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Introduction I

Most QGP signals are predicted based on the perturbative approach
(some have been reproduced in experiments, some have not)
QCD physics is by far more richer! Perturbative approach misses the
compactness of the non-Abelian gauge group.
Compactness of SU(3){ topologically non-trivial configurations of gauge field!
Modification of vacuum structure through superposition of infinite states of
topologically distinct states connected by instanton transitions.
Chiral solutions for the gauge field{ transfer of the chirality through anomaly
to quarks.
Created imbalance between left and right quarks can be probed in presence of
magnetic field!
Particular example: the Chiral Magnetic Effect

j = σ5B

This result was reproduced in hydrodynamics, chiral kinetics, in strongly
coupled AdS/CFT.

D. Kharzeev, L. McLerran, H. Warringa, 0711.0950
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Introduction II

Prediction for HIC: formation of electric dipole moment, a+ = −a− ∝ µ5|B|:
dN±

dp⊥dφdη
=

dN
dp⊥dη

(
1 + 2v1 cos(φ − ψRP)

directed flow

+ 2v2 cos(2(φ − ψRP))
elliptic flow

+ 2a± sin(φ − ψRP)
dipole moment

+ · · ·

)

µ5 fluctuates event-by-event rendering 〈a±〉 = 0;
fluctuations 〈aαaβ〉 are non-zero and can be probed by

γαβ = 〈cos(φα + φβ − 2ψRP)〉 ≈ −〈aαaβ〉
signal

+ (BGIN − BGout)
background∝v2

, α, β = +,−

S. Voloshin, 0406311

CME prediction: γOS > 0 and γSS < 0
Potentially large background contribution!
A number of theoretical estimates, many are for static external magnetic field.
Realistic calculations require precise knowledge on

Evolution of magnetic field (this talk)
Topological transitions and local fluctuations of topological density
Dynamics of CME during pre-equilibrium stage
Uncertainties in hadronic phase and freeze-out
Initial correlations in hadronic wave-function (this talk)
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Origin of (electro)-magnetic field in HIC

In first approximation, colliding nuclei are two positive charged clouds moving with
ultra relativistic velocities in opposite directions

Two currents in opposite direction.
Magnetic fields of the two sources add up,

while electric fields nearly cancel each other.
Out-of-plane direction of magnetic field:

〈eBy〉 ∼ m2
π, 〈eBx〉 ∼ 〈eBz〉 ∼ 0

〈eEx〉 ∼ 〈eEy〉 ∼ 〈eEz〉 ∼ 0

Charge distribution in nuclei is not uniform.
Lumpy distribution of electric charge in

colliding nuclei results in nonzero randomly
oriented magnetic field even in central

collisions.
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Retarded Liénard–Wiechert potentials

Glauber MC for colliding nuclei
Coherent electromagnetic field

eE(t, x) = αEM

∑
n∈protons

1 − v2
n

R3
n
(
1 − [Rn × vn]2/R2

n
)3/2 Rn

eB(t, x) = αEM

∑
n∈protons

1 − v2
n

R3
n
(
1 − [Rn × vn]2/R2

n
)3/2 vn × Rn

where Rn = x − xn(t) and xn is a position of proton moving with the velocity vn.
If vn is non-zero only in the z direction, then (Rn × vn)2 = R2

n,⊥v2
n,z, where the

transverse vector between a proton and the observation point Rn,⊥ = x⊥ − xn,⊥

does not depend on time t.
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Calculations

The magnetic field is of hadronic scale eB ∼ m2
π.

0 0.1 0.2 0.3 0.4 0.5
t, fm/c

0

0.5

1

1.5

2

2.5

eB
y/m

π2
sNN

1/2=130 GeV
sNN

1/2=200 GeV

b = 4 fm

V. S., Y. Illarionov and V. Toneev, arXiv:0907.1396
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Putting it into perspective

eB in HIC compared to

• Hybrid magnet at  
National High Magnetic field Lab  
45 Tesla ~ 4.5×10-13 mπ2 

•  Pulsed magnets:  
100 Tesla ~10-12 mπ2 

• Radio pulsars: 
10-6-10-5 mπ2 

• Magnetars: 
10-4-10-3 mπ2 

VSkokov@bnl.gov CME and B in isobar collisions RHIC/AGS ’17 8 / 38



Fluctuations of (electro)-magnetic field

Conclusion based on MC Glauber:
large magnetic field even in central
collisions due to fluctuations
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Decorrelation of participant plane
direction and magnetic field
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Importance of centrality definition
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Time dependence I

Formation of conducting medium may increase magnetic field lifetime, j = σOhmE

∇2B = ∂2
t B + σOhm∂tB

Magneto-hydrodynamics approximation, σOhm � 1/tc, tc is characteristic time scale

∇2B ≈ σOhm∂tB

Diffusion equation{ B is approximately time-independent on scales ∝ σOhmR2

How large is σOhm? How many charge carriers are at early times?
Experimental probe of j = σOhmE in Cu-Au collisions & charge dependence of directed
flow?
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p
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STAR, 1608.04100

*PHSD reproduces σOhm obtained in LQCD.
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Time dependence II

Full 3+1D anomalous hydro +

Maxwell equations
For now modification of Maxwell
equations: j = σOhmE+σχB and
switching σOhm at t = 0
Little information about σ’s at very
early stage, approximated by σLQCD

Numerical solution of Maxwell
equations with external current
defined by participants. Conductivity
is switched on at t = 0 in finite
volume.
Non-zero σχ: instability of the
magnetic field.
Resolutions: time-dependent µ5
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eB
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L. McLerran, V. S. Nucl.Phys. A929 (2014) 184-190

Conductivity does increase lifetime, but
field magnitude is small.
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Time dependence III

Similar result for Milne coordinates
(τ, x⊥, η) and expanding fireball
Formation of knots of magnetic flux?!
Assuming non-trivial linking,
conservation of helicity results in
conservation of total magnetic energy
{ Power law decay of B: t−1/2

instead of t−3/2, but might be
unrealistic for HIC
Safe to assume dominance of
participant contribution and start
from here.
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B.G. Zakharov Phys.Lett. B737 (2014) 262-266
L. McLerran, V. S. Nucl.Phys. A929 (2014) 184-190
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Quantum effects I

Most predictions assume classical sources

Associated difficulty: divergencies near
sources, one has to necessarily introduce
cut-offs

First exploratory studies:

Life-time is not affected
Fluctuations are somewhat
suppressed

B.G. Zakharov, 17.03.0427

Quantum free source

quantum
classical

B. Peroutka, K. Tuchin, 1703.02606
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Quantum effects II
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Quantum calculations show that the field fluctuations are very small, and they practically do not
affect the direction of the magnetic field as compared to the mean field classical predictions.

B. Zakharov, 1703.04271
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Energy dependence

Magnetic field originated from participants has well-defined
√

s-dependence:

lifetime tB ∝ 1/
√

s

magnitude B ∝
√

s

integrated value
∫

B dt is approximately energy-independent

Thus observables sensitive to magnetic field inherit
time-dependence of other key parameters.

CME: interplay with sphaleron transition rate.
flow: interplay with chemical equilibration or

hydrodynamization time.

V. Toneev and V. Voronyuk 1012.1508
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CME: beam energy dependence
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Significant charge separation
observed at all but the lowest energy

Expected γS < 0 and γO > 0. Data
demonstrates importance of
background contribution.

CME χ-symmetry breaking:
suppression of signal at low energies?
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Real-time simulations of non-equilibrium CME

Short lifetime of magnetic field motivated studies of CME in non-equilibrium,
based on Color Glass Condensate initial conditions
and evolving glasma background of classical Yang-Mils:

Discretizing Dirac equation coupled to YM (in temporal axial gauge)

iγ0∂tψ =
(
−γiDi + m

)
ψ

Di couples quarks to SUc(3) and U(1) gauge fields.
M. Mace, N. Mueller, S. Schlichting, S. Sharma, 1612.02477

S. Schlichting, Wed 5 pm

Coarse-grained approach: Wigner function formulation for quarks

W(x,p) =

∫
d3yeipyU(x, x+y/2)ρ(x, y, t)U(x−y/2, x); ρab

ik = −
1
2

[
ψa

i (x + y/2)ψb
j (x − y/2)

]
D. Berenyi, V. S., P. Levai, in progress
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Close to equilibrium and equilibrium CME

Chiral kinetic approach
D. Son, N. Yamamoto, 1203.2697

M. Stephanov, Y. Yin, 1207.0747

J. Chen, S. Pu, Q. Wang, X. N. Wang, 1210.8312

A. Jimenez-Alba, H. U. Yee, 1504.05866

. . .

A. Huang, Y. Jiang, S. Shi,J. Liao, P. Zhuang, 1703.08856

Anomalous Hydrodynamics
D. Son, P. Surowka, 0906.5044

D. Kharzeev, H. U. Yee, 1105.6360

Y. Hirono, T. Hirano, D. Kharzeev, 1412.0311

. . .

Y. Jiang, S. Shi, Y. Yin, J. Liao, 1611.04586

Most of phenomenological applications are done in the framework of
anomalous hydrodynamics

Realistic computation of CME is one of the topics in the BEST collaboration agenda.
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Background in p-A

Projectile wave function has intrinsic parton correlation built in;
EIC: dedicated machine to probe these correlations

Scattering frees partons; some correlations are preserved
T. Altinoluk, N. Armesto, G. Beuf, A. Kovner and M. Lublinsky, 1503.07126,

A. Kovner, M. Lublinsky, V. S., 1612.07790,
A. Kovner, M. Lublinsky, V. S., 1706.02330

Origin of Glasma graph:
“Bose enhancement of gluons in the projectile leads to azimuthal collimation of . . . ”

T. Altinoluk, N. Armesto, G. Beuf, A. Kovner and M. Lublinsky, 1503.07126

Origin of Glasma-like correlations
in projectile WF

Same-charge correlations, two contributions
of the same order g4(g6ρ4)
Rapidity independent pedestal, A,{ γS < 0
Pauly blocking term, B,{ γS(∆η→ 0) > 0

{ γS(∆η→ ∞) < 0
Oposite charge correlations: leading order is
rapidity independent and positive
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A. Kovner, M. Lublinsky, V. S., 1706.02330; appeared two weeks ago
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Background contribution to charge separation

Backgrounds unrelated to CME may explain observed charge separation

+ -

+ -

Flow boost collimates pairs more strongly
in-plane than out of plane ; background
expected to go as v2

*blastwave based model can’t explain 
γos and γss separately

S. Schlichting, S. Pratt, 1009.4283

Difficult to draw definitive conclusions without better models, and an independent
lever arm for magnetic field and v2

V. S., P. Sorensen, V. Koch, S. Schlichting, J. Thomas, S. Voloshin, G. Wang, H.-U. Yee, 1608.00982

P. Sorensen, UCLA 2016, QM 2017
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Background vs signal
Best predictor for CME is given by projected
magnetic field 〈B2 cos[2(ψB − Ψ2)]〉

Culprit: signal and background have similar
centrality dependence

P. Tribedy, QM2017; S. Chatterjee, P. Tribedy ’14Main ideas to lift degeneracy between background and signal:

Ultra-central U+U vs A+A (suppress
signal)

Event-shape engineering (tune
background)

Small systems (suppress signal)

Rapidity decomposition (decompose
signal from background), P. Tribedy QM’17

Isobar collisions (change signal, keeping
same background)

VSkokov@bnl.gov CME and B in isobar collisions RHIC/AGS ’17 22 / 38



Small systems

In small systems, direction of magnetic
field and Ψ2 are decorrelated{
no contribution from CME

Observed charge separation in p-Pb and
Pb-Pb is the same at fixed Ntrk

Supports conclusion that charge
separation is background driven at these
centralities

Challenges conventional background
picture: difference in v2 is about 40%
between two systems.
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Event-shape engineering I

Original idea was very compelling:

magnetic field is defined by centrality

eccentricity fluctuates at given centrality

However, it was later realized that

magnetic field fluctuates too;

best predictive is not 〈B〉, but 〈B2 cos(2(ψB −ψ2))〉

〈B2 cos(2(ψB − ψ2))〉 is correlated with ε2

Au Au, 200 GeV, b=10 fm

A. Bzdak, 1112.4066

Additionally CME charge separation is not equivalent to 〈O〉 = 〈B2 cos(2(ψB − ψ2))〉;
as ε2 fluctuations might also affect sphaleron transitions (or topological fluctuations);
it affects correlation 〈O(x)O(y)〉

VSkokov@bnl.gov CME and B in isobar collisions RHIC/AGS ’17 24 / 38



Event-shape engineering II

Dobrin, QM’17

〈B2 cos(2(ψB − ψ2))〉 does depend on v2 ∝ ε2

〈B2 cos(2(ψB − ψ2))〉 is linear in some limited range ε2

it is possible to find slope of 〈B2 cos(2(ψB − ψ2))〉 and δγ as a function of v2

P(v2) = P0

(
1 + P1

v2 − 〈v2〉

〈v2〉

)
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Event-shape engineering III

Dobrin, QM’17

Slopes are vastly different
Combining the points from 10 − 50%, ALICE preliminary reported that signal
might constitute only less than 10% of observed charge separation
Large contribution from background v2?
Naive treatment of signal? CME , 〈B2 cos(2(ψB − ψ2))〉
Difficult to interprete data
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Evaluation of running with nuclear isobars

Isobars: nuclei with same mass number but different charges

Requirements: isobar pair with
∆Z = 4 and natural abundance > 0
Candidates:

3 96
40Zr + 96

40Zr vs. 96
44Ru + 96

44Ru
7 124

50 Sn + 124
50 Sn vs. 124

54 Xe + 124
54 Xe

3 130
52 Te + 130

52 Te vs. 130
56 Ba + 130

56 Ba
7 136

54 Xe + 136
54 Xe vs. 136

58 Ce + 136
58 Ce

BNL CAD preferred pair is Zr/Ru

Ratios of Z decrease from 44/40 for Ru/Zr to 56/52 for Te/Ba.

Corresponding ratios of magnetic fields squared B2 are 1.21 and 1.16.

Naively Ru/Zr is preferred, however, improvement in reaction plane resolution from
larger multiplicities in larger nuclei compensates for the reduced ratio of charges.
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What we know about Zr and Ru: deformations

Ideally we want to change Z by keeping rest fixed
Most nuclei however are not spherical; degree to which they deviate from
spherical varies widely
Elliptical deformation β2 affects initial eccentricity in collision; and subsequently
elliptical flow, v2

As demonstrated with U+U collisions, larger nuclear β2 leads to a larger v2 in
very central collisions
Deformation also affects magnetic field and its distribution

Electron scattering
β2[96

40Zr] = 0.080 β2[96
44Ru] = 0.158

Theory calculations
β2[96

40Zr] = 0.217 β2[96
44Ru] = 0.053

Central collisions: measurements of v2 should reliably indicate which of the two
nuclei has the larger β2 value
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Potential challenge: violation of Z2-scaling

CME observable is related to average
O = 〈B2 cos[2(ΨB − ΨPP)]〉

J. Bloczynski, X.-G. Huang, X. Zhang, J. Liao, 1209.6594

Charge ratio Z2
Au/Z

2
Cu = 7.4

Significant deviation due to difference
in nuclear geometry

Non-monotonous behavior as
function of centrality
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V. S., UCLA 2016
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Isobars: charge dependence

Non-trivial charge dependence in
Cu-Cu and Au-Au collisions.
Should we worry about isobars?

Fix A = 96 and vary Z for fixed
centrality

Isobars of interest Z = 40 and 44.
Ratio squared 1.21.

MC for 〈O〉 approximately follows
naive scaling!

〈O
〉(

Z,
%

) /
 〈O

〉(
Z=

35
,%

)

V. S., UCLA 2016
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Isobars: dependence on deformation

Keep else constant, vary deformation

No significant dependence on
deformation for centralities larger
than 20%

Z=40
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%
) /

 〈O
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0,
0-

5%
)

V. S., UCLA 2016
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Centrality definition in isobar collisions:
dependence on deformation

Particle production may depend on
deformation

For both cases (only one shown),
the systems are identical

For an exception of very central
collisions, 0 − 5%

To exclude possible background from
multiplicity determination in CME
studies: 20 − 60% is safe

parameters correspond to deformed Ru
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W.-T. Deng, X.-G.Huang, G.-L. Ma, G. Wang, 1607.04697

V. S., UCLA 2016
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CME observable in isobar collisions

Negligible dependence on nuclear
deformation relative to change in charge

≈ 15% difference between two systems in
centrality range from 20 − 60%

≈ 10% difference in central collisions,
0 − 20%

Exact numbers (y-axis) are sensitive to
prescription used in computing magnetic
field; but relative difference between two
systems varies insignificantly

Magnetic field: geometric center of
participants or geometric center of
reaction plane; single point or averaged
over finite spot; quantum or classical
sources etc.
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W.-T. Deng, X.-G.Huang, G.-L. Ma, G. Wang, 1607.04697

V. S., UCLA 2016

V. S., P. Sorensen, V. Koch, S. Schlichting, J. Thomas,
S. Voloshin, G. Wang, H.-U. Yee, 1608.00982
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Isobars: collecting everything together

Theory alone cannot provide reliable
predictions due to our poor understanding of
signal and background

It is necessary to use input from experiment

For simplicity, first ignore background and
parametrize observed charge separation vs
theory observable

Use theory calculations of CME proxy to
predict ∆γ (previous slide)

W.-T. Deng, X.-G.Huang, G.-L. Ma, G. Wang, 1607.04697

V. S., P. Sorensen, V. Koch, S. Schlichting, J. Thomas,
S. Voloshin, G. Wang, H.-U. Yee, 1608.00982
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Isobars: collecting all together

Repeating this strategy assuming that some fraction of observed charge
separation is driven by background (background is proportional to v2)
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W.-T. Deng, X.-G.Huang, G.-L. Ma, G. Wang, 1607.04697

V. S., P. Sorensen, V. Koch, S. Schlichting, J. Thomas,
S. Voloshin, G. Wang, H.-U. Yee, 1608.00982
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RHIC Run 18

Ru+Ru: 3.5 weeks of collecting data

Zr-Zr: the same

Goal: 1.2 · 109 minimum bias events for each system

The STAR Collaboration, RHIC Beam Use Request For Runs 17 and 18
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Conclusions

Large uncertainties in interpretation exist: current CME measurements could be
entirely from background

Theory has some progress in understanding signal and background, but it is not
sufficient to provide independent quantitative predictions;
Along with the sphaleron transition rate, uncertainty in the duration of the
B-field will probably remain one of the key challenges to reliable predictions for
the CME effect

Currently the isobar program looks very promising: proposed statistics are
sufficient for CME studies but not for CMW studies

Task force committee conclusion: investigated the case for colliding nuclear
isobars and find the case compelling. . . . recommend that a program of nuclear
isobar collisions to isolate the chiral magnetic effect from background sources
be placed as a high priority item in the strategy for completing the RHIC
mission

V. S., P. Sorensen, V. Koch, S. Schlichting, J. Thomas, S. Voloshin, G. Wang, H.-U. Yee, 1608.00982

Stay tuned for the first results!!!
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Another observable as independent lever arm?

Besides CME/CMW: photon azimuthal anisotropy. Signal is proportional to
B2 cos 2(ΨB − ΨPP)

Synchrotron radiation
K. Tuchin Phys.Rev. C87 (2013) 2, 024912

Conformal Anomaly
G. Bazar, D. Kharzeev and V.S. Phys.Rev.Lett. 109 (2012) 202303

Chiral anomaly
K. Fukushima and K. Mameda Phys.Rev. D86 (2012) 071501

Ho-Ung Yee, Phys.Rev. D88 (2013) 2, 026001

Extension on Conformal Anomaly: dilepton production
G. Basar, D. Kharzeev, E. Shuryak Phys.Rev. C90 (2014) 1, 014905

Heavy-quark diffusion
K. Fukushima, K. Hattori, H.-U. Yee, Y. Yin, 1512.03689

Difference in Λ and Λ̄ polarizations
M. Lisa & I. Upsal & STAR

. . .
A lot of predictions for latter stages.
My personal opinion: magnetic field is irrelevant for times > 1 fm/c
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