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Chiral Magnetic Effect in Heavy Ion Collisions

(CME) — the phenomenon of electric charge separation along the external magnetic field induced by
the chirality imbalance. [Kharzeev, Prog. Part. Nucl. Phys., 2014]

Incoming nuclei generate enormous magnetic fields

Topological transitions in the QCD vacuum generate chiral imbalances
Ny — Nr = QQwa Qw -Wil’ldiﬂg number

The orientation of the magnetic field aligns the spins of positive
(negative) quarks parallel (anti-parallel) to B
and hence generates an electric current

Reaction Plane


https://www.sciencedirect.com/science/article/pii/S0146641014000039?casa_token=WtG7C8jNnbEAAAAA:BQcgk4z2xcAkrriiHIsC66yoHSHRFOthCpLJWQf-vHJRwoG3hgJ_o70k_-RhlsV4j1dDzhqx

Energy dependence of the CME — Early thoughts

“We are very uncertain about the beam energy dependence, since our

result will depend strongly on what we take as our initial time.”
[Kharzeev, McLerran, Warringa, Nuc. Phys. A, 2008]

“Using the inverse saturation momentum for initial time, we can get a large
dependence ... the correlators are smaller at larger beam energies, we never
expect them to become larger.” [Kharzeev, McLerran, Warringa, Nuc. Phys. A, 2008]

It is speculated that there is no difference in top RHIC energies and
LHC energies due to the universality of the fundamental physical
Process |[Zhitnitsky, Nuc. Phys. A, 2011]


https://pdf.sciencedirectassets.com/271584/1-s2.0-S0375947408X00089/1-s2.0-S037594740800078X/main.pdf?X-Amz-Security-Token=IQoJb3JpZ2luX2VjEIv%2F%2F%2F%2F%2F%2F%2F%2F%2F%2FwEaCXVzLWVhc3QtMSJIMEYCIQCeNMy9l0W1v79zbz2yYzK6rr%2FhmbCuu0uypKV6ayL2GAIhAI2NucivJky71uL27s%2FEdOhfPBlS1fZQYoQVFEGCrys1KvoDCDQQBBoMMDU5MDAzNTQ2ODY1IgwQQrnsb2cS4pkXn5Qq1wNwFJ7pTuQ1ZxdFZp1zX%2F%2BaocgVPl0UPvd8hljCJQrBOy%2BfaUY5Ju%2F%2BNB8UPIsWqghzHJEs%2BXRWwRR7mKpAgAim0e7C7CHskHWrNEhs48Rk7D996y6DWFUOlOsDeuI%2FUQTj9vDdqdkakG8kqI38FYsamT%2FOF6QU26pvNgYGG%2Fk%2BS5AkBL6BWf6sMlzoYUa1yaPFBdlUIL2kYL%2BablQNy7F7AsuhS%2Bm9%2B6aogI9NcPQTqZkdVTJh4m%2BC%2FjzychGTdyFcVezJYMWqwIZOt0uLK5%2F6BheMUATG%2B9szgV9Tk3WwvFaIsnCF0UOM7QWPurxYD6dmorn5%2FGxbIwDwk5O1WCftHtDtxsPM7gchCQme28A3b8lhmS81v7YGGDzfvoOIiXLVicIYWHBA2g1sj1VqmyHkOcf%2Bw6SeLZS8maeWOa0oMHi%2BRcTA3PlmT78odGdMaR0Nd6KI7hZHbyVRs%2Fz3qO8NBRGSuLb48tHcCBCIMOvcAY%2BkKr0rhA%2FXaZEXYjX1J%2FXC3w%2Fo6Bs5LoIxmCAp%2Feh%2BMypmOK%2FngrIv7rIUat%2F9DAyPrv4JYslyjItmOIof5U99OxF95UEC4HABtvBDQukIn3Aac5d1FijZ4snpW0EpDyZmTouJ%2FCcwx4WGjAY6pAFWIOmLbDDBjIon5ZrIlxk8SRZY8mf5EJMJIEHyZMZnR1PGOfAEkmnnIjzUljGfupxYtH2WcsSQO5pLGTdt%2F6J%2BJQXr7wwGhDL7BtzIavMJMdmWDunSe32ewEdvx9XLWIy2M6TsI5H3tWwWw81VQ6AqWucVQw6M91VjjQM0%2FUI%2BKm1OcNrGZmnSCN0GzRtHlC9csFgD6uX5%2BanMbQbAzWmzackvDg%3D%3D&X-Amz-Algorithm=AWS4-HMAC-SHA256&X-Amz-Date=20211102T195028Z&X-Amz-SignedHeaders=host&X-Amz-Expires=300&X-Amz-Credential=ASIAQ3PHCVTYVGBQ74RI%2F20211102%2Fus-east-1%2Fs3%2Faws4_request&X-Amz-Signature=396efe2b46e2a6517d3302227e2cec11731fe4e0d5dd1f42e28d93e5410e088d&hash=c0f63eba12fae98f0a97eaaa5fd2127bd679484a44e1fbce3f6d91d6e983e60a&host=68042c943591013ac2b2430a89b270f6af2c76d8dfd086a07176afe7c76c2c61&pii=S037594740800078X&tid=spdf-6b290af0-5015-4a4e-af86-03e225ac62fb&sid=b503f6326ee4d643839afcf2baa1e03c3cccgxrqa&type=client
https://pdf.sciencedirectassets.com/271584/1-s2.0-S0375947411X00052/1-s2.0-S0375947411000406/main.pdf?X-Amz-Security-Token=IQoJb3JpZ2luX2VjEIv%2F%2F%2F%2F%2F%2F%2F%2F%2F%2FwEaCXVzLWVhc3QtMSJGMEQCIBWuCgSF%2Ftf32mIIM2MNlWzXzSKgNbOiZJEk%2BQDA%2BYlCAiBVJUeb4UCvai7w6i0KJfk4Gxd4yHF2zLxYyc3l4E6qvyr6Awg0EAQaDDA1OTAwMzU0Njg2NSIMatSyDB2ezLy4KbWFKtcDEqT6wxQAf2DP7jYGRDyMqvODdxnRevDAKUAWPXNMTaEofZ7t7kn47TA285MvrMfYzm9iwK3%2FSM%2B91F1qdL%2FQqxH476nRb3gkk1fE3HCod435J29uFQ88RsIoQrfyvhHBck9MYDYEivkKduWM%2BnlJdJbyjPHFjYSTZIacxC72JoGkmCrOKaYYgqZi33KucalGlHCt7WWyQVb2iy0%2BOfKG7RhwR9Em5Y7Eia3NjsuxPmZxNna%2FmMes2Zc2f%2BtO6f0wWgd7IXj1x7KfIPQYlzSoLlaNhOmghcEP2LWMNXCCWKD7oNTnfcJiIWAdW4JdZm9QEH9VxHj%2FfP6Na3PxVJIlJyJ8AE22czgkm%2FV75mIMs2haXQSgIRsCwjdxiD3ivvj1N%2F9RNjw6hOlkKID6h9qiq1sFXgs4CrzlEsdCUnb2q8bDHtMQQCbT%2ByvjpYoeHjO%2FQr71NIFXZF1m7PmpvXB2zJeO0yzTTsiVAny6m1TevYTsygjyyncXbpG6jyfZLoCnVFy5eXcLjWddQAd0UWSYfxUG056H55koil%2B%2Fcr4Avrl4xGrpNuV%2Be%2FJc7piuGdxTr2%2F9t4g94b7uc8zPi3lgAn1JoZrq2DnSnZKjFK93MQqrPD13yqDmMMSNhowGOqYBw1wdmRXlxenpKDrp%2B%2BBLIb%2FA2j9QyYn1oY61GGYtoC%2FK91lMgTn%2BAOJ6ES%2FB1HCCExVDX9O2n%2B%2BwCEAdpmkzZourt3RbvaBEdXhsnETmfvj9JEXoufe5XUGaXRg%2FEFOaMrmjW2RMgEZgheJowp9LGTKtxiyJM1o%2BOnrJpp5df7g8CSrtx0B9SYy%2F0u1TUwgxinegMXQk7tKhNPCBUPnMgDwhockrKw%3D%3D&X-Amz-Algorithm=AWS4-HMAC-SHA256&X-Amz-Date=20211102T201244Z&X-Amz-SignedHeaders=host&X-Amz-Expires=300&X-Amz-Credential=ASIAQ3PHCVTYXKQZCM5V%2F20211102%2Fus-east-1%2Fs3%2Faws4_request&X-Amz-Signature=8571ad0c1051dc7a26164cbea33753e9885e4117dee4b0b88ca0203072e316ef&hash=0e8b3ce9c0fe03f7c7e8f177e3a10edef4a05f9fc45a101aaf58a3a5c1df4e48&host=68042c943591013ac2b2430a89b270f6af2c76d8dfd086a07176afe7c76c2c61&pii=S0375947411000406&tid=spdf-891c4280-f5f8-4732-be3a-e87a10710d3d&sid=b503f6326ee4d643839afcf2baa1e03c3cccgxrqa&type=client
https://pdf.sciencedirectassets.com/271584/1-s2.0-S0375947408X00089/1-s2.0-S037594740800078X/main.pdf?X-Amz-Security-Token=IQoJb3JpZ2luX2VjEIv%2F%2F%2F%2F%2F%2F%2F%2F%2F%2FwEaCXVzLWVhc3QtMSJIMEYCIQCeNMy9l0W1v79zbz2yYzK6rr%2FhmbCuu0uypKV6ayL2GAIhAI2NucivJky71uL27s%2FEdOhfPBlS1fZQYoQVFEGCrys1KvoDCDQQBBoMMDU5MDAzNTQ2ODY1IgwQQrnsb2cS4pkXn5Qq1wNwFJ7pTuQ1ZxdFZp1zX%2F%2BaocgVPl0UPvd8hljCJQrBOy%2BfaUY5Ju%2F%2BNB8UPIsWqghzHJEs%2BXRWwRR7mKpAgAim0e7C7CHskHWrNEhs48Rk7D996y6DWFUOlOsDeuI%2FUQTj9vDdqdkakG8kqI38FYsamT%2FOF6QU26pvNgYGG%2Fk%2BS5AkBL6BWf6sMlzoYUa1yaPFBdlUIL2kYL%2BablQNy7F7AsuhS%2Bm9%2B6aogI9NcPQTqZkdVTJh4m%2BC%2FjzychGTdyFcVezJYMWqwIZOt0uLK5%2F6BheMUATG%2B9szgV9Tk3WwvFaIsnCF0UOM7QWPurxYD6dmorn5%2FGxbIwDwk5O1WCftHtDtxsPM7gchCQme28A3b8lhmS81v7YGGDzfvoOIiXLVicIYWHBA2g1sj1VqmyHkOcf%2Bw6SeLZS8maeWOa0oMHi%2BRcTA3PlmT78odGdMaR0Nd6KI7hZHbyVRs%2Fz3qO8NBRGSuLb48tHcCBCIMOvcAY%2BkKr0rhA%2FXaZEXYjX1J%2FXC3w%2Fo6Bs5LoIxmCAp%2Feh%2BMypmOK%2FngrIv7rIUat%2F9DAyPrv4JYslyjItmOIof5U99OxF95UEC4HABtvBDQukIn3Aac5d1FijZ4snpW0EpDyZmTouJ%2FCcwx4WGjAY6pAFWIOmLbDDBjIon5ZrIlxk8SRZY8mf5EJMJIEHyZMZnR1PGOfAEkmnnIjzUljGfupxYtH2WcsSQO5pLGTdt%2F6J%2BJQXr7wwGhDL7BtzIavMJMdmWDunSe32ewEdvx9XLWIy2M6TsI5H3tWwWw81VQ6AqWucVQw6M91VjjQM0%2FUI%2BKm1OcNrGZmnSCN0GzRtHlC9csFgD6uX5%2BanMbQbAzWmzackvDg%3D%3D&X-Amz-Algorithm=AWS4-HMAC-SHA256&X-Amz-Date=20211102T195028Z&X-Amz-SignedHeaders=host&X-Amz-Expires=300&X-Amz-Credential=ASIAQ3PHCVTYVGBQ74RI%2F20211102%2Fus-east-1%2Fs3%2Faws4_request&X-Amz-Signature=396efe2b46e2a6517d3302227e2cec11731fe4e0d5dd1f42e28d93e5410e088d&hash=c0f63eba12fae98f0a97eaaa5fd2127bd679484a44e1fbce3f6d91d6e983e60a&host=68042c943591013ac2b2430a89b270f6af2c76d8dfd086a07176afe7c76c2c61&pii=S037594740800078X&tid=spdf-6b290af0-5015-4a4e-af86-03e225ac62fb&sid=b503f6326ee4d643839afcf2baa1e03c3cccgxrqa&type=client

Energy dependence of the CME — LHC vs RHIC

Surprisingly, for a collision of energy
approximately 10 times larger, ALICE
reports roughly the same signal

See Panos Christakoglou's talk for
more on ALICE results 11/03/2021

x103

[ALICE, Phys. Rev. Lett. 2013]
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https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.110.012301

Energy dependence of the CME — BES
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“can be understood ... if the formation

of the quark-gluon plasma becomes less
likely in peripheral collisions at low

beam energies” [STAR, Phys. Rev. Lett. 2014]

10* x [y

80 60 40 20 080 60 40 20 0
Collision centrality (% Most Central)

[STAR, Phys. Rev. Lett. 2014]



https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.113.052302
https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.113.052302

There is still much to learn about the energy dependence of the CME in heavy ion
collisions

Can an increase in signal be achieved by lower energy collisions where the magnetic
field lives longer?

BES-II (2019-2020): should we expect a pleasant surprise in the data for the CME?
[STAR, White paper, 2014]



https://drupal.star.bnl.gov/STAR/starnotes/public/sn0598

Goal

Use holography to create fully time dependent model of the energy dependence of the
CME in SYM plasma

STAR Experiment: https://www.star.bnl.%ov/public/t c/photos/GeneralMisc/event.pn
After decades of effort, scientists are finally seeing black holes- or are they? (2021?. [%Data set]. In AAAS Articles DO Group. American Association for the Advancement of Science (AAAS).

https://doi.org/10.1126/science.abg4140 8


https://doi.org/10.1126/science.abg4140
https://www.star.bnl.gov/public/tpc/photos/GeneralMisc/event.png

Desired Dual Description

[Cartwright, Kaminski, Schenke, to appear-2021]

—Boost invariant expanding SYM plasma

Note: Asymptotic to Bjorken flow

—Time dependent axial charge density ns(7)

—Static magnetic field perpendicular to expansion

—Begins with non-zero dynamical anisotropy

[Braun-Munzinger, Dénigus, Nuc. Phys. A,2019]
Added benefit:

Includes initial far from equilibrium evolution



https://www.sciencedirect.com/science/article/pii/S0375947419300405

See Matthias Kaminski's talk for more
on holography and CME physics
11/04/2021

See Karl Landsteiner's talk for more
on this model 11/03/2021

Holographic Model

Einstein gravity Coupled to U <1)V X U(l)A [Gosh, Grieninger, Landsteiner, Morales-Tejera, Phys. Rev. D, 2021]

1 5 L2 v L2 5 v O oot 5 5
=1 G / d®z/—g (R — 20 — - Fu " — ZF;,)F{;) + 5T A, (3F,,pFUT + Fy<p>F;T>> + St
The AdS/CFT Dictionary:

Metric ansatz Dual Energy Momentum tensor

1
ds? = 2dv(dr — §A(U,T)dv)

(T}) ~ diag(e(r), P1(7), Pa(7), P5(T))

+ S(v,r)2eH1(”’T)dxf
Nuv = dlag(_l? 17 177_2)

+ S(v,r)%ef2(vr) g2
+ S(’U, T’)QG_Hl (v,r)—Hg(v,r)dé:Q

§ - Spacetime rapidity

Axial gauge field ansatz -,

AM - (_¢(U7 ?“), 07 07 07 O)

Dual axial current
<J(i5)> ~ (n5(7),0,0,0)

Dual vector current

Vector gauge field ansatz « .
<JZ> ~ (07 Vx (7_)7 0, 0)

Vu: (0,—‘/_@("0,7’),%3,—%3,0) 10


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.046009

Initial Data and Solutions
Field theory:

Initial time: 7o

Initial axial charge density: n5()

Initial vector current density: (J') (79) =0
Initial energy density: ¢(7)

Parameters:
Anomaly coefficient: & = asysy =1/ V3

Magnetic field: B

Evolution:

Evolve according to characteristic formulation
[Chesler, Yaffe, JHEP, 2014]

Written in Mathematica

Numerical scheme:
-Chebsyhev decomposition of radial dependence

-Combination of RK4 & 4" order Adams-Bashforth routine
for stepping forward in time

AdS bulk:
Spacetime ansiotropy: H; (vo,r), Ha(vo,r)

Deviation from AdS H; = H* — % log (v + 2)

4
]’{i(d)(z)/z4 = cos(712) + Qg tan(y22) + Q3 sin(y32) + Z szj
[Rougemont et. al., arXiv:2105.02378] 7=0
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Note: Highlighted curve will serve as a representative
curve in coming slides 11


https://link.springer.com/article/10.1007%2FJHEP07%282014%29086
https://arxiv.org/abs/2105.02378

Evolution of Energy Momentum and Vector Current

22 initial conditions are displayed at fixed ¢(7g), ns5(7), B

Evolution of the Energy Momentum Tensor CME current response

20 TH ~ diag(e, Py, P>, P3) K2 P23 15
: K* Pp/21° o
[ 2 3 N
15: K Pé:/ZL % 10!
L 2 3 L

, — K“€/2L =
10 / v
. <<
5 S 9
0 |
O,

CME response is roughly independent of choices of spacetime anisotropy



CME signal dependence on the energy — I

Match parameters to QCD:
—Set L =1fm
—Fixes «

1\ 2A2
_A8/3 (1 e ~7/3
T(r)=A (T) (3m)72 +0 (T )

—Extract A from late time data
—Use scaling symmetry to set overall

scale

Program:
—Fix spacetime anisotropy function
to characteristic form

—Scan over different initial energy
densities

—Hold fixed at the initial time ns(7p)

—Estimate for Ru+Ru/Zr+Zr at 200GeV

ns(7o) = 0.0014GeV?

1074 GeV?]

>

Y 0.05
0.00-/

0.25

0.20
0.15
= 0.10

Preliminary

05 1.0 15 20

7 [fm]

CME signal is enhanced for
decreasing initial energy

[T] = MeV
T(79)=166.49

T(79)=199.297

 — T(19)=225.598

T(79)=280.715

1 — T(19)=299.986
| — T(19)=333.762
| — T(19)=396.873
J — T(19)=566.977
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CME signal dependence on the energy — II

Axial charge density depends on energy
of the collision [Sun, Ko,Phys. Rev. C, 2018]

27—07"-ptub862151L V Ncoll

N: ~
> 1672

Program:
—Fix spacetime anisotropy function to
characteristic form

—Scan over different initial energy densities
with corresponding axial charge densities

Higher initial energy solutions
quickly reach peak value

0.4

= )
> 0.3
&)
T
o 0.2

| S— /

A

~ 0.1"

10

T] = MeV |
— T(7¢)=166.49, <]0(5)>(T0):1.2X10_3G6V3 |

— T(19)=199.297, <J°5,>(79)=1.6x103GeV*

— T(19)=225.598, <J°5>(1,)=1.9x10>GeV’|

—— T(1)=299.986, <J°5>(7)=2.7x10~2 GeV’.

Preliminary

0.5

CME signal survives longer for
lower initial energy solutions

1.0 15 20 25

3.0 3.5
T [fm]
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https://journals.aps.org/prc/abstract/10.1103/PhysRevC.98.014911

Will appear on the arXiv very soon

Discussion and Conclusions

-There is still much to learn about chiral magnetic physics

-We use holography to generate a time dependent model of the CME which includes:
—Longitudinal expansion

—Initial far from equilibrium evolution
—Asymptotic to Bjorken flow

—Static magnetic field
—Time dependent axial charge density 75(7)

Varying €(7o) CME response is enhanced for decreasing initial energy density

Varying e(7g), ns(70,€(70)) Late time CME response is enhanced for decreasing initial energy density

Varying (7o), n5(70,€(70)) , B(e(70)) | CME response is enhanced for increasing initial energy density

-Much to improve upon:
—Time dependent magnetic field
—Radial/directed flow in the transverse plane, higher harmonics
—Non homogeneous axial charge density Thank you! Any Questions? o



Appendix: CME signal dependence on the energy — III

Pushing to the extreme

Magnetic field strength also depends on
the collision energy as well as on the

particular nuclei
[Sun, Ko,Phys. Rev. C, 2018]

2
¢Bruic _ 1 yrmC <Q§Hm)
eBruc  27vruic \ Q¢

Program:
—Fix spacetime anisotropy function to
characteristic form

\E

—Scan over different initial energy densities

with corresponding axial charge densities Preliminary -
along with matching peak magnetic field e
strength | 0.5 1.0 1.5 2.0
CME signal is enhanced for _— . 7 [fm]

increasing initial energy [T] = MeV

— T(19)=166.49, <J°5>(1)=1.2x107>GeV>, B=0.095mn? tp = 6.05fm

Note: Naive estimate of characteristic time scale — T(19)=199.297, <J°5>(19)=1.6x1073GeV>, B=0.195mn* {5 = 2.94fm
of the magnetic field [Guo et. al. Phys. Lett. B 2019] o o a )
15 CeVim — T(1)=225.598, <J°5>(10)=1.9x103GeV?, B=0.32mna? ¢ = 1.79m

g~ — 16


https://journals.aps.org/prc/abstract/10.1103/PhysRevC.98.014911
https://doi.org/10.1016/j.physletb.2019.134929
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