stricker], [Gynther, K.L., Pena-Benitez, Rebhan], [K.L., Megias, Melgar, Pena-Benitez], 
 [Ammon, Grieninger, Hernandez, Kaminski, Koirala, Leiber ,Wu], ...

CME @ HIC



  

Gravity in asymptotically AdS = QFT

Holographic Dictionary

Metric Energy Momentum  
Tensor

Gauge field Conserved current = 
symmetry

Scalar field Scalar operator

Boundary value Coupling

Black Hole Temperature

Holography



  

Holographic bottom-up approach: chose symmetries, simplest Lagrangian

Ansatz:

Asympotic expansion: Operators:

Holography



  

Initial state: ● Static, non-expanding, infinite plasma

● Chiral charge density uniform and constant in time

● Magnetic field is uniform and constant in time

● Energy density is uniform and constant in time

● Dynamical pressure anisotropy vanishes

● CME current is absent

Final state: ● Dynamical pressure anisotropy determined by magnetic field

● CME current has approached equilibrium expression

Compare to: [Chesler, Yaffe] 2010   “Isotropization” , no magnetic field

[Fuini, Yaffe] 2016   Magnetic field, no chiral charge, no CME

Holography



  

Holography

Numerical Methods: ● Pseudo-spectral methods

● Chebyshev Polynomials

● Chebyshev-Lobatto grid 

● Keep apparent horizon fixed

● Subtract logs for better convergence

● Time evolution 4th order Runge-Kutta [Chesler, Yaffe] JHEP 07 (2014) 086 

Implementation: ● Mathematica  (original code, somewhat slow)

●

Renormalization scale: ● Numerics

● Physics

https://julialang.org/


  

B-field dependence:

Current Pressure anisotropy

Holography



  

B-field dependence:

Current Pressure anisotropy

Holography



  

➔ Almost undamped oscillations

➔ QNMs near the real axis

➔ Equilibration much delayed

➔ Define build up time to first maximum

➔ Observation: fast for large magnetic field

➔ Large magnetic field:  lowest Landau Level

➔ 2D physics !

➔ Operator relation

➔ 4D “delay” becomes shorter as B field grows

[Ammon, Grieninger, Jimenez-Alba, Malcedo, Melgar]

Holography



  

Who is faster: Pressure or CME?

Holography



  

Anomaly dependence:

Current Pressure anisotropy

Holography



  

Anomaly dependence:

Current Pressure anisotropy

Holography



  

Who is faster: Pressure or CME?

Holography



  

Trying to connect to the real world (aka wading knee-deep in the swampland...)

➔Chern Simons coupling: match to anomaly

➔Gravitational coupling: match to entropy

Holography



  

RHIC LHC

T 300MeV 1000MeV

μ5 10 (100) MeV 10 (100) MeV

B 1 (0.1) mπ
2 15 (1.5) mπ

2

Physical parameters:

Holography



  

CME current

RHIC LHC

Holography



  

Pressure anisotropy (large B)

RHIC LHC

Holography
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FIG. 8: Vector current (upper plot) and pressure
anisotropy (lower plot) for the physical parameter

estimates for LHC in table I, i.e. anomaly ↵ ' 0.316 .
The pressure anisotropy is for B = 15m2

⇡
, the results for

B = 1.5m2

⇡
are shown in figure 9.

LHC B = 15m2
⇡

�Pi -2.55 -1.75 -1.40 -1.05 -0.60

vhJi
eq in [fm/c] 0.114 0.114 0.114 0.114 0.114

vh�P i
eq in [fm/c] 0.114 0.187 0.085 0.098 0.103

LHC B = 1.5m2
⇡

�Pi -3.70 -2.90 -2.55 -2.21 -1.75

vhJi
eq in [fm/c] 0.114 0.114 0.114 0.114 0.114

vh�P i
eq in [fm/c] 0.114 0.187 0.085 0.098 0.103

TABLE III: Equilibration times for the LHC simulation
at B = 15m2

⇡
and B = 1.5m2

⇡
; �Pi labels the di↵erent

initial conditions for the pressure anisotropy (III.9).

times.
To quantify the real time response of the vector current

and the anisotropy, we performed a parameter scan. For
a fixed strength of the chiral anomaly, we investigated
the dependence of the response on the magnetic field B
for a small and large value of the axial charge density q5.
Increasing the magnetic field at fixed strength of q5 even-
tually leads to long lived oscillations in the vector current
which send the equilibration time to infinity. This is in
agreement with the QNM results for our system obtained

FIG. 9: Pressure anisotropy for RHIC (upper plots) and
LHC (lower plot) with 10% of the magnetic field
compared to the pressures in figure 7 and figure 8.

in [24, 25]. Furthermore, the build up time of the vec-
tor current gets progressively smaller for increasing the
magnetic field. Both e↵ects might be rooted in the pres-
ence of Landau levels in our system. For large magnetic
fields, the system is e↵ectively 1+1 dimensional and the
physics is totally dictated by the lowest Landau level.
Keeping the magnetic field constant while increasing the
axial charge density simply increases the final value of
the current. The build up time for the anisotropy also
decreases for increasing the magnetic field even though
the e↵ect is small. However, increasing the axial charge
density dramatically a↵ects the pressure anisotropy since
it induces long lived oscillations which appear to be ab-
sent in the setup without chiral anomalies [32]. Indeed,
we show explicitly that the anomaly coe�cient has to
be su�ciently large in order to observe these long lived
oscillations.

Interestingly, we observe a crossover in the build up
times of the vector current and the anisotropy at small
axial charge. For small magnetic fields, the pressure
anisotropy builds up faster while at large magnetic field
the roles are reversed. For large axial charges, the vec-
tor current always builds up faster than the anisotropy
independent of the magnetic field.

Finally, we aim to provide insights on the build up time
of the chiral magnetic current in heavy ion collision ex-
periments at RHIC and LHC. Within our setup, the build
up time of the chiral magnetic e↵ect is smaller than the
lifetime of the magnetic field and should thus be an ob-
servable in heavy ion collisions at RHIC [41]. However,
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tion time prescribed above is rather ill-defined, because
we could have a curve in whose pressure does not deviate
much from the final value yielding veq = 0 . However,
this problem does not arise for the parameters chosen in
our simulations.

An estimate for the lifetime of the magnetic field has
recently been given in [40] as ⌧B ⇠

115 GeVfm/cp
s

, where
p
s is the energy of the collision. At RHIC and LHC

the collisions take place at around
p
s ' 200GeV and

p
s ' 5000GeV, respectively, which yield lifetimes of

⌧RHIC

B
⇠ 0.6 fm/c and ⌧LHC

B
⇠ 0.02 fm/c . In this context

the equilibration and build up times extracted from our
simulations are of high significance. It is clear from the
equilibration times that for the RHIC parameter choice
the current reaches its equilibrium value before the mag-
netic field vanishes. On the contrary, for the LHC pa-
rameter choice the magnetic field is short lived and is
gone before the current could start to build up. Hence,
we conclude that the chiral magnetic e↵ect should only
be observable at RHIC and not at LHC.

We notice that �P/B2 for fixed ✏B/B2 yields the same
final equilibrium state independent of the value of B as
we expect. Even though the initial state is di↵erent for
each run all curves cut at the same point during the
evolution. The current is not influenced by the specific
choice of B as long as the dimensionless ratios stay con-
stant.

In heavy-ion collisions, the magnetic field drops almost
instantaneously from its peak value indicated in table I
where it stays for most of its remaining lifetime. Since we
consider the magnetic field as static and the drop hap-
pens almost instantaneously, we did a second simulation
for our parameter estimates with 10% of the peak mag-
netic field I. The corresponding results for the current
are the blue curves in figure 7 and and figure 8 and the
results for the pressure are depicted in figure 9. Even
though the smaller magnetic field influences the overall
absolute values of the observables, the equilibration times
remain e↵ectively unchanged which may be seen from the
results tabulated in the the lower columns of table II and
III.

In the parameter estimates in table I, the estimate for
the axial chemical potential is the most uncertain one in
the literature. To prove that our estimations for the build
up and equilibration times of the current and the pres-
sure are not influenced by choosing the particular value
of µ5 = 10MeV, we provide analogous simulations at a
ten times larger axial chemical potential of µ5 = 100MeV
in appendix B. The time dependent current and the pres-
sure anisotropy are depicted in figure 11 and figure 12,
respectively. Furthermore, we tabulated the equilibra-
tion and build up times in table IV. The bottom line is
that our results for the build up times and thus the pres-
ence of the chiral magnetic e↵ect in heavy ion collisions
at RHIC and LHC remain qualitatively unchanged at the
larger axial chemical potential.

FIG. 7: Vector current (upper plot) and pressure
anisotropy (lower plot) as a function of time for the
physical parameter estimates for RHIC in table I, i.e.
anomaly ↵ ' 0.316; for m⇡ = 140MeV. The pressure

anisotropy is for B = m2

⇡
, the results for B = 0.1m2

⇡
are

shown in figure 9.

RHIC B = m2
⇡

�Pi -2.55 -1.75 -1.05 -0.60 0.00

vhJi
eq in [fm/c] 0.380 0.380 0.380 0.380 0.380

vh�P i
eq in [fm/c] 0.383 0.418 0.334 0.344 0.350

RHIC B = 0.1m2
⇡

�Pi -3.70 -2.90 -2.55 -2.21 -1.75

vhJi
eq in [fm/c] 0.380 0.380 0.380 0.380 0.380

vh�P i
eq in [fm/c] 0.383 0.418 0.310 0.334 0.344

TABLE II: Equilibration times veq for the RHIC
simulation at B = m2

⇡
and B = 0.1m2

⇡
; �Pi labels the

di↵erent initial conditions for the pressure
anisotropy (III.9).

IV. CONCLUSIONS

In this work, we investigated the out-of-equilibrium be-
havior of the chiral magnetic e↵ect in the presence of
strong external magnetic fields. We characterize how the
chiral anomaly, the magnetic field and the axial charge
density influence the non-equilibrium response of the chi-
ral magnetic vector current and the pressure anisotropy
and how they a↵ect their equilibration and build up

● No oscillations !
● Equilibration time: within 10% of final value [Chesler, Yaffe]  

Without anomaly [Chesler, Yaffe]: τ ~0.5 fm/c

Experimental estimate [U. Heinz]: τ~0.3 fm/c
Compare to

Holography



  

Lifetime of magnetic field

● Highly uncertain
● Rapid decay in vacuum
● Medium effects can prolong lifetime considerably
● Many different estimates in literature

[McLerran, Skokov] ] Nucl.Phys.A 929 (2014) 184  

[Guo, Feng, Liao, Shi] Phys.Lett.B 798 (2019) 134929Latest available estimate:

Holography



  

● Holography allows to address important issues for CME@HIC

● Even simple models give interesting results

● Compatibility with experimental trend

● Many model improvements are possible

● Dynamical B-field, expanding plasma, finite axial lifetime, …

● Despite near future experimental prospect, little activity in community

● Call for concerted effort? Needs more dialogue with Nucl-Phys community?

THANKS!

Summary and Outlook
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