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Two goals of Heavy-ion collisions
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The Beam Energy Scan Theory (BEST) Collaboration is a Topical Collaboration in Nuclear Theory, funded by B O
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The BEST Collaboration, involving collaborators from two national laboratories and 11 universities, will
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Scan program at the Relativistic Heavy lon Collider (RHIC). The main goals of this program are to discover, or
put constraints on the existence, of a critical point in the QCD phase diagram, and to locate the onset of

chiral symmetry restoration by observing correlations related to anomalous hydrodynamic effects in quark
gluon plasma.
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Two goals of Heavy-ion collisions

« QCD critical phenomena

- Universality class
- Critical behavior
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* Chiral transport phenomena

Magnetic Effect (CME)
Separation Effect (CSE)
Vortical Effect (CVE)

How about the interplay?

Does the CME affect the dynamic critical phenomena in QCD?



Dynamic universality class

P. C. Hohenberg and B. I. Halperin (1977)

Microscopic theory
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Dynamic universality class

P. C. Hohenberg and B. I. Halperin (1977)

Microscopic theory Effective theory

Hydrodynamic variables:

: - Order parameters
Integrating out -
_ - Conserved densities
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Same Symmetries

- Nambu-Goldstone modes

Gapless modes are important.
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Chiral Magnetic Wave

G. M. Newman (20006)
D. E. Kharzeev and H. Yee (2011)

Collective gapless density wave
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Setup

Static critical phenomena

Ginzburg-Landau theory

Dynamic critical phenomena

Langevin theory



Setup

« 2 flavor QCD with massless u, d quarks at finite 1, ur, B
* Chiral Symmetry

B=0 B+#0
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* Second order chiral phase transition



Hydrodynamic variables

* Order parameter

chiral condensate: 0 = QcC

! .
e # neutral pion: 7™ = PivsT g

e Conserved densities

nr = qy"'7%q nis = 47" Tq

» Note: Charged pions are not hydrodynamic mu + x /¢|B]



Ginzburg-Landau (GL) theory
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* Near second-order phase transition — small order parameters
* L ong-range behavior — derivative expansion

« QCD symmetries — constraints on the expansion

chiral symmetry and CPT symmetries



Static critical phenomena
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e.g. Isospin susceptiblility:
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Langevin equation
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Poisson bracket kinetic coefficient

[Nis (1, 1), da(r', )] = eapdpd(r ! 1)
U(ma algebra
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Fluctuation dissipation relation (FDR)



Langevin equation
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Poisson bracket Kinetic coefficient
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C' : anomaly coefficient

Anomalous commutation relation

R. Jackiw and K. Johnson (1969)
S. L. Adler and D. G. Boulware (1969)



Field theory of Langevin egs.

P. C. Martin, E. D. Siggia, and A. Rose (1973)
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Field theory of Langevin egs.
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Field theory of Langevin egs.

P. C. Martin, E. D. Siggia, and A. Rose (1973)
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replace O[y*] by O[¢] — integrating out én



Field theory of Langevin egs.

P. C. Martin, E. D. Siggia, and A. Rose (1973)
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Dynamic
renormalization group (RG)

(Quantum) Field theory (QFT) manipulation
* Feynman rules

 Diagrammatic expansions

 RG equations for all parameters in the Langevin theory:

GL parameters, kinetic and anomaly coefficients

notes: difference from the usual QFT

so kw p W= bPw

renormalization scale

propagator noise vortex



Dynamic universality class

CME does not affect the dynamic universality class

Anti-ferromagnetic class "Model G~
P. C. Hohenberg and B. |. Halperin (1977)

Dynamic critical exponent: z =

D |

two-component order parameter with symmetry group U(1)a

c.f. QCD critical point (finite quark mass and finite #B) "Model H”



Extended
non-renormalization theorem

* Generally, no higher-order corrections to the CME coefficient

 How about near the chiral phase transition where o is massless?
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one loop correction
(log divergence)

No loop corrections on CME coefficient near phase transition point



New dynamic critical behavior

« Speed of the chiral magnetic wave:
from statics
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Critical attenuation

« Near the QCD critical point?

« Possible signature of the QCD critical point in Heavy-ion collisions



Summary

We study the second order chiral phase transition of two
flavor QCD with massless quarks in the presence of the CME:

* Dynamic universality class
« CME (anomaly) coefficient

« Critical attenuation of the chiral magnetic wave:
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Backup slides



Chiral magnetic wave
for Baryon charges

CME
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