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OutlineCollaboration with V. Andrianov, D. Espriu & X. PlanellsPhenomenology of Lo
al Parity breaking (LPB):
◮ Axial baryon 
harge T5 ⇔ axial 
hemi
al potential µ5 (in �nite volume of�reball), listen also D. Espriu's talk (Parallel IV: D4, Tuesday).
◮ E�e
tive meson theory in a medium with LPBVe
tor Meson Dominan
e (VMD) approa
h to LPBA.Andrianov, V.Andrianov, D. Espriu & X. Planells, Phys. Lett. B 710:230 (2012)E�e
tive s
alar/pseudos
alar meson theory with µ5A. A. Andrianov, D. Espriu & X. Planells, Eur. Phys. J. C , 73:2294 (2013)Phase stru
ture of the NJL quark model with µ5A. A. Andrianov, D. Espriu & X. Planells, Eur. Phys. J. C , 74:2776 (2014)
◮ Manifestation of LPB in heavy ion 
ollisions (HIC): dilepton polarizationasymmetry 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).QCHSXI Axial 
hemi
al potential 2



Phenomenology of lo
al parity breakingParity: reasons to believe it may be broken in a �nitevolume?!Flu
tuations of topologi
al 
harge density in a �nite volume:quasi-instanton va
uum [D.Diakonov, V.Petrov, E.Shuryak, . . . ℄Color Glass Condensate [E.Ian
u, A.Leonidov, L.M
Lerran,R.Venugopalan,. . . ℄.quantum �u
tuations of θ parameter (P-odd bubbles [T. D. Leeand G. C. Wi
k . . . ℄: their manifestation in Chiral Magneti
 E�e
t(CME))[D. E. Kharzeev, A.Zhitnitsky, L. M
Lerran, K.Fukushima, H. J.Warringa (an earlier proposal: A.Vilenkin, 1980)℄New QCD phase 
hara
terized by a spontaneous parity breakingdue to formation of neutral pion-like ba
kground [A.A.Anselm. . . . . . A. A., V. A. Andrianov & D. Espriu℄High energy produ
tion of pseudos
alar gluelumps ⇔ parity-oddbun
hes of gluon jets ⇒ then a PB ba
kground remains inside ahot dense nu
lear �reball in HIC !?QCHSXI Axial 
hemi
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Phenomenology of lo
al parity breakingLo
al large �u
tuations in the topologi
al 
harge presumably exist in ahot environment.For peripheral heavy ion 
ollisions they lead to the Chiral Magneti
E�e
t (CME): Large ~B ⇒ large ~E ⇒ 
harge separation.D. Kharzeev, R. D. Pisarski & M. H. G. Tytgat, Phys. Rev. Lett. 81, 512 (1998)K. Bu
kley, T. Fugleberg, & A. Zhitnitsky, Phys. Rev. Lett. 84 (2000) 4814D. E. Kharzeev, L. D. M
Lerran and H. J. Warringa, Nu
l. Phys. A 803, 227 (2008)For 
entral 
ollisions (and light quarks) they 
orrespond to anephemeral phase with axial 
hemi
al potential µ5 6= 0 lo
ated in"�u
tons" of few-Fermi size.A. A. Andrianov, V. A. Andrianov, D. Espriu & X. Planells, Phys. Lett. B 710 (2012) 230.
QCHSXI Axial 
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Axial baryon 
harge and axial 
hemi
al potential
QCD has a non-trivial va
uum stru
ture with di�erent topologi
al se
tors.Topologi
al 
harge T5 may arise in a �nite volume due to quantum�u
tuations in a hot medium due to sphaleron transitions [Manton,M
Lerran, Rubakov, Shaposhnikov℄T5 = 18π2 ∫vol. d3xεjklTr(G j∂kG l − i 23G jG kG l)and survive for a sizeable lifetime in a heavy-ion �reball

〈∆T5〉 6= 0 for ∆t ≃ τ�reball ≃ 5÷ 10 fm.
QCHSXI Axial 
hemi
al potential 5



Axial baryon 
harge and axial 
hemi
al potential

Latti
e simulation of lo
al �u
tuations of the topologi
al 
harge in theQCD va
uum [Leinweber℄.QCHSXI Axial 
hemi
al potential 6



Axial baryon 
harge and axial 
hemi
al potentialFor the �reball lifetime one 
an 
ontrol the value of 〈∆T5〉 introdu
inginto the QCD Lagrangian a topologi
al 
hemi
al potential µθ in a gaugeinvariant way via ∆Ltop = µθ∆T5, where
∆T5 = T5(tf )− T5(0) = 18π2 ∫ tf0 dt ∫vol. d3xTr(Gµν G̃µν

)
.The partial 
onservation of axial 
urrent (broken by gluon anomaly)

∂µJµ5 − 2imqJ5 =
Nf8π2Tr (Gµν G̃µν

)predi
ts the indu
ed axial 
harge (in the 
hiral limit mq ≃ 0)ddt (Qq5 − 2Nf T5) ≃ 0, Qq5 =

∫vol. d3xq̄γ0γ5q = 〈NL − NR〉to be 
onserved during τ�reball .QCHSXI Axial 
hemi
al potential 7



Axial baryon 
harge and axial 
hemi
al potentialThe 
hara
teristi
 left-right os
illation time is governed by inverse quarkmasses.For u, d quarks 1/mq ∼ 1/5 MeV−1 ∼ 40 fm ≫ τ�reball and theleft-right quark mixing 
an be negle
ted.For s quark 1/ms ∼ 1/150 MeV−1 ∼ 1 fm ≪ τ�reball and 〈Qs5〉 ≃ 0due to left-right os
illations.For u, d quarks QCD with a topologi
al 
harge 〈∆T5〉 6= 0 
an be equallydes
ribed at the Lagrangian level by topologi
al 
hemi
al potential µθ orby axial 
hemi
al potential µ5
〈∆T5〉 ≃ 12Nf 〈Qq5 〉 ⇐⇒ µ5 ≃ 12Nf µθ,

∆Ltop = µθ∆T5 ⇐⇒ ∆Lq = µ5Qq5QCHSXI Axial 
hemi
al potential 8



Axial baryon 
harge and axial 
hemi
al potentialLPB is investigated in e.m. intera
tions of leptons and photons withhot/dense nu
lear matter via heavy ion 
ollisions.e.m. intera
tion impliesQq5 → Q̃5 = Qq5 − T em5 , T em5 =
N
8π2 ∫vol. d3x εjkl Tr (Âj∂k Âl) .

µ5 is 
onjugated to (nearly) 
onserved Q̃5Bosonization of Q̃5 with 
hiral Lagrangian, VMD...
〈∆T5〉 ⇐⇒ µ5The ⇐= sense means that if one is able to �t µ5 from phenomenology,

〈∆T5〉 
an be found using known te
hniques on the latti
e.How does Q̃5 a�e
t the hadroni
 phenomenology?QCHSXI Axial 
hemi
al potential 9



E�e
tive meson theory in a medium with LPBVe
tor mesonsLow energy QCD 
an be des
ribed with the help of Ve
tor Meson Dominan
e
Lint = q̄γµV̂ µq; V̂µ ≡ −eAµQ +

12gωωµI+
12gρρ0µτ3,

(Vµ,a) ≡ (Aµ, ωµ, ρ
0
µ

)where Q = τ32 + 16 , gω ≃ gρ ≡ g ≃ 6.In this framework, the following term is generated in the e�e
tive lagrangian forve
tor mesons
∆L ≃ εµνρσTr [ζ̂µVνVρσ

]with ζ̂µ = ζ̂δµ0 for a spatially homogeneous and isotropi
 ba
kground (ˆ ≡isospin 
ontent) and ζ ∝ µ5.Two di�erent 
ases of isospin stru
ture for µ5:
◮ Isosinglet pseudos
alar ba
kground (T ≫ µ) [RHIC, LHC℄
◮ Pion-like (isotriplet) ba
kground (µ ≫ T ) [FAIR, NICA℄QCHSXI Axial 
hemi
al potential 10



E�e
tive meson theory in a medium with LPBMassive MCS ele
trodynami
s for ve
tor mesons
LMCS = − 14 Fαβ(x)Fαβ(x) + 12 m2 Aν(x)Aν(x) + 12 ζµAν(x)F̃ µν(x) + g.f.In momentum spa
e wave Eqs.

{ [ g λν
( k2 −m2 )− k λk ν + i ε λναβ ζα kβ ] aλ(k) = 0k λ aλ(k) = 0Energy spe
trum:Transversal polarizationsK µ

ν ε ν
±(k) =

(k2 −m2 ± √D) ε µ
±(k);

ω k ,± =
√k2 +m2 ± ζ0| k |; ζµ = (ζ0, 0, 0, 0)Longitudinal polarization
ω k , L =

√k2 +m2QCHSXI Axial 
hemi
al potential 11



Ve
tor Meson spe
trum in PB mediumAfter diagonalization of mass matrixm2V ,ǫ = m2V − ǫζ|~k | =⇒ |ζ|,where ǫ = 0,±1 is the meson polarization.The photon itself happens to be una�e
ted by a singlet ζ̂.The position of the poles for ± polarized mesons is 
hanging with waveve
tor |~k |.Massive ve
tor mesons split into three polarizations with massesm2V ,+ < m2V ,L < m2V ,−.This splitting unambiguously signi�es LPB. Can it be measured?
→ Manifestation of LPB in heavy ion 
ollisions:abnormal dilepton produ
tion in HIC from the de
ays ρ, ω → e+e−,listen the dis
ussion in D.Espriu's talk.QCHSXI Axial 
hemi
al potential 12



E�e
tive s
alar/pseudosalar meson theory with µ5A. A. Andrianov, D. Espriu & X. Planells, Eur. Phys. J. C , 73:2294 (2013)The s
alar se
tor 
an be estimated by using the spurion te
hniquein the 
hiral Lagrangian with an isosinglet µ5Dν =⇒ Dν − i{Iqµ5δ0ν , ·} = Dν − 2i Iqµ5δ0ν .Two new pro
esses are likely to appear inside the �reball: thede
ays η, η′ → ππ that are stri
tly forbidden in QCD on paritygrounds.In a medium where parity is broken: are these pro
esses relevantwithin the �reball? Can these parti
les rea
h thermal equilibrium?!QCHSXI Axial 
hemi
al potential 13



E�e
tive s
alar/pseudosalar meson theory with µ5No O(p2) terms in the 
hiral Lagrangian involving verti
es ηππ.
O(p4) terms lead to 
ouplings su
h as

Lηππ ∼ 16µ5Fηf 2π L ∂η ∂π∂π,where L ∼ 10−3. A rough estimate of the partial width shows astrong dependen
e on µ5 as Γη→ππ ∝ µ25 and gives values similar orhigher than Γρ→ππ = 150 MeV.An e�e
tive Lagrangian is needed to in
lude the lightest isos
alardegrees of freedom su
h as σ(600) and a0(980), whi
h will bemixed with their pseudos
alar partners η, η′ and π, respe
tively.QCHSXI Axial 
hemi
al potential 14



E�e
tive s
alar/pseudosalar meson theory with µ5Generalized Σ modelE�e
tive Lagrangian:
L =

14Tr(DµHDµH†
)
+

b2Tr [M(H + H†)
]
+

M22 Tr(HH†
)

−λ12 Tr [(HH†)2]− λ24 [Tr(HH†
)]2

+

2 (detH + detH†)

+
d12 Tr [M(HH†H + H†HH†)

]
+

d22 Tr [M(H + H†)
]Tr(HH†

)whereH = ξΣξ, ξ = exp(i Φ2f ) , Φ = λaφa, Σ = λbσb.The v.e.v. of the neutral s
alars are de�ned as vi = 〈Σii〉 wherei = u, d , s, and satisfy the following gap equations:M2vi − 2λ1v3i − λ2~v2vi + 
 vuvdvsvi = 0.QCHSXI Axial 
hemi
al potential 15



E�e
tive s
alar/pseudosalar meson theory with µ5Generalized Σ modelFor further purposes we need the non-strange meson se
tor and ηs
Φ =



ηq + π0 √2π+ 0√2π− ηq − π0 00 0 √2ηs ,Σ =



vu + σ + a00 √2a+0 0√2a−0 vd + σ − a00 00 0 vs

(
ηq
ηs) =

( 
osψ sinψ
− sinψ 
osψ)(

η
η′

)For µ5 = 0, we assume vu = vd = vs = v0 ≡ fπ ≈ 92 MeV. The
oupling 
onstants (in units of MeV) are �tted to phenomenologyassuming isospin symmetry via χ2 minimization (MINUIT):b = −3510100/m, M2 = 1255600, 
 = 1252.2, λ1 = 67.007,
λ2 = 9.3126, d1 = −1051.7/m, d2 = 523.21/m,where m ≡ mq = (mu +md )/2 and m/ms ≃ 1/25.QCHSXI Axial 
hemi
al potential 16



E�e
tive s
alar/pseudosalar meson theory with µ5Generalized Σ modelVa
uum: for non-vanishing isosinglet µ5 we impose our solutions tobe vu = vd = vq 6= vs .

QCHSXI Axial 
hemi
al potential 17



E�e
tive s
alar/pseudosalar meson theory with µ5New eigenstates of strong intera
tions with LPB (isotriplet)We present a simple 
ase of mixing due to LPB in the isotripletse
tor with π and a0. The kineti
 and mixing terms in theLagrangian are given by
L =

12(∂a0)2 + 12(∂π)2 − 12m21a20 − 12m22π2 − 4µ5a0π̇,where m21 =− 2[M2 − 2(3λ1 + λ2)v2q − λ2v2s
− 
vs + 2(3d1 + 2d2)mvq + 2d2msvs + 2µ25]m22 =
2mvq [b + (d1 + 2d2)v2q + d2v2s ]QCHSXI Axial 
hemi
al potential 18



E�e
tive s
alar/pseudosalar meson theory with µ5New eigenstates of strong intera
tions with LPB (isotriplet)After diagonalization in the momentum representation, the new(momentum-dependent) eigenstates are de�ned π̃ and ã0.

QCHSXI Axial 
hemi
al potential 19



E�e
tive s
alar/pseudosalar meson theory with µ5New eigenstates of strong intera
tions with LPB (isotriplet)For high energies k0, |~k | > m1m2/(4µ5) ≡ k 
̃
π
, in-medium π̃ goesta
hyoni
. Nevertheless, energies are always positive (no va
uuminstabilities). ã0 mass shows an enhan
ement, but µ5 has to beunderstood as a perturbatively small parameter. A better treatmentof ã0 would require heavier degrees of freedom.

QCHSXI Axial 
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E�e
tive s
alar/pseudosalar meson theory with µ5New eigenstates of strong intera
tions with LPB (isosinglet)In the isosinglet se
tor, we show the mixing of η, σ and η′. Thekineti
 and mixing terms in the Lagrangian are given by
L =

12 [(∂σ)2 + (∂ηq)2 + (∂ηs)2]− 12m23σ2 − 12m24η2q − 12m25η2s
− 4µ5ση̇q − 2√2
vqηqηs ,where m23 =− 2(M2 − 6(λ1 + λ2)v2q − λ2v2s + 
vs

+ 6(d1 + 2d2)mvq + 2d2msvs + 2µ25),m24 =
2mvq [b + (d1 + 2d2)v2q + d2v2s ]+ 2
vs ,m25 =
2msvs [b + 2d2v2q + (d1 + d2)v2s ] + 
v2qvs .QCHSXI Axial 
hemi
al potential 21



E�e
tive s
alar/pseudosalar meson theory with µ5New eigenstates of strong intera
tions with LPB (isosinglet)After diagonalization, the new eigenstates are σ̃, η̃ and η̃′.

QCHSXI Axial 
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E�e
tive s
alar/pseudosalar meson theory with µ5New eigenstates of strong intera
tions with LPB (isosinglet)Again, for high energies k0, |~k | > k 
̃
η
withk 
̃

η
≡ m34µ5m5√m24m25 − 8
2v2q , in-medium η̃ goes ta
hyoni
.

η̃′ mass also shows an enhan
ement and a better treatment wouldrequire the in
lusion of heavier degrees of freedom.

QCHSXI Axial 
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E�e
tive s
alar/pseudosalar meson theory with µ5De
ay widths (at rest)The 
ubi
 
ouplings used to 
al
ulate the widths η̃, σ̃, η̃′ → π̃π̃from the Lagrangian. η̃ exhibits a smooth behaviour with
〈Γη̃〉 ∼ 60 MeV ↔ mean free path ∼ 3 fm . L�reball ∼ 5÷ 10 fm.Possible thermalization! Down to µ5 ∼ 100 MeV, σ̃ widthde
reases and be
omes stable.

QCHSXI Axial 
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Phase stru
ture of the NJL quark model with µ5A. A. Andrianov, D. Espriu & X. Planells, Eur. Phys. J. C , 74:2776 (2014)NJL Lagrangian with ve
tor µ and axial µ5 
hemi
al potentials µ, N
olors,
L = ψ̄(∂6 +m − µγ0 − µ5γ0γ5)ψ

−G1N [(ψ̄ψ)2 + (ψ̄iγ5~τψ)2]− G2N [(ψ̄~τψ)2 + (ψ̄iγ5ψ)2],Introdu
e two doublets of bosoni
 degrees of freedom {σ, ~π} and {η,~a}.Bosoni
 e�e
tive potential,Ve� =
N4G1 (σ2 + ~π2) + N4G2 (η2 + ~a2)− Tr logM(µ, µ5),The fermion operator

M(µ, µ5) = ∂6 +(M + ~τ~a)− µγ0 − µ5γ0γ5 + iγ5(~τ~π + η),with the introdu
tion of a 
onstituent quark mass M ≡ m + σ.QCHSXI Axial 
hemi
al potential 25



Phase stru
ture of the NJL quark model with µ5

Evolution of the 
onstituent quark mass M depending on µ for di�erent valuesof the axial 
hemi
al potential µ5 setting m = −5 MeV, G1 = −40/Λ2 andG2 = −45/Λ2. The drawn lines 
orrespond to lo
ally stable phases. Thetransition to a 
hirally restored phase 
hanges to a �rst order one as µ5in
reases. We observe the in�uen
e of µ5 on the restoration of 
hiral symmetryQCHSXI Axial 
hemi
al potential 26



Phase stru
ture of the NJL quark model with µ5

M and η dependen
e on µ5 for µ < M0, G1 = −40/Λ2, G2 = −39.5/Λ2,m = −5 MeV and Λ = 1 GeV. This plot showing the evolution of M and η withrespe
t to µ5 for µ = 0 (or any µ < M0 ≈ 300 MeV). In the CSB phase Mgrows with µ5 up to the 
riti
al value M
 , the point where this magnitudefreezes out, and η a
quires non-trivial values, also growing with the axial
hemi
al potential. At µ5 ≃ 0.28Λ, this phase shows an endpoint and beyond,no stable solution exists. QCHSXI Axial 
hemi
al potential 27



Phase stru
ture of the NJL quark model with µ5Ò

Transition line from the CSB to the P-breaking phase with G1 = −40/Λ2,G2 = −39.5/Λ2, m = −5 MeV and Λ = 1 GeV. The verti
al dashed line isrelated to a 2nd order phase transition while the solid one 
orresponds to a 1storder one. QCHSXI Axial 
hemi
al potential 28



Con
lusions
LPB not forbidden by any physi
al prin
iple in QCD at �nitetemperature/density.Topologi
al �u
tuations transmit their in�uen
e to hadroni
physi
s via an axial 
hemi
al potential.LPB leads to unexpe
ted modi�
ations of the in-mediummeson properties.Axial 
hemi
al potential triggers parity-odd 
ondensation in�rst- vs. se
ond-order phase transitions

QCHSXI Axial 
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k up slides
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E�e
tive meson theory in a medium with LPBMassive MCS ele
trodynami
s (CFJ model)
LMCS = − 14 Fαβ(x)Fαβ(x) + 12 m2 Aν(x)Aν(x) + 12 ζµAν(x)F̃ µν(x) + g.f.In momentum spa
e wave Eqs.

{ [ g λν
( k2 −m2 )− k λk ν + i ε λναβ ζα kβ ] aλ(k) = 0k λ aλ(k) = 0Proje
tion onto di�erent polarizations with the help ofSν

λ = δ ν
λ D+ kν kλ ζ2 + ζ ν ζλ k2 − ζ · k (ζλ kν + ζν k λ); D ≡ (ζ · k)2 − ζ2 k2Transversal polarizations,

π
µν
± ≡ S µν2 D ± i2 εµναβ ζα kβ D− 12 ; ε µ

±(k) = π
µλ
± ǫ

(0)
λS
alar and longitudinal polarizations,

ε µS (k) ≡ k µ

√ k2 , ε µL (k) ≡
(D k2)− 12 (k2 ζ µ − k µ ζ · k )QCHSXI Axial 
hemi
al potential 31



E�e
tive meson theory in a medium with LPB
Energy spe
trum:Transversal polarizationsK µ

ν ε ν
±(k) =

(k2 −m2 ± √D) ε µ
±(k);

ω k ,± =







√k2 +m2 ± ζ0| k |; ζµ = (ζ0, 0, 0, 0)
√k2 +m2 + 12ζ2x ± ζx√k2x +m2 + 14ζ2x ζµ = (0,− ζx , 0, 0)

QCHSXI Axial 
hemi
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E�e
tive s
alar/pseudosalar meson theory with µ5De
ay widths (moving η̃)Small variations at low 3-momenta: 2 initial bumps slowly separateas one in
reases q. Γη̃(µ5, q) exhibits a saddle point at µ∗5 ∼ 240MeV and q∗ ∼ 500 MeV. For large 3-momenta, a third intermediatebump appears (
reation of 2 ta
hyons) and grows fast as onein
reases q be
oming the global maximum when q & 700 MeV.

QCHSXI Axial 
hemi
al potential 33


