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Collaboration with V. Andrianov, D. Espriu & X. Planells
Phenomenology of Local Parity breaking (LPB):

» Axial baryon charge Ts < axial chemical potential us (in finite volume of
fireball), listen also D. Espriu’s talk (Parallel 1V: D4, Tuesday).

» Effective meson theory in a medium with LPB

@ Vector Meson Dominance (VMD) approach to LPB
A.Andrianov, V.Andrianov, D. Espriu & X. Planells, Phys. Lett. B 710:230 (2012)
o Effective scalar/pseudoscalar meson theory with s
A. A. Andrianov, D. Espriu & X. Planells, Eur. Phys. J. C, 73:2294 (2013)
o Phase structure of the NJL quark model with us
A. A. Andrianov, D. Espriu & X. Planells, Eur. Phys. J. C, 74:2776 (2014)

» Manifestation of LPB in heavy ion collisions (HIC): dilepton polarization
asymmetry et al.

A. A. Andrianov, V. A. Andrianov, D. Espriu & X. Planells, Phys. Rev. D 90, 034024 (2014)
Listen D. Espriu’s talk (Parallel IV: D4, Tuesday).
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Phenomenology of local parity breaking

Parity: reasons to believe it may be broken in a finite
volume?!

9 Fluctuations of topological charge density in a finite volume:
quasi-instanton vacuum [D.Diakonov, V.Petrov, E.Shuryak, ...]
Color Glass Condensate [E.lancu, A.Leonidov, L.McLerran,
R.Venugopalan,...].
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Phenomenology of local parity breaking

Parity: reasons to believe it may be broken in a finite
volume?!

9 Fluctuations of topological charge density in a finite volume:
quasi-instanton vacuum [D.Diakonov, V.Petrov, E.Shuryak, ...]
Color Glass Condensate [E.lancu, A.Leonidov, L.McLerran,
R.Venugopalan,...].

o quantum fluctuations of 0 parameter (P-odd bubbles [T. D. Lee
and G. C. Wick ...]: their manifestation in Chiral Magnetic Effect
(CME))[D. E. Kharzeev, A.Zhitnitsky, L. McLerran, K.Fukushima, H. J.
Warringa (an earlier proposal: A.Vilenkin, 1980)]

@ New QCD phase characterized by a spontaneous parity breaking
due to formation of neutral pion-like background [A.A.Anselm
...... A. A., V. A. Andrianov & D. Espriu]

@ High energy production of pseudoscalar gluelumps < parity-odd

bunches of gluon jets = then a PB background remains inside a
hot dense nuclear fireball in HIC !?
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Phenomenology of local parity breaking

Local large fluctuations in the topological charge presumably exist in a
hot environment.

© For peripheral heavy ion collisions they lead to the Chiral Magnetic
Effect (CME): Large B = large E = charge separation.
D. Kharzeev, R. D. Pisarski & M. H. G. Tytgat, Phys. Rev. Lett. 81, 512 (1998)
K. Buckley, T. Fugleberg, & A. Zhitnitsky, Phys. Rev. Lett. 84 (2000) 4814
D. E. Kharzeev, L. D. McLerran and H. J. Warringa, Nucl. Phys. A 803, 227 (2008)

@ For central collisions (and light quarks) they correspond to an
ephemeral phase with axial chemical potential us # 0 located in
"fluctons" of few-Fermi size.

A. A. Andrianov, V. A. Andrianov, D. Espriu & X. Planells, Phys. Lett. B 710 (2012) 230.
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Axial baryon charge and axial chemical potential

QCD has a non-trivial vacuum structure with different topological sectors.

Topological charge Ts may arise in a finite volume due to quantum
fluctuations in a hot medium due to sphaleron transitions [Manton,
McLerran Rubakov, Shaposhnikov]

Ts = / dxejTr [ GIo*G' — GkaG’
82
and survive for a sizeable lifetime in a heavy-ion fireball

(AT5> 75 0 for At~ Tﬁreball ~5+10 fm.
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Axial baryon charge and axial chemical potential

Lattice simulation of local fluctuations of the topological charge in the
QCD vacuum [Leinweber].
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Axial baryon charge and axial chemical potential

For the fireball lifetime one can control the value of (ATs) introducing
into the QCD Lagrangian a topological chemical potential pg in a gauge
invariant way via ALp = p9ATs, where

ATs = Ts(tr) — T5(0) = 8—71T2 /Ot' dt /VOL &PxTr (GWE,W) .
The partial conservation of axial current (broken by gluon anomaly)
8, — 2imqJs = %Tr (6" G
predicts the induced axial charge (in the chiral limit mg ~ 0)
d q q 3, =
e (Qd —2N¢Ts) ~0, Q= /VOL d°xGv0v5q9 = (N — Ng)

to be conserved during Tfirepar -
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Axial baryon charge and axial chemical potential

The characteristic left-right oscillation time is governed by inverse quark
masses.

® For u,d quarks 1/mg ~ 1/5 MeV~=! ~ 40 fm > Thireball @nd the
left-right quark mixing can be neglected.

® For s quark 1/mg ~ 1/150 MeV~! ~ 1 fm < 7§;,0pq)) and (QS) ~ 0
due to left-right oscillations.

For u, d quarks QCD with a topological charge (A Ts) # 0 can be equally
described at the Lagrangian level by topological chemical potential 1y or
by axial chemical potential 15

1 1
~ q ~
(ATs) ~ 2Nf‘<Qs> < s =~ 2Nfu9,

Aﬁtop = ,ugA Ts <— Aﬁq = Us Qg
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Axial baryon charge and axial chemical potential

LPB is investigated in e.m. interactions of leptons and photons with
hot/dense nuclear matter via heavy ion collisions.

@ e.m. interaction implies

QF = Q5= QY - Tem, Tem=

(Afa" ) .

87r2

® us is conjugated to (nearly) conserved Qs

@ Bosonization of Qs with chiral Lagrangian, VMD...

(ATs) <= s

The <= sense means that if one is able to fit x5 from phenomenology,
(ATs) can be found using known techniques on the lattice.

How does Qs affect the hadronic phenomenology?
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Effective meson theory in a medium with LPB

@ Vector mesons

Low energy QCD can be described with the help of Vector Meson Dominance
_ A N 1 1
Cine = G7, V" V= —eAuQ + S guwull + =gopu7s,

(Vu,a) = (AI—H Wy, p?t)

where Q=2 +1 g, ~g, =g ~6.
In this framework, the following term is generated in the effective lagrangian for

vector mesons R
AL ~ P Ty [gu v, vpd]

with CA# = 65u0 for a spatially homogeneous and isotropic background (~ =
isospin content) and ¢ o< us.
Two different cases of isospin structure for us:

» lsosinglet pseudoscalar background (T > 1) [RHIC, LHC]
» Pion-like (isotriplet) background (x> T) [FAIR, NICA]
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Effective meson theory in a medium with LPB

Massive MCS electrodynamics for vector mesons

Lmcs =—13 FoP(x)Fap(x) + i m® A, (x)AY (x) + 1 CuAL(X)F M (x) + g f.
In momentum space wave Egs.

{ [gky(kz_mz)—kiky(-i-)iE)\VaBCakﬁ]aA(k):0
k a) k=0

Energy spectrum:
Transversal polarizations

Krex(h) = (K- m= V) (k)
Wk, + = \/'(2-|-m2—:|:C()|k|; C,u = (Coa0a070)

Longitudinal polarization

Wk, L = v k2 + m?
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Vector Meson spectrum in PB medium

After diagonalization of mass matrix

my .= m%, —eClk] = ¢l

where € = 0, +1 is the meson polarization.

The photon itself happens to be unaffected by a singlet (.

The position of the poles for + polarized mesons is changing with wave
vector |E|

Massive vector mesons split into three polarizations with masses

my  <my,; <mjy .

This splitting unambiguously signifies LPB. Can it be measured?
— Manifestation of LPB in heavy ion collisions:

abnormal dilepton production in HIC from the decays p,w — eTe™,
listen the discussion in D.Espriu's talk.
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Effective scalar/pseudosalar meson theory with s

A. A. Andrianov, D. Espriu & X. Planells, Eur. Phys. J. C, 73:2294 (2013)
The scalar sector can be estimated by using the spurion technique
in the chiral Lagrangian with an isosinglet s

D, = D, — i{lgusdoy, -} = D, — 2ilgps00,.

Two new processes are likely to appear inside the fireball: the
decays n,n’ — 7 that are strictly forbidden in QCD on parity
grounds.

In a medium where parity is broken: are these processes relevant
within the fireball? Can these particles reach thermal equilibrium?!

QCHSXI Axial chemical potential 13



Effective scalar/pseudosalar meson theory with s

No O(p?) terms in the chiral Lagrangian involving vertices nm.

O(p*) terms lead to couplings such as

1645

Lime ~ F 2

L Ononor,
where L ~ 1073, A rough estimate of the partial width shows a

strong dependence on us as [ r X ,u% and gives values similar or
higher than ', = 150 MeV.

An effective Lagrangian is needed to include the lightest isoscalar
degrees of freedom such as ¢(600) and ap(980), which will be
mixed with their pseudoscalar partners 7,77 and , respectively.
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Effective scalar/pseudosalar meson theory with s
Generalized ¥ model

Effective Lagrangian:

L= %Tr (DMHD”HT) + gTr [M(H + H’f)] + M72Tr (HHT)
—%Tr [(HHT)Z} - % [Tr (HHT)]2 + g(detH + detH")

—I—%Tr [M(HH'H + HYHH')] + %Tr [M(H + H)| T (HHT)

where
O a_a b_b
H=¢x6, E=epi ), ®=X¢° T=x0"

The v.e.v. of the neutral scalars are defined as v; = (¥;;) where
i = u,d,s, and satisfy the following gap equations:

VuVdVs

=0.

M2v; — 2\ v} — W2 + ¢
Vi
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Effective scalar/pseudosalar meson theory with s
Generalized ¥ model

For further purposes we need the non-strange meson sector and 7

ng+m° V21t 0 vy + o+ ad \/Eaar 0
o= Vor= n,—7" 0 Y= V2ay vg+o—a) 0
0 0 V2ns 0 0 Vs

Ng\ _ [ cosy  siny n
ns) \—siny cosvp) \n/

For pis = 0, we assume v, = vg = vs = vg = f = 92 MeV. The
coupling constants (in units of MeV) are fitted to phenomenology
assuming isospin symmetry via x? minimization (MINUIT):

b = —3510100/m, M? = 1255600, ¢ = 1252.2, A; = 67.007,
A2 = 9.3126, dy = —1051.7/m, dp = 523.21/m,

where m = mg = (my, + my)/2 and m/ms ~ 1/25.
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Effective scalar/pseudosalar meson theory with s
Generalized ¥ model

Vacuum: for non-vanishing isosinglet us we impose our solutions to
be v, = vg = vq # vs.

100
98T Yq |
Vg =======
/>'\ 96 |
€
=
S 94t |
G e 1
90 ‘ : :
0 100 200 300 400

5 (MeV)
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Effective scalar/pseudosalar meson theory with s

New eigenstates of strong interactions with LPB (isotriplet)

We present a simple case of mixing due to LPB in the isotriplet
sector with 7 and ag. The kinetic and mixing terms in the
Lagrangian are given by

1 1 1 1
£ = H(0a)? + (0m) — Smis — Emin — dusaor

where

m} = — 2[M? — 2(3)\; + Ao)v2 — Aav?

— cvs +2(3d; + 2dp)mvg + 2damsvs + 2u§]

2
m3 == [b+ (di + 2db)V2 + dov?]

Vg
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Effective scalar/pseudosalar meson theory with s

New eigenstates of strong interactions with LPB (isotriplet)

After diagonalization in the momentum representation, the new
(momentum-dependent) eigenstates are defined 7 and 3.

1500

1200} ag ]
/>; 900 ]

i I

*'5 g = 100 MeV ==-----
£ 600} |
300} |

T
. , . R —
. ™ 200 300 400
w5 (MeV)

QCHSXI Axial chemical potential



Effective scalar/pseudosalar meson theory with s

New eigenstates of strong interactions with LPB (isotriplet)
For high energies ko, |k| > mymy/(4us) = ks, in-medium 7 goes
tachyonic. Nevertheless, energies are always positive (no vacuum
instabilities). 3y mass shows an enhancement, but us has to be
understood as a perturbatively small parameter. A better treatment
of 39 would require heavier degrees of freedom.

1500 5
x/"
,'/
-
1200} L 4
o e
= 900} i .
_fU =
= () ====mm-
55 g = 200 MeV
S 600F 1
300} g
0 1 1 1
0 100 200 300 400
15 (MeV)
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Effective scalar/pseudosalar meson theory with s

New eigenstates of strong interactions with LPB (isosinglet)

In the isosinglet sector, we show the mixing of 1, o and 1. The
kinetic and mixing terms in the Lagrangian are given by

1 1 1 1
:5[(80)2 + (9ng)? + (0ns)?] — §m§a2 - Emfng — Emgng

— 4usong — 2\/5(5Vq77q77s’
where

2( —6()\1 +)\2)v —)\2V + cvs
+6(d1 + 2d2)mvy + 2damgvs + 2u3),

2
m32 :V_m [b+ (i + 2d2) + dyvZ] + 2cvs,
q
2 cv?
m2 == lb+ 20V + (ch + do)vZ] + =2

S
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Effective scalar/pseudosalar meson theory with s

New eigenstates of strong interactions with LPB (isosinglet)

After diagonalization, the new eigenstates are &, 7j and 7.

1500

1200}

g =0 —
q =300 MeV =mnnmm-

0 100 200 300 400
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Effective scalar/pseudosalar meson theory with s

New eigenstates of strong interactions with LPB (isosinglet)

Again, for high energies ko, \E| > kE with

415 ms
7/ mass also shows an enhancement and a better treatment would

require the inclusion of heavier degrees of freedom.
1500

ki = oy /mimg — 8c2v2, in-medium j goes tachyonic.

1200k ____

0 100 200 300 400
115 (MeV)
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Effective scalar/pseudosalar meson theory with s

Decay widths (at rest)

The cubic couplings used to calculate the widths 7,5,7 — 77
from the Lagrangian. 7j exhibits a smooth behaviour with

(I's) ~ 60 MeV <+ mean free path ~ 3 fm < Lgrepall ~ 5+ 10 fm.
Possible thermalization! Down to us ~ 100 MeV, & width

decreases and becomes stable.
700

{ 4000
H 1
600 R, {3000, "
Y i
y H
_soof Y 2000
=z Y i 1000
2 400F i . i
= A\ 0 100 200 300 400
Il 300} i i
= 7 —
= 7
2001 g mmmmms
b
100}
0 B
0 200 300 400
us (MeV)
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Phase structure of the NJL quark model with us

A. A. Andrianov, D. Espriu & X. Planells, Eur. Phys. J. C, 74:2776 (2014)
NJL Lagrangian with vector p and axial us chemical potentials p, N
colors,

L= 9(@+m — pyo — p57075)Y
G, - - Gy, - -
— (00 + (Dins70)] = F(070) + (Dinsv)?],

Introduce two doublets of bosonic degrees of freedom {o, 7} and {n, }.
Bosonic effective potential,

N N N »
Verr = 4—(;1(02 +7%) + 4—(;2(772 +3%) — Triog M(u, is),

The fermion operator
M(p, ps) = P+(M + 78) — pyo — psv0ys + ivs (77 + 1),

with the introduction of a constituent quark mass M = m + o.
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Phase structure of the NJL quark model with us

600
so0 |
400 | s =0 —
Z 5 = 150 MeV ===
& 300 5 =200 MeV -
~
-

200

100 |

0 100 200 300 400 500 600 700
u (MeV)

Evolution of the constituent quark mass M depending on u for different values
of the axial chemical potential us setting m = —5 MeV, G; = —40/A? and

G2 = —45/N%. The drawn lines correspond to locally stable phases. The
transition to a chirally restored phase changes to a first order one as ps
increases. We observe the influence of us on the restoration of chiral symmetry

QCHSXI Axial chemical potential 26



Phase structure of the NJL quark model with us

800
n= ;
— /
600 | M
7’] .......
[ Vv
= 400 |
~
=
¢/"
200 +
g
0 s L H s L N
0 50 100 150 200 250 300

15 (MeV)

M and 7 dependence on s for u < Mo, G1 = —40/A%, G2 = —39.5/A?,

m = —5 MeV and A =1 GeV. This plot showing the evolution of M and 1 with
respect to us for u =0 (or any u < Mo ~ 300 MeV). In the CSB phase M
grows with us up to the critical value M€, the point where this magnitude
freezes out, and 1 acquires non-trivial values, also growing with the axial
chemical potential. At pus ~ 0.28A, this phase shows an endpoint and beyond,

no stable solution exists.
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Phase structure of the NJL quark model with us

0]

600
500 | /
@  CSB

= :

= 300 |

=4 ' = 4
a0 | i P-breaking
100

0 . L . .
0 50 100 150 200 250 300
ps (MeV)

Transition line from the CSB to the P-breaking phase with Gy = —40/A?,
G2 = —39.5/A*, m = —5 MeV and A = 1 GeV. The vertical dashed line is
related to a 2nd order phase transition while the solid one corresponds to a 1st

order one.

QCHSXI Axial chemical potential 28



Conclusions

@ LPB not forbidden by any physical principle in QCD at finite
temperature/density.

o Topological fluctuations transmit their influence to hadronic
physics via an axial chemical potential.

o LPB leads to unexpected modifications of the in-medium
meson properties.

@ Axial chemical potential triggers parity-odd condensation in
first- vs. second-order phase transitions
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Back up slides
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Effective meson theory in a medium with LPB

Massive MCS electrodynamics (CFJ model)

Lucs = — 2 F*P(x)Fag(x) + L m* A (x)A” (x) + L QAL (x)F* (x) + g.f.
In momentum space wave Egs.

{ 8% (4 =m) ik i Goto ) 0
k*ax(k) =0

Projection onto different polarizations with the help of

S{ =05D+k" knC+C G K —C- k(G kV+¢"ky); D =

Il
—~
~
=
=
N
I
~
N
=
N

Transversal polarizations,

v Sk ] va -3
wh =S b s kD R () =)

Scalar and longitudinal polarizations,

eh(k) = j—k_ eb(k)

(DK) 2 (K3 ¢! — k¥ C k)
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Effective meson theory in a medium with LPB

Energy spectrum:
Transversal polarizations

Klel(k) = (k2 —m+ \/5) e (k);
\/k2+m2:|:Co|k|; CI—L:(C07070’0)

w =
o { \/k2+m2+%63icx\/k3+m2+%g‘3 ¢u = (0,—¢x,0,0)
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Effective scalar/pseudosalar meson theory with s

Decay widths (moving 7})

Small variations at low 3-momenta: 2 initial bumps slowly separate
as one increases q. [;(1s5, g) exhibits a saddle point at pg ~ 240
MeV and g* ~ 500 MeV. For large 3-momenta, a third intermediate
bump appears (creation of 2 tachyons) and grows fast as one

increases g becoming the global maximum when g 2 700 MeV.
100

¢g=0——
¢ = 500 MeV -=-----
8o g = 700 MeV «---uc--

60F [

I; (MeV)
-

%\
40 kY

20
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