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P  and CP  in the Strong Interaction
 

  ~ Why is it not violated? ~
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P and CP Violating Terms

Topological Term in the Gauge Theory
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Topological Term in QCD
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Winding Number

Chern-Simons Number

=∫ d 3 x K 0=
1

162∫ d 3 xijk  Ai
a∂ j Ak

a
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3
abc Ai

a A j
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c 
Qw=∫ d 4 x (∂0 K 0−∂i K i)=∫ dt

d
dt∫ d 3 x K 0=ν( t=+∞)−ν(t=−∞)
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Strong CP Problem

Topological Structure and q -Vacuum

Strong q -Term

〈θ∣θ〉→   S QCD =∫ [−1
2

tr Fμν F μν
+ θ

g 2

16 π
2 tr Fμν F̃ μν]

∣ 〉=∑


e i∣ 〉

Manton
Faddeev
Jackiw-Rebbi

(Bloch state)

Topological Charge Qw
∣d n∣~e mq/mN

2


∣∣0.7×10−11

Nearly zero
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Explicit breaking with non-zero q

Experimentally such a finite q  has never been seen.
q  is just one parameter in the Standard Model.
In principle q  =0 is one of the choices in nature.

Is this accidental?
Is there any reason?  (e.g. axion, massless flavor, …)
How can we test the theory experimentally?

P and CP in the Strong Interaction

(CP is spontaneously broken at q = p )
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P  and CP  in Heavy-Ion Collisions
 

  ~ Why could it be locally violated? ~
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Experimental Facilities

             RHIC                                  LHC

Heavy-ions collide  →  A new state of matter
(Au, Pb, …)                  (Quark-gluon plasma)
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Quark
Gluon

Plasma

Relativistic Heavy-Ion Collision

 

Thermalization

“Little Bang”

Before Collision

T > Tc~ 200MeV

γ∼100  (RHIC)
γ∼1400  (LHC)

τ<1 fm/c
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Relativistic Heavy-Ion Collision

 

∼1 /γ

LHC:  √s NN=2.7 TeV  →γ∼1400
RHIC: √s NN=200 GeV →γ∼100

Thermalization achieved (elliptic flow by a hydro-model)
Initial temperature ~ 400MeV (distribution of direct photon)
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Chiral Symmetry Breaking

Chiral Condensate and Chiral Circle

σ∼ψψ

π∼ψ iγ5 τ ψ

In the QCD vacuum
the physical state
spontaneously gets a
condensate in the
0+ (s ) direction.
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Chiral Symmetry Restoration and...

Falling down to a wrong vacuum

σ∼ψψ

π∼ψ iγ5 τ ψ

Disoriented chiral
condensate (DCC)
Non-zero condensate
in the 0- direction!

Chiral symmetry restored
in the QGP  (Tc ~ LQCD)
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Chiral Symmetry Restoration and...

Falling down to a wrong vacuum

σ∼ψψ

η0∼ψ i γ5 ψ

P-odd condensate
in the iso-singlet channel

Chiral symmetry restored
in the QGP  (Tc ~ LQCD)

Effective U(1)A restoration
Suppression of instantons
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Local Parity Violation (LPV)

 

++
h0>0

h0>0

h0>0h0<0

h0<0h0<0

Disoriented Chiral Condensate not only in the pion direction
but also in the iso-singlet direction.
Spatially and temporally fluctuating h0 condensates

Heavy-Ion Heavy-IonHot and Dense Matter

〈η0 〉∼θ
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Theoretical Possibilities
 

  ~ What to be expected ~
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P  and CP  not broken in the whole system
Singularity in the particle yield emitted
from a wrong vacuum?
 

Enhancement in the fluctuations of a P-odd
physical observable?
 

How is P broken in each P-odd domain?

What could be a signature for the LPV?

∂t θ

2 N f

=μ5

Time-dependent q   induces
more right-handed or
left-handed particles!
(c.f.                                                           ) electric potential A0∼∂t α∼μ
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Novel Ideas with the Magnetic Field

 

Quark-Gluon Plasma

+

+

Moving almost at the speed of light

Impact parameter ~ b
(event-by-event measurable quantity)

Au, Pb, Cu, ...

Au, Pb, Cu, ...



May 22, 2012 @ FPCP2012 20

Novel Ideas with the Magnetic Field

 

+

+
B

Strong B generated due to Electrodynamics

on top of the Quark-Gluon Plasma
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Order Estimate of B

Lienard-Wiechert potential

eB0=(47.6 MeV)
2(1fm

b )
2

Z sinh (Y )  ,    t0=
b

2sinh (Y )

Discussed by Rafelski, Mueller, … (~1976)eB (t)=
eB0

[1+(t / t 0)
2
]
3 /2

Strongest B in the Universe (QCD scale!)



May 22, 2012 @ FPCP2012 22

Chiral Magnetic Effect

Classical Picture

B
Right-handed Quarks
= momentum
   parallel to
   spin

Left-handed Quarks
= momentum
   anti-parallel to
   spin

J≠0   if  N 5=N R−N L≠0
Kharzeev-McLerran-Warringa (2007)
Fukushima-Kharzeev-Warringa (2008)
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Current from Quantum Theory

Anomaly Relation

j = N c ∑
i=flavor

qi
2
μ5

2π
2 B

Chiral Magnetic Effect = QCD anomaly × QED anomaly

No correction from higher-order fluctuations
                      (apart from the RG invariance)

Zhitnitsky, Fukushima-Kharzeev-Warringa, Son-Stephanov, Gao-Liang-Pu-Wang-Wang, etc...



May 22, 2012 @ FPCP2012 24

P-odd Domain
h0 > 0

Charge Separation

Without B Fields
Spin

Momentum

R R

R R

Net Current 〈J 〉=0
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Charge Separation

With B Fields
Spin

Momentum

Net Current 〈J 〉=0

B

Net Current 〈J 〉≠0

R R

R R

Kharzeev-McLerran-Warringa
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Charge Separation Fluctuations

++

B

〈 (Charge Separation) 〉=0
〈 (Charge Separation)2

〉=large

Individual current is
given by the CME
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Experimental Challenges
 

  ~ What to be measured ~
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Difficulty

P-odd quantity is zero on average
  

What we can observe in physics
of the strong interaction is –
      only Local P  (and CP) Violation
  

Only quantitative difference

〈 (P-odd Observable) 〉=0
〈 (P-odd Observable)2

〉=Large or Small?
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Fluctuation of Charge Separation

 

“Looking for parity violation
  in heavy-ion collisions”
  by Berndt Müller
  Physics 2, 104 (2009)

 :  Azimuthal angle
v1 :  Directed flow
v2 :  Elliptic flow
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Interpretation

 

(α ,β=+ ,−)

P-Odd (Charge Separation)

Cancel?  NO!

Nearly zero
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First Results from STAR@RHIC

3-Particle Correlation  (fluctuation measurement)

STAR Results

Voloshin
STAR
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Followed up by PHENIX@RHIC

 Qualitative agreement with STAR

Figures from
a talk by Lacey
at CPODD
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Confirmation from ALICE@LHC

 

Data from ALICE
presented at QM2011
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Decomposition (Background Estimate)

 〈cos (Δ ϕα+Δϕβ)〉=〈cos Δϕαcos Δϕβ 〉−〈sin Δϕα sin Δϕβ〉

〈cos (Δ ϕα−Δϕβ)〉=〈cos Δϕα cos Δϕβ 〉+〈sin Δϕα sin Δϕβ〉

Bzdak-Koch-Liao (2009)

Indicating different
background effects for
in-plane and out-of-plane
contributions.

Naturally so due to flow!
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Summary
 



May 22, 2012 @ FPCP2012 36

Summary

There are many experimental data, but nothing is 
conclusive for nor against the Local Parity Violation.

There are even more theoretical progresses to clarify 
the P- and CP-odd effects in the Strong Interaction.

Theoretically speaking, the interplay between the 
topological effects and the (QED) magnetic field may 
cause new phenomena (chiral magnetic effect).

Experimentally speaking, the detection of the LPV is 
still a big challenge.  (How to separate it from the flow?)
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