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Typical Scales in QCD Physics

ROt G OGN RGN RGN 0N RGP inn Rt R SRt R ibgT

What happens
at T~ A ycp~200MeV ?

— Quark-Gluon Plasma

What happens
at p,~ (AQCD)3 ~1fm> ?
— Color Superconductor

What happens
at eB~ (A o) ~ 6.8 X 10°G ?
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(QOCD Phase Diagram
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(OCD Phase Diagram
R B R0 B, B, B0 SR B B, SR O B
A

Temperature 7
7

Liquid-Gas

% l | @LLU@U” S, perconc ductons
~ X CFL-KS, Crystalline CSC _ _
Nuclear Superfluid  Meson supercurrent Baryon Chemical Potential tis
B , Gluonic phase, Mixed phase
|

KF-Hatsuda (2010)
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Two QCD Phase Transitions

I G U R e

S R SR E O FONR SR T R PR FONR RS R L e

Quark Deconfinement Transition (Polyakov Loop)

~1fm

@@

=

7 @
~1 / 1 \
A r ' « U
—1/3 . — N \
\ \ / atz
e
-~ — T ~200MeV

Chiral Phase Transition (Chiral Condensate)

e =

“Constituent” Quarks
M, ~ 350 MeV

“Bare” Quarks
m,~ 3-6 MeV

«

Nambu-Jona-Lasinio

2010412 H 3H @Ei5 6



Most Likely T, > T,

Nt g IO SRR SRR, SN NP , O g SN R gt N g e

Anomaly Matching Condition ¢t Hooft)

j K25(q)=i | d*xe' (T ji,(x)j2(0))s
. N—N eAB ql,(q~vl5AB
- C 2 2 2
B c.f. Chiral Magnetic Effect j,~B j., j~B j,

If quarks are confined, how this IR singularity appears?

. In the confined world there must be
] massless NG bosons (chiral broken).

/ ....... ] 5 For N, =2, massless proton and neutron
B JU

can saturate the IR singularity...

In real world N, >2 but s quarks are massive !?
20104£12 A 3H @B 7



Most Likely T, > T,

SRt O ihgh S ihot Bt Beginyge gt ey, 0Oy, e, RO 0N, S0

Potential Model Argument (casher)

. . . -
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’ N ¢ a
‘ A 0 \ - .
' - " ‘ ~ \ *
~ - .
s [ [ e v O‘
~ ~ i
- - .
i ' ' - '
'
' ' ' ] '
'
i ' f [
[
' [ N f
' . ' ..’

Assume that massless quarks are confined 1n a bag
by s-wave potential (which does not change the spin).

When quarks turn back, they change the chirality, which
should be compensated by chiral condensate.

Confinement requires chiral symmetry breaking

Just arguments... No prootf...
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Two Separate Transitions

SR SR SR SRS SRS TR OB, OB, P, RO, PO, P
Gordon Baym (1982)

4

Teh  |CHIRAL RESTORATION ,

Deconfined
mass less quarks,

dec J

Deconfined
massive quarks,

Confined luons, pions

hadrons

TEMPERATURE, T

Pion
condensationﬁ,;

n n n

BARYON DENSITY, o
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“A Long Range Plan”

P S D TR SRR D T S TR R S D

Taken from 1983 and Taken from 2007

PHASE DIAGRAM OF NUCLEAR MATTER | lEEE The Phases of QCD
; Tt o £ Future LHC Experiments
; Centvol ’g
b + Raglans =
o
DECONFINGED QUARWS &
An® GLuoONS
Te —
~ 100 eV We HA ';:ﬂnng
/ Quark-Gluon Plasma
w F  HAADRowS,
cé l " MASSLEST " ProRS Nuclear %Future FAIR Experiments
Trody pa dmtet :
% | ~ Regionsg ﬂr?;wp&a
o | 1 '
3 ~ Critical Point
r-_' | WG GAY
Tr_: T Hadron Gas :
bq\':. i ¢ Superconductor
\i Phest figr"cn\ ,QJ.'G__'_ e /
= — — iy Matter Neutron Stars
o fnm ?ﬂﬁ., HS"O-P'!H-
900 MeV
BARYON DENSITY Baryon Chemical Potential
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Some Highlights

BSOS DO WP, WP
Wuppertal-Budapest (2010)
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Deconfinement and
Chiral Transitions
(Nearly) Coincide
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Coincidence for Aniy Quark Mass

SRR inagt B OGN e P R R BRI R S0

Old Lattice-QCD Data T d
Hands (physics/0105022) WO-Crossovers connecte

(Fukushima-Hatta 2003)

oo

o5 I X1, Susceptibility - ‘Deconfinement Transition| /
vy 7 :

0.2— ] :
Chiral & [ .

,,L Order B Deconfinement m ]
Parameter & ‘ Order h ,"

Parameter

] C ¢
| / ‘Chiral Transition

(Nearly) Simultaneous crossover for any quark mass
20104124 3H @fi5 12



Coincidence for Any Magnetic Field

Rt R g o R Ryt 0GR Rt BB e R Ryt N e N

Recent Lattice-QCD Simulation .p'Etia et a

! amanod Magnetic field eB ~ 0.75GeV?
02~ - - mup-u | should be large enough to affect
- v — | QCD physics.
1 Why locked together??
= | Phase diagram in the 7-B plane.

FIG. 3: Same as in Fig. 1 for am = 0.01335
Change in 7, 1s 10~20%

2010412 H 3H @Ei5 13



Finite Density Extension

SRt O ihgh S ihot Bt Beginyge gt ey, 0Oy, e, RO 0N, S0

T

Quark-Gluon Plasma
deconfinement

~Aocp

e
—
—
—
—
—— —

] confinement
Hadronic Phase

confinement
broken chiral-sym

)

approximate chiral-sym

T
Is this possible ?

~Aaocp

Implied by

Casher — 't Hooft\

Deconfinement becomes
smoother crossover at
higher baryon density

Color Superconductor
deconfinement
broken chiral-sym

-

’ "“MN‘\ Nuclear Matter

Quark-Gluon Plasma
deconfinement
approximate chiral-sym

deconfinement
broken chiral-sym

Hadronic Phase )
confinement
broken chiral-sym \

Color Superconductor
deconfinement
broken chiral-sym

-

"”MV‘\ Nuclear Matter



Possibility implied by BNL People

Nt g IO SRR SRR, SN NP , O g SN R gt N g e

Phase Diagram of Large-N, QCD

I

Deconfined Phase
NACD Deconfinement Phase Transition of 1st Order

Hadronic Quarkyonic
Phase Phase
Baryonic Phase P~ O(V)
N -quark
~M L exchange

2010412 H 3H @Ei5 15



Interpretation — Quarkyonic Matter
B SO S S PO, SO0 S SO SO, SO B 3000
Structure of the Fermi Sphere

Ground state of
large-/NV, quark matter

at 4, >> Agcp

McLerran, Pisarski
Hidaka, Kojo

Any remnant in N =3 world?

20104E12 A 3H @K1 16



Large-N -inspired Phase Diagram
B S SO S B B SO SO PO SO S0 500

NPAR837, 65 (2010)
Andronic, Blaschke, TI
Braun-Munzinger,
Cleymans, KF, T
McLerran, Oeschler, c
Pisarski, Redlich,

Sasaki, Satz, Stachel

Hadronic

Liquid-Gas

20104E12 A 3H @K1 17



Experiment Data

SRt O ihgh S ihot Bt Beginyge gt ey, 0Oy, e, RO 0N, S0

Chemical Freeze-out Points from the Statistical Model

—~ 200 NPAS837, 65 (2010)
> b o Cleymans etal. Andronic, Blaschke,
= A Becattini et al. Braun-Munzinger,
— 160 B Andronic et al. Cleymans, KF,
140 McLerran, Oeschler,
120 Pisarski, Redlich,

Sasaki, Satz, Stachel

Only available information

i et 08 Gey at finite baryon density
40 - =1. e

R s/T = .
e percolation Most important data to
T e e e o analyze the phase diagram

1, (MeV)

2010412 H 3H @Ei5 18



Statistical Model

SRR inagt B OGN e P R R BRI R S0

Free stable and unstable hadrons (resonances)
at temperature T, baryon chemical potential ug,

strangeness chemical potential , electric chemical
potential u, , where ug and u, are constrained by
the collision condition.

—_— ek ok ok
[ B - O = T
==

Contained mesons (blue)
and baryons (red): figure
from THERMUS?2.1 Manual

=
=
L UL UL L

Mumber of States

[w=]
=
TT

% . . 2.5 3155 19
Mass (GeV)



Ratio

Success of the Statistical Model

o BT g, R Ry N o R e IO g N R e N I R

Thermal Weight = Particle Yield Ratio

o 1 11 1 17 1T 1T 1T T T T T T T/
[ [ | [ [ [ [ | | [ [ [ =

-— 1 _,,q @ —
] ] = =
1 E_‘__*_ ® _._—'—‘.— Vsn=130 GeV o - '“‘%'#L‘ Vspn=200 GeV ;
: _*_: _1— .,,..\T)” o o (r’ maN
. B A —- 10 & 0 —
5 o f - T 5

¢ i L[ O STAR T
I I 10 E PHENIX _
2 g ol e

- —— Model i [ —— T=160.5, u,=20 MeV o

[ T=1655, 1,=38 MeV 4 ] 10 L T=155,1,=26 MeV i
30 0 0 L S Y =
O T s A 2 aKKS Az 0o K TKpAZOKKPAZQddoKAA
TF?TTET??????E TKpAZQraaanrnragnrnpp KKAP

Braun-Munzinger-Magestro-Redlich-Stachel (2001)
Andronic-Braun-Munzinger-Stachel (2006)

Different s,y — Different 7" and u,

2010412 H 3H @Ei5 20



Freeze-out T and u,

S hoh b S ihoh Rt bt e R, g, 0N, RGN, BN e

Andronic-Braun-Munzinger-Stachel

—_ T T T T TTTTT] T — 900 T T T T T —
> » N [ 1
o 180 - 1. F -
E - . E 8600 E_ 2005 fits, dN/dy data _E
— 160 - B 8700 - A ratios =
140 | - 600 f_ ¢ yields _f
120 |- 4 so0f =
100 [— 3 a0[ =
C new fits (yields) n =
80 F mN VA E 3 E
60 |- O 4n 14 °F E
C —— parametrization J 100 | —
40 | R - | =
| | | I | | L 1 1111 2 | {:l | | L1 1111 | L 11111 2

1 10 10 1 10 10

Vs (GeV) Vs, (GeV)
T[MeV] = Tiim | 1 !
o 0.7 + (exp(,/3nn (GeV)) — 2.9)/1.5
(1 — 1 T
1y [MeV] = a = 1303120 MeV

1+ by/snn(GeV)’ b = 0.28620.049 GeV~! o



0.2

0.15

0.05

Freeze-out Criteria

AR B SR S R, SO SR R SR R O, 2000

EN=1.08 GeV

----- — percolation
.......... 5."I'J=T ;
———— g, =012%fm

_ (E) / (N) ~1 GeV

| ﬁﬁ?

np+ng =~ 0.12 fm?

| ¥\ 7 Thermodynamic quantities
] give some conditions that
can fit the freeze-out line

0.2 0.4 0.6
Ly (GeV)

0.8 1 in the Statistical Model.
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Meson-Baryon Crossover

SRt O ihgh S ihot Bt Beginyge gt ey, 0Oy, e, RO 0N, S0

What made BNL people excited

lﬂllllllll |I | |IIIIIIIIIIIIIIIIIIII

9_

8 | —
| Total

Baryonic !
Regime

[}
j

B Mesonic Regime |

t 3 ‘.~_ Mesons

Cleymans-Oeschler-Redlich-Weaton (2005)
20104E12H 3H @¥fi5 23



Triple-point-like Region

SRt O ihgh S ihot Bt Beginyge gt ey, 0Oy, e, RO 0N, S0

Along the freeze-out curve (phase boundary)
there 1s a transitional change from meson-dominant
to baryon-dominant regimes.

—Mesonic
_ Regime

- —— E/N=1.08 GeV
SEREEEE s/T°=7

_III|III|III|III|II"'I

T | T T T T T T | T T T | T T T
® Cleymans et al.
4 Becattini et al.

B Andronic et al.

Baryonic & A\
Regime B
(or Quarkyonic)' #

----- percolation

0

200 400 600 800 1000
1, (MeV)

Mesonic Hagedorn Transition
Z~f dmp(m)e ™"
mlT
p(m)~e
Tc: TH
Baryonic Hagedorn Transition
ZNI dm p z(m) e T

myIT,
p(m)~e
T.=(1=pglmy)T,

JH 3H @15 24



Something at Crossover ?

OGO hogi , OGO hT , OGO ShT  BEGOShT  EGOIhTh  EGI Bt Rt St B, N, S
Marek's Horn

IE Il-_: _IIIIIIII T T T TTTTIT T IIIII_
~ * A EB95866 v EB02866] = *°[ HIJ A EBO5 ¥ EBIE
- ® NA49 [ NA44 ) C 5 E$W4 ]
i B STAR © PHENIX ] 0.15 B STAR -
E ——  thermal model 3 s [ HIJ —— thermal model ]
] o1l | ]
I# ¢ ]
) L ]
10 1:— | L - 0.05 _—I| ¢ I
L - '*
A
+I..—: Il—‘! 3
‘. i
L4 B =
0.2 E
0.1_
e 08 - '
\e - a
0.15 i
- L]
i
0.1:
D.DE:
&
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Chiral Model Study
ROt G OGN RGN RGN 0N RGP inn Rt R SRt R ibgT
Advantages
0 Phase diagram can be drawn by order parameters.

0 P-models (PNJL, POM) can describe the full
thermodynamic properties.

Caveats
0 Model parameters have uncertainty.

0 Approximations (mean-field) — can be overcome by the
(functional) renormalization group improvement.

2010412 H 3H @Ei5 26



Pure-gluonic Model (m >>A,qp)

SRt O ihgh S ihot Bt Beginyge gt ey, 0Oy, e, RO 0N, S0

Ansatz (Polyakov loop ~ A4,)
1

V(€) = —5a(T) el + b(T)log[1-6+4(£'+0")=3(£L)
Vandermonde determinant
= SU(3) Haar measure

Parameters

a(T) = T*(3.51-2.47¢ '+152¢7)

b(T) = —1.75¢7-T" 3 (+1) parameters
_t=TIT, Ratti-Thaler-Weise
Ratti-Roessner-Weise

(T )\ c.f. strong-coupling ansatz
p(T) a(T) = T-b-54¢ " 2 parameters

b(T) =T-b Fukushima

2010412 H 3H @Ei5 27



Chiral Model (m,=m,, )

St QN OGNt SN ey Y NPyt ::-u’az-a.? Rt Wit i, P

Nambu—Jona-Lasinio (NJL) Model
L= gliyo-m)+ S [(@Ae) +(@iyaw)]
+g, |detg(1—y,)yw+h.c.|

Parameters
A=631.4MeV My c.f. POM model
m_ ,=5.5MeV - Schaefer, Wambach
m,=135.7 MeV & = my
s =
g A*=3.67 M,
g, A*=—929 one more? M, or (Qy)

Coupling (covariant derivative for A,)

d3
ON, | P

(E— u/T)

tr[log(l—I—Le —Hog(l—I—LT

20104£12H 3H @5 28
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Typical Phase Structure from PNJL

Chiral Condensate and Polyakov Loop

Looks like
the large-/V,
phase diagram...?

Consistency with
the argument in
the Statistical Model ?

Temperature [MeV]

2-flavors — KF (2004)
R 3-flavors — KF (2008)
0 200 400 600

Quark Chemical Potential [MeV] 29




Thermodynamics from the SM

W&'ﬁ*" D -H't'ﬁ'a.:' et -H't'l!':[- W&'?“"ﬁa—" Wiyt -Hi.ﬂ'*:' Wy -H'O'il'* et

Results from THERMUS (Wheaton and Cleymans)  KF (2010)

”5 31122 ((g g SJ] E To discuss the phase
B 200 Cleymans ctal. 8~ 1 diagram, the neutrality
™ Andronic ct al. —— conditions are
= 150 ‘ intentionally relaxed
E (w.r.t. strangeness
5 100 7 and electric charge),
5 which are minor
50 1 effects to the entropy.
0 ' ' . Blow-up 1n entropy
0 200 400 600 800 | 1000 should be regarded as
Baryon Chemuical Potential [MeV] “Jocon ﬁnemen £
B 5 7 411 N_N NN, . ..
sfree—((Nc—l)JrZNcNf)gT t— T intuitively.
S
Niee=N s 3‘;2+“3T 20104£12H 3H @455 30




Entropy Density
B SR JER10 R B JER00 PR R s ORI AR PO PO
Energy density, baryon density, etc may exceed the

free quark-gluon (SB) limit, but the entropy density
may not?

200

150

100

Temperature [MeV]

0 SM
PNJ
0 This Work ——

0 200 400 600 800 1000

Failure of the Model Baryon Chemical Potential [MeV]
20104124 3 H @fifyi5 31



T (u,) — Simple Ansatz

o BT g, R Ry N o R e IO g N R e N I R
Parametrization for Chemical Freezeout Curve
_ 2 4
Tf(“B)_a_b“B_C“B
a=166(2)MeV  5=1.39(16)x10"*MeV~' ¢=53(21)x10"MeV ™’
Cleymans-Oeschler-Redlich-Wheaton (2006)

Assumption for 7 (u) (Polyakov-loop behavior)
r (/JB)

Hp Hp
=1—(bT —1-2.78x10"°
7,0) Tl 7 7,
c.f Perturbative Matching Lattice QCD
Tolpg)=T e @) 7;’((‘:)3)>z1—2.1x102 % 7;<{:)B)>:1—6.8x103 "T’—
Schaefer-Pawlowski-Wambach Curvature ~ 1/3 de Forcrand

2010412 H 3H @Ei5 32



Phase Boundaries

BT BT g T T e S R NPT R R P

Matching in Thermodynamics

Chemical Freeze-out

® Cleymans etal.
A Becattini et al.

= B Andronic et al. —f
- —— E/N=1.08 GeV .
SECTEEE SIT°=7 .
F - percolation B
- ] | ] L1 | ] ] ] | ] ] ] | ] [ /.

0 200 400 600 800 10¢
1, (MeV)

Temperature |MeV]|

Phase boundaries from a model
that 1 is c0n31stent with SM

Chnal Coudensate (0.4- [} 6) —
Polyakov Loop (0.4-0.6) EESEEE
200 Critical Point @ ]
150 ¢
100
50
D 1 1 1 1 ‘\\\ 1
0 200 400 600 800 1000
Baryon Chemical Potential [MeV]
Fukushima (2010)
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Under a Strong Magnetic Field

S, PO g R e R 0N N R, WSy ST BN,

Classical Picture
Left-handed Quark

= momentum
A\ anti-parallel to
SpIn =

B 1§ T

Finite 6 Effect
Right-handed Quark (P breaking)
= momentum I:>

parallel to /

SpIn ==
[ J#0 if N.=N,—N,#0 ]
Kharzeev-McLerran-Warringa (2007)

2010412 H 3H @ff 34




P and CP Violation in the YM Theory
RN g OGN OOt N 0N P , WP, WSt BT BRIt R
Gauge Actions
P- and CP- even (T-even) terms
v o 0i ij
F, F" = 2F  F"+F,F"
Even w.r.t. spatial and temporal indices

P- and CP- odd (T-odd) terms
F F" = 2F F*+2F,F'+2F,F"

Odd w.r.t. spatial and temporal indices

Parallel E and B
F,F" = 2E-B

vector axial vector
20104E12H 3 H @153 35



0 -Vacuum and Strong CP Problem

o BT g, R Ry N o R e IO g N R e N I R

Topological Structure and € -Vacuum Manton

Faddeev
,_fnergy Jackiw-Rebbi
A
haleron _ 10v
(stitlfc unstable) ‘9 > e Z € ‘V >
A\ %
‘ (Bloch state)
nstantor
(tunneling)
v=-I v=0 v=-+1 v=—+2 v=-+3
Strong CP Problem Spin
1 Y 1 THUYV
<9|9>_> SQCD - — 8 + 9 ) tI‘FuVF“ EDM

207 W 167
2
d,|~(em m})0

|9|<O.7>< 107! No CP breaking (Why?)

2010412 H 3H @ff)¥5
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Finite-0 Hadronic World

o BT g, R Ry N o R e IO g N R e N I R
6 can be eliminated by U(1), rotation

One solution to the strong CP problem 1s the presence of
massless quarks (almost excluded...)

Effect of strong 6-angle to hadron physics
U — €U
Scalar meson
o~py — e’ y~ocos(0)+n,sin(0)
Pseudo-scalar meson
no~@iysy — @e” iy .y~n,cos(0)—ocsin(0)

n, may condense in addition to the chiral o condensate

2010412 H 3H @Ei5 37



Possibility for Finite n, Condensate

o BT g, R Ry N o R e IO g N R e N I R
It U(1), symmetry is NOT broken

o and 7 are degenerate (17 may have a chance as much as
the o condensate develops)

U(1), is broken but can be “effectively” restored

U(1),-breaking effective interaction 1s induced by

the topological susceptibility Veneziano-Di Vecchia
. - Susceptibility drops off
i at high temperature 7~ 7,
O e : » 2N AN
= g0 | B 2-<mear : n(T)= 87-2 = o 8™ /g(p) exp —1'('2p2T2 < /
g g :
| i | Lattice Simulation Gross-Pisarski-Yatfe
- i * Alles et al (1996)

0.7 08 09 10 1@ 1.2 13 14 15 16

/T, 2010412 H 3H @Ei5 38



Relativistic Heavy-Ion Collisions

SRt O ihgh S ihot Bt Beginyge gt ey, 0Oy, e, RO 0N, S0

Finite-6 Kharzeev
Pisarski
LPV Tytgat
(local Voloshin
parity
violation)
Baym
Heavy-lon (nucleus)  Quark-Gluon Plasma Shuryak

lg’ Pb, Cu, ... Direct photon measurement
Vsyy=200GeV,62GeV,..  (not from z°, ' etc)

—s Initial T~ 4x10"” K ~ GeV
ct. T.\~Agep  p~0.3tm

2010412 H 3H @Ei5 39



Topological Excitations in high-T QCD

St SN OGNyt RGNt Rt SR NI, NP, R Bt R AN
Instantons in Euclidean (6-vacuum)
Instantons are exponentially suppressed at high 7.

2N +N,
3

8 2 2, 2
T -5 —8m/g (p)
> e

g

i p2 7?2

n(T)=

exp

Sphalerons in Minkowskian
Sphalerons are parametrically enhanced at high 7.

I ~ cxiT4

QCD sphalerons are abundant in hot and dense matter
created in the relativistic heavy-ion collisions

Arnold-McLerran (1987)

2010412 H 3H @Ei5 40



Topological Diffusion Rate

SRt O ihgh S ihot Bt Beginyge gt ey, 0Oy, e, RO 0N, S0

r=>1im lim [ d*x(g(x)q(0)+4(0)q(x))

t— oo V —o0
(O=2TVt
Random Walk at Finite T

In the strong-coupling AdS/CFT by Son and Starinets (hep-th/0205051)

r— (géM N3>2 T4
256 1T

In the weak-coupling perturbation by Arnold, Son, Yaffe, Bodeker, Moore, etc

21 T
gymN

20104£12H 3H @5 41
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Sphaleron in Pendulum

ROt G OGN RGN RGN 0N RGP inn Rt R SRt R ibgT

Simplest Example

V':Ij Sphﬂlemh
— + %
-2 O 2

Chern-Simons number x (¢)/2 1t

B
Topological charge Q= % f ,ATX

2010412 H 3H @Ei5 42



Topological Rate in Real- and Imaginary-Time

SRt O ihgh S ihot Bt Beginyge gt ey, 0Oy, e, RO 0N, S0

Pendulum (Arnold-McLerran)

Vix)

thuTIerDh Chern-Simons number x (¢)/2 1
- 1 8 .
\/\/‘;\/ Topological charge Q:% J" dTx
— + .
e 0 2

1

0

B
Finite- 7 Fuclidean Action S ,= fo dT 2 ¢”+ py X
2
Topological Susceptibility (Diffusion Rate) A(¢)=|T|Z ( t>2_nx 0) >
. . £ B e
Real-time (classical approx.) A(¢)=——Vv =—
41 417 B

Imaginary-time A(—iB):<Q2>:2exp(—21T2/B)cos9
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Analytical Continuation

O, R, WP, P, PG, B WP, PG g R WP, P
Diffusion Rate at High T

2

Sx(t)—o6x(0)
2T

exp(—imlt])—1 exp(im|t])—1
exp(—Bm)—1  exp(Bm)—1

T

A(t)= +0(e 2P

1
41°m
1

417°

+0(e 27

2
A i
—+1t

; +0(e 2P

—

A(t=—iB)—0(e ")

Instantons (Euclidean windings) are suppressed at high T
but communications in real time are not and dominated
by the contribution from the zero-winding sector.

20104E12H 3H @i5 44



Non Central Collzszon

., af 4 , S
™ o - > & 2
" L g 2 = e I - L -
g W o B A _ag. o B . ,-a;_ i Cld i o I - L o Y = L
$ eonly o . ST oy - e = e -, oy - By

Before Colhslon (seen from above)

Centrality is determined by NV

part
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Non-Central Collision
3 m-? ﬁ@m? ﬂﬁs‘i’ ﬁﬁ'ﬂ*ﬁ‘% ﬁﬁ-‘ﬂ' N 9%'?95&%?“&%*%5@%%?@#@”

After Collision

Hot and Dense QCD Matter

Local parity violation
+ massless quarks
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eB (MeV?)

10°

10t H

102 |
10! b

l(]]

Estimated Magnetic Fields

10% W%

eB (MeV?)

_b4ﬁ::1

105

102 L
' r

0%

10 L&

0% b

S ST SRt NGt b e NN 0N AR BT AN

b=4fm ——
b=81m -
=12 fm s

0 0.5

=1

de®

Classmal (Pancake) Calcs (KharzeeV-McLerran-Warrlnga)

| eB=1|MeV’]

— B=~1.7x10"|Gauss |

UI‘OMD Calculatlons (Skokov-IllarloneV-Toneev)

0.6
- ._..E1 b—ﬁﬂﬂi Ere"l.e
0.5r 172 } T
s =200 GeV |
ﬂ.'q' B - Bl
s - "K I,D' i
£ o3l - :
I:|:| [ e R
0 ﬂl' {;{F.f,--"fa Y L - A
0o} :
L L. | L 1 47
DEJ 2 4 6 g 10 12



How Big?

R g O S St N T O T RGNt AR B g SN0

2 18
eB~m_  — 10" Gauss

Neutron Star
(Magnetar)
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Chiral Magnetic Effect

RN g OGN OOt N 0N P , WP, WSt BT BRIt R

Classical Picture
Left-handed Quark

= momentum
A\ anti-parallel to
SpIn =

B 1§ T

Finite 6 Effect
Right-handed Quark (P breaking)
= momentum I:>

parallel to /

SpIn ==
[ J#0 if N.=N,—N,#0 ]
Kharzeev-McLerran-Warringa (2007)
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Anomaly Relations

Nt g IO SRR SRR, SN NP , O g SN R gt N g e

Induced N, by topological eftects

dN
dts = — 8 f fd xtrF, CFM QCD Anomaly Relation
1T

Grand canonical ensemble with u; to describe induced N

Induced J by the presence of NV, and B
_ens
o

B QED Anomaly Relation

Jj = Z QH5B in QCD
i=flavor 27T

Metlitski-Zhitnitsky (2005)
Fukushima-Kharzeev-Warringa (2008)
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Derivation (naive calculation)

SRR inagt B OGN e P R R BRI R S0

Thermodynamic Potential (UV divergent)

0= NI LAY S ol [P

s=* n=0

w, +2TIn(1+e ")

2 2 ) 1 n=>0,
:(\/p3+2|QfB|n+Sgn<p3)SU5) +m Cn,s = 534_ n=>0, eB >0
b n=0, eB <0

Current (UV finite)

. O0f) 9, d '
’ p— - - — e—
3= G s IA, dps Only surface terms!

eB

J3_e|4_n_l Z O(n s wn s(p3:A)_wns<p3__A)}
, n ,
eB e " Bu
:€|2 lzansSHSZ 2 25
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Deriwation (energy conservation)

St SN OGNyt RGNt Rt SR NI, NP, R Bt R AN

Energy Conservation (Nielsen-Ninomiya 1983)
Electric field E — Energy shift (Fermi energy)

R L __ R
pp = ebt Pp = —P
Pr=¢ Pr & Landau Levels
Density of states  dn/dz = p/27  d%*n/dedy = eB/27

p¥ E:B e? d* N e’
E-B
o 2r A2 E-Bi At &3z 272
Energy cost ﬁ @
I N5
/[lglj E—,ug,1C T ¢ﬁ T@¢
EQ;US 3
=5 d°r E - B
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Derivative = Chiral Chemical Potential

Pt R WP R R, AR PN WS R RS Wy, P

Schematic picture
CME

0+#0 (in-medium)
(g)#0 (n,)#0

P-breaking

Kharzeev, Pisarski, 9=0 )
Tytgat, Krasnitz, =0(vacuum
Venugopalan, Voloshin, ... (0)#0 (n,)=0

Our Vacuum

Space-time dependent f-angle
y-@cp—>y'8(eiy59/2NfL//)= eiys@/sz(y'a—l—i(y-@Q/ZNf)yS) W
509/2Nf:ll5¢0 ‘ NSZNR—NL;éO
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Coupling between B and 6

St SN OGNyt RGNt Rt SR NI, NP, R Bt R AN

Maxwell-Chern-Simons theory

' 1 \% TV
Gausstlaw 2 p 4O T
V-E = p+V0-B 4 4
Ampere's law

vxé—gTE = 7+[(809)1§—(69)><E]

Faraday's law

6 ¥ E _|_@ — 0 B (from QED) + 6 (from QCD)
ot

Gauss' law for magnetism
V-B =0

20104£12H 3H @5 54



Charge Separation
B S S B SO, S0 B B SO SO O 50

5 1

- “Looking for parity violation
in heavy-ion collisions”

by Berndt Miiller

Physics 2, 104 (2009)
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Charge Asymmetry in HIC
S, Bt bR, bt iR et RGNt NN, RNy Rt e e
Measured multiplicity
dN ,

dfl)_ oc 14+2v,.cos(Ap)+2a.sin(Ap)+2v,,cos(2A¢p)+

.-’“f /<k Z@D \ Vi .-“r 4 F)&: \x / ﬁ/{: \* V2
|
Y.

i e -

b \H_h X/ NED 2R

¢ : Azimuthal Angle

v, . Directed Flow
v, : Elliptic Flow
a . Charge Asymmetry <«— Vanishing on Average
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Observable by STAR

SR r, O, ST, ST ST, O St S, SN RSN, SO0,
Observable (fluctuation measurement)

| | 1 Yol
((cos(Ad, + Adg)) = <<“v—“*;3 > ) cos(Apa; + &f.f-*ﬁ._;f)>>

i=1 j=1

ir

= ((cos A, cos Adg)) — ((sin Ad, sin Agg))

N VT A\ in '\ [y W out
STAR Results_ ({Ht’lgﬂll-:‘jﬂ + c:,.':?) (Hﬂ'ﬂeﬂﬁﬂ + ctﬁ) .

x10° x10°
o R e e i B IS S - R e e e S I I
& 1~ STAR, 200 GeV | & 1 STAR, 62 GaV |
- —a— same charge, Aufu 3 —s— same charge, Aufu
?I; L —=— opp charge, Aufu f:; —a— opp charge, AuAu
_5:: o 5 «— game charge, CuCu | -G-—E - IE —— same charge, CuCu |-
+ 050 i —+— opp charge, CuCu__ |7 + 05 : —=— opp charge, CuCu |
& . e 1 1€ + * b ]
I —~ Lz e . v - i . -
el I— W - = EER - el o .| E— L] e e - deded
s ° U s o I B et LE
™ .{_ o _ i + *- i £ i
0.5 . -. " _- 0.5 [ ] 1 + . E
¢ ] .
] 9
1 = 1+ : -
_I 111 I L L1 I L L L I | I I | I I L1 1 1 I AL I_ _I 111 I § I I I L 1 1 I | I I | I I a1 1 L I LA L |
70 60 50 40 30 20 10 0 70 60 50 40 30 20 10 0
% Most Central % Most Central
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Confirmation by PHENIX

S ST SN g RS O TR W WD D P

Good agreement between STAR and PHENIX

48 N C
o M8 PHENIX preliminary o PHENIX preliminary
i 3 Au+Au 200GeV B AurAu Eﬂfﬁe%; 0-39)
o 0004 Poyeyin =10~ 28) 0.004- Yapcaue (N = 30 = a.
b4 r Pry . Pra = 0.5 ~ 4.5 (GeV/c) F % PryPr, = 0.5~4.5(GeVic)
5 L - M
= o0l 0.003 \
] . \ ® (+,-) pair - ® (+-) pair
C \ i C Y :
'Eb 0.002- I"'-. ® (+,+) PEI!F 0.0021 \\ '.\\ B (+,+) pa!r
! \ ® (—,-) pair - - . B (-,-) pair
0.001F - 0.001]- '
of of
0.001f 0,001 7
0.0021 0.002~
- B s L T
i PH ENIX - PH ENIX
0.003~ 0.003~
:II||II||||||I|||I||Ill|||||l||||| :Illll|||||||II||||||IIII|IIIIIIIII
T0 60 50 40 30 20 10 0 0 60 30 40 30 0 10 0
centrality (%) centrality (%)

Not conclusive — Backgrounds from Flow, Decay, etc
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Multi-Particle Correlation

P ihot, W RGN ihoh Nt RGP Y NP Nt i BRGNS e

Two Distribution Functions

A
++ _ _
h+ __ - h— h= h¥
\
), N({s))=(57)
A® C (AS)=
p " Talk by R.Lacey
E— =
x10 1.02
“F 't# 1.015—
sof— hd hd 1.|11;_++ ol
C d hd 1.005F- e .
N *f . ° £ - e
40 2 A A C‘p 0.995 e ey
: ° ° 3 Simulation
30— A R 2 =
d . 0.985
2";‘.’ ! ‘." “931: TR I S S I N N NI ¥ N

0% o5 04 92 0 02 04 06 08
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Preliminary Data (in favor of CME)

BP0, B, BP0, SR, SR, B0 SR, SR, SR, SR, SR, B

1.01— Data 20-30% 0.4<pT<0.7

- * unreflected © reflected

: Fast Simulator (with decay)

- .-. al1=0.065
q 1005 ..o — a1=0055 -
© i

LN
[ PHENIX Preliminary
1 " " I I | I i | i | 1 L " i | I
0.99574 05 0 05
AS
1.01 __ .y Data 0'501'6 0.4<pT<0.7 e

- * unreflected © reflected

N Fast Sim (with decay) !

= ., --. al1=0.04
o 1005 : — a1=0.033
O - a1=0.02

1 e
i ' 4 .
| PHENIX F“rr'lm||r|_|[-_;"‘-...-2""
1 . 1 L L | s ! s ) | . 1 . ' | s
0.99574 05 0 0.5
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Charge Asymmetry from Current

LN O S I R T R T T T T

Induced charge asymmetries

Ny N_
Y cosAdy; = —) cosAd_; x J,
i=1 i=1
N, N_
Y sinAgy; = — Y sinAd_; o< J,
=1 i=1

Induced charge asymmetry fluctuations

. _ 3 |
Experimentally | g Ady + Adg) o Ft' 72 _ g
observed | | h'ﬂ_.-\-ﬁ( - II)

uantit - -
q Y U= 2 A, (I = (U2 + X

Current squared + Current-current Susceptibility
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One-Loop Computation

WP, BB w&'c:-,.i- m'&’a:-ﬁ BP0t WP WPt WS, be’s&a.? ﬁi‘wi' Pt P

Diagrammatic Expressmn
x: =iVTN, qum”" Zfdf“ [d:ﬂdy

< [A-r'ipk{f‘fjl(f’ + psy"y” — My)THT 4 (p) + T () Pe(y)

x V' Pi(y)(d + psy"y" — Mp)7H(C4(q) + T—{@JJH{I}]

1 . 0 s p = (po.0. —sgu(¢B)\/2/gB k. p:]
Fe(p) = 5(1£py77)

Pe(@) = 5 [fir(@) + fie ()] + 5 [fir(2) = fie(@)] 7'
f;,+{I}=(DL{$—Py/{qB}} (k:ﬂ,1~2~}~
fr—(T) = @y 1{I—py,f{q5’ ) (k=1,2,3,...)

, B 1 9 .
6u(z) = Wﬁ,('qﬂ') exp(~LaBl)(lBlY)  (Ritus' method)
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Linear Response Argument

Nt g IO SRR SRR, SN NP , O g SN R gt N g e

Current generation rate KF-Kharzeev-Warringa
= Anomaly rate (Schwinger process)

<‘:U“> VN, Z qf@fBlE L O(E?)

Linear response theory

<{U|> [ @zt '<dfj”£ )i (a ;)> A.(2') + O(A?%)

dag

Integration by parts in the gauge (d/dx,))A.=FE.

<3_i> N /d‘“’m d*z" () (@) (z))et E + O(E?)

2010412 H 3H @Ei5 63



(Quenched) Lattice QCD

S hoh b S ihoh Rt bt e R, g, 0N, RGN, BN e

Buividovich, Chernodub, Luschevskaya, Polikarpov (2009)

{:{ll _ :{-LJ e HE [ lUIFGEVﬁ]
e

5 | /E
Nl il _
Buividovich et al ———
EI £ 1 1 1 DIHE 1
0 0.2 0.4 0.6 0.8 1

4B [GeV’]
KF-Kharzeev-Warringa
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Dimensional Reduction to (1+1)

ROt G OGN RGN RGN 0N RGP inn Rt R SRt R ibgT

Vector = Axial-Vector (y =90 y1)
y'y'=—e"y, 4 A=0y'e.  Si=oytye
w—  Jy =)0 Ja=]y

Axial Anomaly in (1+1) Dimensions

e e
0,jy=—¢c¢""F, =—F
u ]A 2 — 18Y% T
Electric Field = Topological Charge

- 2i ( 80 A1 — @1 AO) Vector Potential = Chern-Simons Current
TT
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Trivial Derivation of the Currents

S hoh b S ihoh Rt bt e R, g, 0N, RGN, BN e

Vector and Axial-Vector Currents

Chiral Magnetic Effect Ohm's law !

jy=ji = Jy=N=-20,
Chiral Separation Effect
ja=Jjy = J4=N

Trivially derived from
the y-matrix structure

More Familiar Forms using E=F,

Jy ——f dx A'(t,x) f dx {s y. is the longitudinal
component of the QED
J ), ——f dx A'(t,x) f dx [ vector potential
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Chiral Magnetic Currents

Rt R g o R Ryt 0GR Rt BB e R Ryt N e N

(1+1) Dimensions — (3+1) Dimensions

elezgf dx ps 1n(1+1) dimensions

ej,=—UXT—= B in (3+1) dimensions

Current Generation Rate

Instanton Configuration 0 0 jl(t):ezE in (1+1)
1 2mQy ¢ 0t "
A(t)=—Et | = = 5 . ¢’ EB
el T 5.¢/ (=27 in(3+D)
1 e 1 Tt
J,=—— | dx A (t,
1 f x A1, x) Anomaly Rate
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Results in (1+1) Dimensions

LN O S I R T R T T T T

One-loop Calculation

2 3
e’ B

Xone-loop _ €
o 2
mn 2T

known as the “mass”
in the Schwinger model

Full-order Calculation (in (1+1))
D OOOW®
2

xorder () k)= Z w Screening by

in (3+1)

T ' —k’—e’/mT < fermion loops
Vanishing in the zero momentum-frequency limit
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Summary

St SN OGNyt RGNt Rt SR NI, NP, R Bt R AN

B CME = Electric current induced by B (fields) and N;
(chirality from instanton/sphaleron)

B All the known expressions related to the CME
immediately derived from the (1+1)-dimensional
setup.

B Electric current-current computation; one-loop
result 1s exactly reproduced (“Schwinger mass™).

Full-order result 1s also available but 1t 1s under
discussions 1f this can be generalized to (3+1) ?
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