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Motivations

Why am I interested to QCD with a chiral chemical potential?




Chirality in QGP
Chiral density (chirality):

Imbalance between left- and right-handed quarks




Chirality in QGP

Chiral density (chirality):

Change of chirality due to interaction
with nonperturbative gluon configurations

d'x Fp, FI" = ANcs with a nonvanishing Winding Number




Chirality in QGP

Chiral density (chirality):

Change of chirality due to interaction
with nonperturbative gluon configurations

SN WISENEE] |t/ 5 nonvanishing Winding Number

Moore and Tassler, JHEP 1102 (2011) 105

At high temperature, we expect copious production of g/uon configurations
with nonvanishing winding number (strong —i.e. QCD- sphaleron)

!

Chirality can be produced in the high temperature phase of QCD




Chirality in QGP

Chiral density (chirality):

Change of chirality due to interaction
, o ] with nonperturbative gluon configurations
G W INEANNSEN 11t a nonvanishing Winding Number

Chirality can be produced in the high temperature phase of QCD

Simplest way to treat quark matter with chirality in effective models:

Chiral chemical potential, conjugated to chiral density

Chiral density operator added to the Lagrangian density




Chirality in QGP

Chiral density (chirality):

Change of chirality due to interaction
, o ] with nonperturbative gluon configurations
G W INEANNSEN 11t a nonvanishing Winding Number

Chiral chemical potential Baryon chemical potential



Chirality in QGP

Chiral density (chirality):

Change of chirality due to interaction
, S with nonperturbative gluon configurations
G W INEANNSEN 11t a nonvanishing Winding Number

Chiral chemical potential | K. Fukushima et a/, Phys.Rev. D78 (2008) 074033




Remarks

Remark 1

We are aware that 45 is not a true chemical potential: chiral condensate
mixes L and R components, thus making N5 a non-conserved quantity.

Treat 15 as a mere mathematical artifact
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Remark 1

We are aware that 45 is not a true chemical potential: chiral condensate
mixes L and R components, thus making N5 a non-conserved quantity.

Treat 15 as a mere mathematical artifact

Remark 2

Not affected by the sign problem, see for a nice explanation:
K. Fukushima et a/, Phys.Rev. D78 (2008) 074033

Grand Canonical Ensembles with a chiral chemical potential
can be simulated on the Lattice with Nc=3, see for example:
A. Yamamoto, arXiv:1105.0385 [hep-lat]
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Treat 15 as a mere mathematical artifact

Remark 2

Not affected by the sign problem, see for a nice explanation:
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Grand Canonical Ensembles with a chiral chemical potential
can be simulated on the Lattice with Nc=3, see for example:
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Remark 3

Relevant for the HICs phenomenology (Chiral Magnetic Effect):
D. Kharzeev et al.,, Nucl.Phys. A803 (2008) 227

K. Fukushima et a/, Phys.Rev. D78 (2008) 074033

M. R. et al., Phys.Rev. D81 (2010) 114031
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The Microscopic Model

Description of the model | use in my concrete calculations.
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Polyakov Loop:
sensitive to confinement — deconfinement transition

A, Is background field
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In the moael. L = =Troexp (iBAA%)
)
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The Model

£ =q(iy" Dy —m)q+C |(@)° + (igr57a)’|

G=g [l =y LLT — ag(L® + (LT)?)]
Coupling to quarks via:

.) Coupling constant

.) Covariant derivative Polyakov Loop:

sensitive to confinement — deconfinement transition

1

L = ZTr.exp (iBAAY)
+)

Coupling dependent on L
K. Fukushima, Phys.Lett. B591 (2004) 277-284 | | /nspired by:

W. Weise et al., Phys.Rev. D73 (2006) 014019 K. Kondo, Phys.Rev. D82
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The 1-loop TP

L=q(iy" Dy —m)qg+G [n‘iﬁj 79)" + (iqysTq) ]
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| The 1-loop TP

L =q(ir" Dy —m) g+ G [(70)° + (@70 |+ usqy° 7 g

Add a chiral chemical potential
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| The 1-loop TP

£=q(y"Dy—m)q+G [(tiq)g + ('iff":-'.anfJZ] + 5@y q

_ Minimization of V leads
e | e [ (27) to physical values of
.) o (chiral condensate)

A-C_;Tf __:3p | ,)L

F_ =14+ 3L Plws—n 1- and 2-quark

states suppression
| i the confinement
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Statistically confining distribution functions




Phase Diagram of the Model




Phase Diagram: Results
Chiral Condensate
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This is different from what is found oEEEE—T""
at real chemical potential, see:
M. Yahiro et a/, arXiv:1104.2394 [hep-ph]
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Phase Diagram: Results
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15t order

PNJL




Critical Endpoint of QCD

i nlfon Ghemncal Potential



Critical Endpoint of QCD

N
'''''''''''

~___ Baryon Chemical Potential

Critical Endpoint (CP)
First order and crossover lines
intersect at CP

Asakawa and Yazaki,
Nucl.Phys. A504 (1989) 668-684

Based on NJL model




Cany.Lnverse The Phases of QCD

| Future LHC Experiments
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Critical Endpoint of QCD

Critical Endpoint (CP)
First order and crossover lines
intersect at CP

It might exist in QCD

quark—gluon plasma
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hadronic phase
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Fodor and Katz, JHEP03(2002)014

For a (critical) review see De Forcrand in PoS LAT2009 (2009) 010
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Critical Endpoint of QCD

Nowadays, it has been hard to detect CP by means of Lattice simulations with
Nc=3, because of the sign problem.




Critical Endpoint of QCD

Nowadays, it has been hard to detect CP by means of Lattice simulations with
Nc=3, because of the sign problem.

Besides progresses achieved with simulations at finite isospin or imaginary
chemical potential:

De Forcrand and Philipsen, JHEP0811 (2008) 012

De Forcrand and Philipsen, Phys. Rev. Lett. 105 (2010) 152001
Kogut and Sinclair, Phys. Rev. D66 (2002) 034505

P. De Forcrand et al.,, PoS LAT2007 (2007) 237

P. Cea et al., Phys. Rev. D80 (2009) 034501

chiral chemical potential offers an interesting alternative of continuation of the
critical point.

I implement the continuation idea within model (M.R., arXiv:1103.6186)




| MR, arXiv:1103.6186 |

Continuation of CP -
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Continuation of CP

TVUN:H
+ U547 Y4

'+-Mg?0q

I introduce two worlds:

W>: W:
World with =0 and finite u5 World with 45=0 and finite u

CP5  { ) CP




Continuation of CP

CP5 is not an accident, but
CP viewed by hot quark matter in W5.
Its detection (?) can be interpreted as a
theoretical signatureof the real world CP.




. Continuation of CP pm

ﬂS/Tco

1 Use the model to estimate:

How do the above ratios change when Nc is larger?

For a comparision with the framework of:
Hanada and Yamamoto, arXiv:1103.5480 [hep-ph]




Conclusions and Outlook




| Conclusions




Interesting comparison with results from SS model,
Hll OUt 100k C. A. Ballon Bayona et al., arXiv:1104.2291[hep-th]
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The L-dependent coupling

NJL Model with the Polyakov Loop

L=q(i"'D,—m)q+G [n qq)” + (igysTq) ]

Interaction among background field
and gluons leads to a tree-level coupling
among G and L

M. Yahiro et a/, Phys.Rev. D82 (2010) 076003
K. Kondo, Phys.Rev. D82 (2010) 065024
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| The 1-loop TP

£=q(y"Dy—m)q+G [(tiq)g + ('iff":-'.anfJZ] + 5@y q

_ We Minimization of V leads
e | e [ (27) to physical values of
il .) o (chiral condensate)

A-C_;Tf __:3p | ,)L

L

= 1+ BLT(._.—_B(L:JS—F#-) 1 :EL_{.J—QIB(LJS—F;L) L {.,—3;'5’(‘:;.:54—#.)

Statistically confining distribution functions
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Statistical Confinement
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Statistically confining distribution functions
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Statistical Conflnement

Statistically confining distribution functions

Confinement phase: L=0 (approximately)
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| Statistical Confinement

Thermal suppression of pressure
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Statistical Confinement
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Qualitative agreement with Lattice data

08 Picture from:
By M. Yahiro et a/, arXiv:1104.2394 [hep-ph]

& Lattice data from:
o 04f A. Ali Khan et al, Phys. Rev. D64 (2001)

PNJL offers a better description of finite
temperature QCD than NJL
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| Statistical De-confinement
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| Statistical De-confinement
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| Statistical De-confinement

Thermal growht of pressure
in correspondence of the
crossover

1- and 2-quark states are liberated
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| Statistical De-confinement

Thermal growht of pressure
in correspondence of the
crossover

1- and 2-quark states are liberated
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Statistical De-confinement
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|  Phase Diagram

e i | PNJL vs PQM
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|  Phase Diagram

2" order
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A. Yamamoto, arXiv:1105.0385 [hep-lat]

What do we know from




A. Yamamoto, arXiv:1105.0385 [hep-lat]

What do we know from

Z ZZ
T
(||
o R o

Broad crossover instead
of the expected 1°t order transition

5.30

 Speculation

If the result is confirmed with finer lattices and with the physical pion,
the crossover could be interpreted as the smoothed phase transition
due to inhomogeneous phases.




|  Phase Diagram: Model
Calculation

he effective potential for the Polyakov loop:

. - \ ]-J)
= U(L, LT, T) ¥+ = — \o\f E / (()_I;j
G s=+1" {

3
Z /(( ; ; log (Fy I )
._4'

Thermodynamic Potential

s==x1"

_ | I
Z,{[clr P T} — T4{¥{IHI}

+b(7) In[1 - 60P + 4(D% + %) — 3(PD)?] }
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W. Weise et a/, Phys.Rev.D75:034007,2007

| Polyakov loop effective

potential
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Quark Mass Dependence of CP5




Outlook 2: work in progress

| Inhomogeneous Phases?

ffective potential for the chiral condensate in vicinity of the critical point:
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Outlook 2: work in progress

| Inhomogeneous Phases?

ffective potential for the chiral condensate in vicinity of the critical point:

Onset of instability
towards inhomogeneous phases

o4 (TCJ , 2 (TC )




Inhomogeneous Phases?

Onset of instability
towards inhomogeneous phases

100 200 300 400 500
us (MeV)




Inhomogeneous Phases?

S. Carignano et al, Phys.Rev. D82 (2010) 054009
100

Onset of instability
80 Gy=0 towards inhomogeneous phases
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At finite baryon chemical potential,
the 15t order transition is smoothed
by inhomogeneous condensation

Does the same happen at
finite chiral chemical potential?




Generating chirality in QCD

Gluon configurations with winding number
Ward identity in QCD:

(NL — NR) oo — (N — NR) oo = 2Qw

with Qw = winding number of a background gluon configuration:

g2 4 o
QWZSZTQ/d xF - F

If in a region of space there is a gluon configuration with Quw # 0, this will
cause the chirality of quarks to change.

@ Perturbative QCD: only Quw = 0 — absence of chirality change

@ Non-perturbative QCD: classical gluon configurations with Quw # 0
can give contribution to physical quantities



| Generating chirality in QCD

Connecting winding number to Chern-Simon number
@ Pure gauge SU(3) theory: energy minimized by pure gauge
configurations

In the gauge Ag = 0: A;(x) = ig*U(x)d; UT(x), with U(x) € SU(3)

Each vacuum configuration can be labelled by an integer number:

1
2472

/ d®x KTy [(UTE:),-U)(UTéz)j U)(UT, V)

Ncs =

The different vacua are separated by energy barrier of order Agcp

Gauge field configuration with Quw # 0 interpolates between two
vacua:

Qw = N¢s(t = +o0) — Nes(t = —o0)




| Generating chirality in QCD

Connecting winding number to Chern-Simon number
@ Pure gauge SU(3) theory: energy minimized by pure gauge
configurations

In the gauge Ag = 0: A;(x) = ig*U(x)d; UT(x), with U(x) € SU(3)

Each vacuum configuration can be labelled by an integer number:

1

A /d3x Tk Ty [(UH:JI-U)(UT.{:JJU)(UTg;)ku)]

Ncs =

@ The different vacua-are-separated vy energy-tarrier of order Agcp

& Gauge field configuration with Qu # 0 interpolates between two

vacua:
Qw = Ncs(t = +o0) — Nes(t = —o0)

b




| Generating chirality in QCD

Energy Landscape, Instantons and Sphalerons
Qw = Ncs(r = —|—:}C-) — Ncs[t = —:’_‘x:-)

Instanton Sphaleron

@ Instantons: tunneling between two different vacua.
@ Sphalerons: hopping over the barrier.

ransition rate via sphaleron: from Lattice (Moore, 2000):

B dN
 d3xdt

See also Moore and Tassler, JHEP 1102 (2011) 105
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