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Why onsidering P- and CP- odd e�ets in HIC?

Parity is one of the well established global symmetries of strong

interations. Yet there are reasons to believe that it may be broken.

No fundamental priniple forbids spontaneous parity breaking for

µ 6= 0 or out of equilibrium.

P- and CP-odd ondensates = �pion� or �eta� ondensates

(�nite density)

◮ A. Vilenkin, Phys. Rev. D22, 3080 (1980);

◮ A.B. Migdal, Zh. Eksp. Teor. Fiz. 61 (1971);

◮ T. D. Lee and G. C. Wik, Phys. Rev. D 9, 2291 (1974);

◮ A. A. Andrianov & D. Espriu, Phys. Lett. B 663 (2008) 450;

◮ A. A. Andrianov, V. A. Andrianov & D. Espriu, Phys. Lett. B 678 (2009)

416.

Topologial �utuations (�nite volume, large T )

◮ D. Kharzeev, R. D. Pisarski & M. H. G. Tytgat, Phys. Rev. Lett. 81, 512

(1998);

◮ K. Bukley, T. Fugleberg, & A. Zhitnitsky, Phys. Rev. Lett. 84 (2000)

4814;

◮ D. E. Kharzeev, L. D. MLerran and H. J. Warringa, Nul. Phys. A 803,

227 (2008);

◮ A. A. Andrianov, V. A. Andrianov, D. Espriu & X. Planells, Phys. Lett. B

710 (2012) 230.
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Topologial �utuations

Lattie simulation of �utuations in the loal topologial harge

[Leinweber℄
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Motivation of loal parity breaking

Loal large �utuations in the topologial harge should exist in a

hot environment.

For peripheral heavy ion ollisions: may lead to the Chiral Magneti

E�et (CME): Large

~B ⇒ large

~E ⇒ harge separation.

For entral ollisions (and light quarks): may trigger an ephemeral

phase with axial hemial potential µ
5

6= 0.

Let us see how this omes about and onsider possible

onsequenes in the hadroni phase
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Generating a hiral harge

Topologial harge T
5

may arise in a �nite volume due to quantum

�utuations in a hot medium due to sphaleron-like transitions

T
5

=
1

8π2

∫

vol.

d3xεjklTr

(
G j∂kG l − i

2

3

G jG kG l

)

and survive for a sizeable lifetime in a heavy-ion �reball.

∆T
5

= T
5

(tf )− T
5

(ti ) =
1

8π2

∫ tf

ti

dt

∫

vol.

d3xTr
(
GµνG̃µν

)
.

An indued axial harge is onserved during τfireball if m = 0

d

dt

(
Q

q
5

− 2Nf T5

)
≃ 0, Q

q
5

=

∫

vol.

d3xq̄γ
0

γ
5

q = 〈NR − NL〉

For u, d quarks 1/mq ∼ 1/5 MeV

−1 ∼ 40 fm ≫ τ
�reball

and

the left-right quark mixing an be negleted.

For s quark 1/ms ∼ 1/150 MeV

−1 ∼ 1 fm ≪ τ
�reball

and

〈Qs
5

〉 ≃ 0 due to left-right osillations.
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Chiral hemial potential

If Q
5

is onserved along the ollision proess, in a quasi equilibrium

situation we an introdue its onjugated hemial potential µ
5

Then it is possible to write several terms with the right symmetry

in the lagrangian e.g.:

∆Ltop = µ
5

∆T
5

∆LCME = µ
5

~E ~B

.....

These terms break P and CP (and of ourse T ).

In this situation we speak of `loal parity breaking' beause while

the total topologial harge an be onserved overall, but `islands'

with µ
5

6= 0 exist. (Glasma piture ?)
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E�etive meson theory in a medium with LPB

We have two possible isospin strutures for µ
5

:

◮ Isosinglet pseudosalar bakground (T ≫ µ) [RHIC, LHC℄

◮ Isotriplet and/or isosinglet pseudosalar bakground (µ≫ T )

[FAIR, NICA℄

Only the �rst ase will be onsidered in this talk.

We will now build an e�etive theory for mesons in a P- and

CP-odd environment.

We will deal in turn with salars and vetor mesons.
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E�etive meson theory in a medium with LPB

Salar and pseudosalar mesons

The salar setor an be estimated by using the spurion tehnique

in the Lagrangian

Dµ =⇒ Dµ − i{µ
5

δ
0µ, ·} D = 2

and onstruting a generalised sigma model with the light salar

mesons σ, ~π, η, η′, ~a
0

Due to the expliit parity breaking there is mixing in the σ − η − η′

and ~π − ~a
0

hannels.

The new eigenstates do not have a well de�ned parity. The

resulting J = 0 eigenstates are all oupled to ππ due to the strong

mixing with the σ, and thermalize in the HIC �reball.
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E�etive salar/pseudosalar meson theory with µ
5

Generalized Σ model

E�etive Lagrangian:

L =
1

4

Tr

(
DµHD

µH†
)
+

b

2

Tr

[
M(H + H†)

]
+

M2

2

Tr

(
HH†

)

−λ1
2

Tr

[
(HH†)2

]
− λ

2

4

[
Tr

(
HH†

)]
2

+
c

2

(detH + detH†)

+
d
1

2

Tr

[
M(HH†H + H†HH†)

]
+

d
2

2

Tr

[
M(H + H†)

]
Tr

(
HH†

)

where

H = ξΣξ, ξ = exp

(
i
Φ

2f

)
, Φ = λaφa, Σ = λbσb.

The v.e.v. of the neutral salars are de�ned as vi = 〈Σii 〉 where
i = u, d , s, and satisfy the following gap equations:

M2vi − 2λ
1

v3i − λ
2

~v2vi + c
vuvdvs

vi
= 0.
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E�etive salar/pseudosalar meson theory with µ
5

Generalized Σ model

For further purposes we need the non-strange meson setor and ηs

Φ =



ηq + π0

√
2π+ 0√

2π− ηq − π0 0

0 0

√
2ηs


 ,Σ =



vu + σ + a0

0

√
2a+

0

0√
2a−

0

vd + σ − a0
0

0

0 0 vs




(
ηq
ηs

)
=

(
osψ sinψ
− sinψ osψ

)(
η
η′

)

For µ
5

= 0, we assume vu = vd = vs = v
0

≡ fπ ≈ 92 MeV. The

oupling onstants (in units of MeV) are �tted to phenomenology

assuming isospin symmetry via χ2 minimization (MINUIT):

b = −3510100/m, M2 = 1255600, c = 1252.2, λ
1

= 67.007,

λ
2

= 9.3126, d
1

= −1051.7/m, d
2

= 523.21/m,

where m ≡ mq = (mu +md )/2 and m/ms ≃ 1/25.
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E�etive salar/pseudosalar meson theory with µ
5

Generalized Σ model

Vauum: for non-vanishing isosinglet µ
5

we impose our solutions to

be vu = vd = vq 6= vs .
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E�etive salar/pseudosalar meson theory with µ
5

New eigenstates of strong interations with LPB (isotriplet)

We present a simple ase of mixing due to LPB in the isotriplet

setor with π and a
0

. The kineti and mixing terms in the

Lagrangian are given by

L =
1

2

(∂a
0

)2 +
1

2

(∂π)2 − 1

2

m2

1

a2
0

− 1

2

m2

2

π2 − 4µ
5

a
0

π̇,

where

m2

1

=− 2[M2 − 2(3λ
1

+ λ
2

)v2q − λ
2

v2s

− cvs + 2(3d
1

+ 2d
2

)mvq + 2d
2

msvs + 2µ2
5

]

m2

2

=
2m

vq

[
b + (d

1

+ 2d
2

)v2q + d
2

v2s
]
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E�etive salar/pseudosalar meson theory with µ
5

New eigenstates of strong interations with LPB (isotriplet)

After diagonalization in the momentum representation, the new

(momentum-dependent) eigenstates are de�ned π̃ and ã
0

.
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E�etive salar/pseudosalar meson theory with µ
5

New eigenstates of strong interations with LPB (isotriplet)

For high energies k
0

, |~k | > m
1

m
2

/(4µ
5

) ≡ kcπ̃ , in-medium π̃ goes

tahyoni. Nevertheless, energies are always positive (no vauum

instabilities). ã
0

mass shows an enhanement, but µ
5

has to be

understood as a perturbatively small parameter. A better treatment

of ã
0

would require heavier degrees of freedom.
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E�etive salar/pseudosalar meson theory with µ
5

New eigenstates of strong interations with LPB (isosinglet)

In the isosinglet setor, we show the mixing of η, σ and η′. The
kineti and mixing terms in the Lagrangian are given by

L =
1

2

[(∂σ)2 + (∂ηq)
2 + (∂ηs)

2]− 1

2

m2

3

σ2 − 1

2

m2

4

η2q −
1

2

m2

5

η2s

− 4µ
5

ση̇q − 2

√
2cvqηqηs ,

where

m2

3

=− 2(M2 − 6(λ
1

+ λ
2

)v2q − λ
2

v2s + cvs

+ 6(d
1

+ 2d
2

)mvq + 2d
2

msvs + 2µ2
5

),

m2

4

=
2m

vq

[
b + (d

1

+ 2d
2

)v2q + d
2

v2s
]
+ 2cvs ,

m2

5

=
2ms

vs
[b + 2d

2

v2q + (d
1

+ d
2

)v2s ] +
cv2q

vs
.
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E�etive salar/pseudosalar meson theory with µ
5

New eigenstates of strong interations with LPB (isosinglet)

After diagonalization, the new eigenstates are σ̃, η̃ and η̃′.
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E�etive salar/pseudosalar meson theory with µ
5

New eigenstates of strong interations with LPB (isosinglet)

Again, for high energies k
0

, |~k | > kcη̃ with

kcη̃ ≡ m
3

4µ
5

m
5

√
m2

4

m2

5

− 8c2v2q , in-medium η̃ goes tahyoni.

η̃′ mass also shows an enhanement and a better treatment would

require the inlusion of heavier degrees of freedom.
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E�etive salar/pseudosalar meson theory with µ
5

Deay widths

The ubi ouplings used to alulate the widths η̃, σ̃, η̃′ → π̃π̃
from the Lagrangian are given by

Lσaa = 2[(3d
1

+ 2d
2

)m − 2(3λ
1

+ λ
2

)vq]σ~a
2

0

,

Lσππ =
1

v2q

[
(∂~π)2vq − (b + 3(d

1

+ 2d
2

)v2q + d
2

v2s )m~π
2

]
σ,

Lηaπ =
2

v2q
~a
0

[∂ηq∂~πvq − (b + (3d
1

+ 2d
2

)v2q + d
2

v2s )mηq~π],

Lσaπ = −4µ
5

vq
σ~a

0

~̇π, Lηaa = −2µ
5

vq
η̇q~a

2

0

, Lηππ = 0.

After diagonalization, one replaes the initial {ηq , ηs , σ} to

{η̃, σ̃, η̃′} and {π, a
0

} to {π̃, ã
0

}.
The widths are �rstly omputed at the rest frame of the deaying

partile and seondly with a boosted partile.

Domène Espriu P and CP violation in HIC 20



E�etive salar/pseudosalar meson theory with µ
5

Deay widths (at rest)

η̃ exhibits a smooth behaviour with 〈Γη̃〉 ∼ 60 MeV ↔ mean free

path ∼ 3 fm . L
�reball

∼ 5÷ 10 fm. Possible thermalization! Down

to µ
5

∼ 100 MeV, σ̃ width dereases and beomes stable. The

visible bumps in these two hannels seem to re�et the tahyoni

nature of the deaying π̃. η̃′ width grows up to the GeV sale

(violation of unitarity). More degrees of freedom are needed.
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E�etive salar/pseudosalar meson theory with µ
5

Deay widths (moving η̃)

Small variations at low 3-momenta: 2 initial bumps slowly separate

as one inreases q. Γη̃(µ5, q) exhibits a saddle point at µ∗
5

∼ 240

MeV and q∗ ∼ 500 MeV. For large 3-momenta, a third intermediate

bump appears (reation of 2 tahyons) and grows fast as one

inreases q beoming the global maximum when q & 700 MeV.
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E�etive salar/pseudosalar meson theory with µ
5

Deay widths (moving σ̃)

In the σ̃ and η̃′ hannels no huge di�erenes arise when boosting

the deaying partile. The most salient behaviour in the σ̃ width is

the separation of the two minima as one inreases q.
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E�etive salar/pseudosalar meson theory with µ
5

What to make out of all this?

It is possible to formulate that inludes expliitly the hiral hemial

potential µ
5

As long as µ
5

6= 0 states of di�erent parity mix.

Typially all are strongly oupled to two pion (new pion!) states. If

LPB is present this is likely to have a strong in�uene in the

properties of the hadroni phase, partiularly if µ
5

is substantial.

The alulation beomes soon unreliable when µ
5

grows. New

tehniques are alled for.

Domène Espriu P and CP violation in HIC 24



E�etive salar/pseudosalar meson theory with µ
5

What to make out of all this?

It is possible to formulate that inludes expliitly the hiral hemial

potential µ
5

As long as µ
5

6= 0 states of di�erent parity mix.

Typially all are strongly oupled to two pion (new pion!) states. If

LPB is present this is likely to have a strong in�uene in the

properties of the hadroni phase, partiularly if µ
5

is substantial.

The alulation beomes soon unreliable when µ
5

grows. New

tehniques are alled for.

Domène Espriu P and CP violation in HIC 24



E�etive salar/pseudosalar meson theory with µ
5

What to make out of all this?

It is possible to formulate that inludes expliitly the hiral hemial

potential µ
5

As long as µ
5

6= 0 states of di�erent parity mix.

Typially all are strongly oupled to two pion (new pion!) states. If

LPB is present this is likely to have a strong in�uene in the

properties of the hadroni phase, partiularly if µ
5

is substantial.

The alulation beomes soon unreliable when µ
5

grows. New

tehniques are alled for.

Domène Espriu P and CP violation in HIC 24



E�etive salar/pseudosalar meson theory with µ
5

What to make out of all this?

It is possible to formulate that inludes expliitly the hiral hemial

potential µ
5

As long as µ
5

6= 0 states of di�erent parity mix.

Typially all are strongly oupled to two pion (new pion!) states. If

LPB is present this is likely to have a strong in�uene in the

properties of the hadroni phase, partiularly if µ
5

is substantial.

The alulation beomes soon unreliable when µ
5

grows. New

tehniques are alled for.

Domène Espriu P and CP violation in HIC 24



E�etive salar/pseudosalar meson theory with µ
5

What to make out of all this?

It is possible to formulate that inludes expliitly the hiral hemial

potential µ
5

As long as µ
5

6= 0 states of di�erent parity mix.

Typially all are strongly oupled to two pion (new pion!) states. If

LPB is present this is likely to have a strong in�uene in the

properties of the hadroni phase, partiularly if µ
5

is substantial.

The alulation beomes soon unreliable when µ
5

grows. New

tehniques are alled for.

Domène Espriu P and CP violation in HIC 24



E�etive meson theory in a medium with LPB

Vetor mesons

In this ase the most relevant operator has D = 3. P- and CP-odd

e�ets will appear through the Chern-Simons term:

∆L ≃ εµνρσTr
[
ζ̂µVνVρσ

]

with ζ̂µ = ∂µâ(~x , t) = δµ0∂0â(t) (for a spatially homogeneous, time

dependent bakground).

We shall assume ∂
0

â(t) ∼ ζ̂ ∝ µ
5

.

Vetor mesons will be introdued and treated in the onventional

way using the Vetor Meson Dominane model.

For vetor mesons here will be no mixing (at this order) but a

distortion of the spetrum.

Note the breaking of Lorentz symmetry in both ases.
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E�etive meson theory in a medium with LPB

Vetor mesons

Vetor Meson Dominane bosonization:

L
int

= q̄γµV̂
µq; V̂µ ≡ −eAµQ +

1

2

gωωµI+
1

2

gρρ
0

µτ3,

where Q = τ
3

2

+ 1

6

, gω ≃ gρ ≡ g ≃ 6.

Maxwell and mass terms

L
kin

= −1

4

(FµνF
µν + ωµνω

µν + ρµνρ
µν) +

1

2

Vµ,a(m̂
2)a,bV

µ
b

m̂2 ≃ m2

V




10e2

9g2
− e

3g
− e

g

− e
3g

1 0

− e
g

0 1




Domène Espriu P and CP violation in HIC 26



E�etive meson theory in a medium with LPB

Vetor mesons

P-odd interation

LP−odd (k) = −1

4

εµνρσ Tr
(
ζ̂µV̂νV̂ρσ

)
=

1

2

ζǫjkl Vj ,aNab ∂kVl ,b

For an isosinglet pseudosalar bakground:

(Nθ
ab) ≃




10e2

9g2
− e

3g
− e

g

− e
3g

1 0

− e
g

0 1


 , det

(
Nθ

)
= 0

Simultaneous diagonalization of the matries m̂2,N

N = diag

[
0, 1, 1+

10e2

9g2

]
≃ diag [0, 1, 1]

m̂2 = m2

V diag

[
0, 1, 1+

10e2

9g2

]
≃ diag [0, 1, 1]
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E�etive meson theory in a medium with LPB

Vetor mesons

After diagonalization the photon itself is una�eted.

Vetor mesons exhibit the following dispersion relation:

m2

V ,ǫ = m2

V − ǫζ|~k|,

where ǫ = 0,±1 is the meson polarization.

The position of the poles for ± polarized mesons is moving with

wave vetor |~k |.

Massive vetor mesons split into three polarizations with masses

m2

V ,+ < m2

V ,L < m2

V ,−.

This splitting unambiguously signi�es P breaking. Can it be

measured?
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Possible manifestations of P-odd e�ets in HIC

Look for e.m. probes ⇒ `anomalies' in dilepton prodution

ρ, ω → e+e−.

The total dilepton prodution also reeives potential ontribution

from the pseudosalar Dalitz deays

η, η′ → γe+e−,

and the ω Dalitz deay

ω → π0e+e−,

Results omputed using PHENIX experimental uts: |yee | < 0.35,
|~pet | > 200 MeV and gaussian Mee smearing (width=10 MeV); and

an e�etive temperature T = 220 MeV.

In fat dilepton prodution shows a number of anomalies...
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Manifestation of LPB in heavy ion ollisions
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Manifestation of LPB in heavy ion ollisions

A large broadening of the ρ spetrum was measured by the NA60

ollaboration several years ago

It is laimed that the broadening an be understood by

'onventional' physis...
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Dalitz deays in a P-odd environment

Clearly insu�ient to explain the enhanement in PHENIX in the

region 200-500 MeV but it helps a little in STAR data.
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ρ broadening

P-odd e�ets introdue broadening in a natural manner.

Polarization splitting in ρ spetral funtion for LPB ζ = 400 MeV

(µ
5

= 290 MeV) ompared with ζ = 0 (shaded region).
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ρ broadening

And indeed the peuliar shape of the ρ spetrum measured by

NA60 is grossly reprodued:

Only one parameter is �tted � the value of µ
5

.
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Putting together the ρ and ω mesons

In-medium ρ and ω hannels (solid and dashed line) and their

vauum ontributions (light and dark shaded regions) for µ
5

= 290

MeV.

Enhanement of the dilepton yield that ould (at least partly)

explain the anomalous enhanement seen by PHENIX and STAR.
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Angular analysis of V → ℓ+ℓ− deays

One of the learest signals of P-odd e�ets is the separation

between polarizations.

Is there any way to study these deays in order to separate the

di�erent polarizations?

It is well known that the angular distribution of leptons arries the

information on the polarization. However, urrent angular

distribution studies are not thought to detet possible P-odd e�ets.
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Angular analysis of V → ℓ+ℓ− deays

Angular variables

We will de�ne the two following angles:

Case A: θA is the angle be-

tween the two outgoing lep-

tons in the laboratory frame.

Case B: θB is the angle be-

tween one of the two outgo-

ing leptons in the laboratory

frame and the same lepton in

the dilepton rest frame.

In order to isolate the transverse polarizations, we will perform

di�erent uts for eah angle and study the variations of the ρ (and

ω) spetral funtion.
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Angular analysis of V → ℓ+ℓ− deays

CASE A

Angle θA between the two outgoing leptons in the laboratory frame.

ρ spetral funtion depending on the dieletron invariant mass M in

vauum (µ
5

= 0) and in a parity-breaking medium with µ
5

= 300

MeV for di�erent ranges of θA.

Visible seondary peak in a P-odd medium! Important redution of

the number of events: the vauum peak shows at most ≃ 10% of

the events one would expet without any ut in θA.
Domène Espriu P and CP violation in HIC 39



Angular analysis of V → ℓ+ℓ− deays

CASE A

If the seondary peak was found for a partiular angular overage,

its position would be an unambiguous measurement of µ
5

.

ρ and ω spetral funtions depending on the invariant mass M and

integrating os θA ≥ 0 for µ
5

= 100, 200 and 300 MeV.

The vauum ρ peak hides the seondary one for µ
5

≃ 100 MeV due

to its large width. For ω, all the peaks are visible.
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Angular analysis of V → ℓ+ℓ− deays

CASE A

We also present the ombination of the ρ and ω hannels. In this

ase, the total prodution is normalized to PHENIX data.

Combination of ρ and ω spetral funtions depending on the

invariant mass M and integrating os θA ≥ 0 for µ
5

= 100, 200 and

300 MeV.
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Angular analysis of V → ℓ+ℓ− deays

CASE B

Angle θB between one of the two outgoing leptons in the laboratory

frame and the same lepton in the dilepton rest frame.

ρ spetral funtion depending on the invariant mass M for di�erent

ranges of θB for �xed µ
5

= 300 MeV.

The main di�erene with θA is a slightly smaller number of events.

The rest of the analysis is ompletely equivalent.
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The Nambu�Jona-Lasinio model with µ and µ
5

Why NJL?

Cheking LPB in QCD with a �nite µ is di�ult: lattie simulations

with µ 6= 0 present serious di�ulties.

Simpler models reproduing the main features of the theory may be

useful.

NJL vs QCD:

X Chiral symmetry breaking (CSB) and global symmetries

× Con�nement and CS restoration

Previous studies of NJL + µ or NJL + µ
5

, but not inluding both.

We inorporate both hemial potentials in order to �nd the

di�erent stable phases.

Aiming at: �nding a phase where the vauum itself is substantially

modi�ed by µ
5
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The Nambu�Jona-Lasinio model with µ and µ
5

NJL Lagrangian for 2 �avours and N olours (in Eulidean

onventions)

L = ψ̄(∂6 +m − µγ
0

− µ
5

γ
0

γ
5

)ψ

− G
1

N
[(ψ̄ψ)2 + (ψ̄iγ

5

~τψ)2]− G
2

N
[(ψ̄~τψ)2 + (ψ̄iγ

5

ψ)2],

with U(2)L × U(2)R (SU(2)L × SU(2)R × U(1)V ) in the ase that

G
1

= G
2

(G
1

6= G
2

).

2 doublets are introdued: {σ, ~π} and {η ≡ ηq, ~a ≡ ~a
0

(980)} and

shift in the �elds is performed in order to remove the 4-fermion

interations

L = ψ̄[∂6 +m − µγ
0

− µ
5

γ
0

γ
5

+ (σ + iγ
5

~τ~π) + (iγ
5

η + ~τ~a)]ψ

+
N

4G
1

(σ2 + ~π2) +
N

4G
2

(η2 + ~a2)

Domène Espriu P and CP violation in HIC 44



The Nambu�Jona-Lasinio model with µ and µ
5

Fermions are integrated out and �utuations are negleted (mean

�eld approximation) [σ = 〈σ〉, et℄

V
e�

=
N

4G
1

(σ2 + ~π2) +
N

4G
2

(η2 + ~a2)− Tr logM(µ, µ
5

),

where the trae is in the isospin and Dira spaes in addition to a

4-momentum integration.

The fermion operator is de�ned as

M(µ, µ
5

) = ∂6 +(M + ~τ~a)− µγ
0

− µ
5

γ
0

γ
5

+ iγ
5

(~τ~π + η),

with the onstituent quark mass M ≡ m + σ.

In the searh for stable on�gurations of the potential, we will need

the derivatives of the fermion determinant, whih are divergent in

the UV. We use DR and a 3-dimensional ut-o� both at T = 0.
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The Nambu�Jona-Lasinio model with µ and µ
5

Searh for stable on�gurations

We will explore the di�erent phases allowed by the previous

potential by solving the gap equations and analysing the seond

derivatives in order to study their stability. For simpliity, we will

assume a = 0.

Stable phases:

Chirally symmetri phase (in the hiral limit with m = 0 and

µ = µ
5

= 0): σ = 0 [not disussed℄

Chirally broken phase (CSB): σ 6= 0

Parity breaking phase with CSB: σ, η 6= 0

No stable parity breaking phases with π 6= 0 (with or without CSB)

are found.
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The Nambu�Jona-Lasinio model with µ and µ
5

Chirally broken phase

In the CSB phase we �nd the following mass spetrum relations for

any non-trivial µ and µ
5

:

m2

σ −m2

π = m2

a −m2

η > 0,

m2

a −m2

σ = m2

η −m2

π =
N

2

(
1

G
2

− 1

G
1

)
.

The seond equation implies that

1

G
2

− 1

G
1

> 0 if we want to make

an analogy with QCD.
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The Nambu�Jona-Lasinio model with µ and µ
5

Chirally broken phase

Allowed region of G
1

as a funtion of µ
5

with �xed µ and m = 0

for a stable CSB phase (dark region).

Non-trivial behaviour due to the presene of both hemial

potentials.
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The Nambu�Jona-Lasinio model with µ and µ
5

Parity breaking phase

The only possibility for P-breaking is σ 6= 0 and η 6= 0. The main

features are:

Mixing among the σ − η and π − a states. No states with well

de�ned parity.

U(1)A is needed to be broken (G
1

6= G
2

) together with m 6= 0.

M ≃ σ = tant and the dependene on µ, µ
5

is absorbed in η.

Stability requires

1

G
2

− 1

G
1

< 0!!

Reall that in the CSB phase:

m2

a −m2

σ = m2

η −m2

π =
N

2

(
1

G
2

− 1

G
1

)

Stable P-breaking phase =⇒ ✘
✘✘

QCD
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The Nambu�Jona-Lasinio model with µ and µ
5

Transition to the P-breaking phase

Requiring stability to the CSB and the P-breaking phases implies:

1

G
1

(
1− m

M
0

)
<

1

G
2

<
1

G
1

where M
0

= M(G
1

, µ = µ
5

= 0). If m → 0 the inequalities break

down! For µ < Mc
, we have a 2nd order phase transition.
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The Nambu�Jona-Lasinio model with µ and µ
5

Transition to the P-breaking phase

For µ > Mc
the phase transition is a 1st order one. The behaviour

of the ondensates is similar to the previous ase but with some

ompliations.

Transition line from the CSB to the P-breaking phase.

The vertial dashed line is related to a 2nd order phase transition

while the solid one orresponds to a 1st order one.
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What do we learn from NJL?

One should not forget this is just a toy model

A rih phase struture appears

A phase with both CSB and η ondensate appears, but at large

values of µ
5

only. Too large? In QCD?

When this happens the spetrum is very di�erent from QCD
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A bottom-up approah

A soft-wall model with 5D Abelian �elds L and R dual (on the

AdS

5

boundary) to the soures of the left and right 4D vetor

urrents inluding a CS term

S = S
free

[L] + S
free

[R ] + S
CS

[L]− S
CS

[R ]

S
free

[B ] = − 1

8g2
5

∫
d4xdzeϕ

√
gBMNB

MN , B = L,R

S
CS

[B ] = −k

∫
d4xdzǫMNABCBMBNABBC

AdS

5

metri:

ds2 =
R2

z2
(dxµdx

µ − dz2), µ = 0, 1, 2, 3

The onstants g
5

and k are �xed by mathing to the ultraviolet

asymptotis of the two-point vetor orrelator and to the axial

anomaly

g2
5

R
=

12π2

Nc

, k =
Nc

24π2
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A bottom-up approah

In terms of the vetor, V = (L+ R)/2 and axial-vetor

A = (R − L)/2, �elds the free and CS parts of the ation are

S
free

= − 1

4g2
5

∫
d4xdz

eϕ

z

(
V 2

MN + A2

MN

)

S
CS

= −k

∫
d4xdzǫMNABCAM (VNAVBC + ANAABC )

If one wishes to provide onservation of the 4D vetor urrent the

Bardeen surfae ounterterm is neede

S
B

= 2k

∫
d4xǫµνλρAµVνVλρ

Then one obtains the standard result for the ovariant anomaly

∂µJ
V
µ = 0, ∂µJ

A
µ = 3kVµν Ṽµν + kAµν Ãµν ,
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A bottom-up approah

Embedding the hiral hemial potential

We assume for the vauum expetation value of the axial vetor

�eld that

〈AM〉 = 〈Az〉 = µ
5

x
0

f (z)

where the shape funtion f (z) will be spei�ed later.

For the vetor part of the ation

S =
R

g2
5

∫
d4xdz

(
−eϕ

4z
V 2

MN + ξµ
5

f ǫ05ABCVA∂BVC

)

ξ =
2kg2

5

R
= 1. In the axial gauge Vz = 0 the equation of motion

reads

∂z

(
eϕ

z
∂zVµ

)
− eϕ

z
∂2µVµ − 2µ

5

f ǫmik∂iVk = 0.
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A bottom-up approah

EOM

Fourier transform and assume the ansatz Vµ(p, z) = εµv(z). De�ne

F̂ = ∂z

(
eϕ

z
∂z

)
+

eϕ

z
p2

The EOM for vetor �elds reads

(
F̂~ε+ i2µ

5

f ~p × ~ε
)
v = 0

The physial spetrum is given by the eigenvalues p2n = m2

n of

normalizable solutions. However, the last term indues mixing

between di�erent polarizations.

Diagonalization is possible with the help of the projetors

P̂
‖
ik =

pipk

~p2

P̂±
ik =

1

2

[
δik −

pipk

~p2
± i

|~p|ǫiknpn
]
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A bottom-up approah

EOM

The EOM take the form

F̂ v‖ = 0

(
F̂ ± 2µ

5

f |~p|
)
v± = 0

Thus, the longitudinal and irular polarizations will have di�erent

masses, the latter being dependent on the momentum.

The simplest SW model resulting in Regge-like spetrum is given by

ϕ = −λ2z2

Consider the longitudinal polarization. De�ne

v(z) = eλ
2z2/2√zψ(z)

−∂2zψ
‖
n +

(
λ4z2 +

3

4z2

)
ψ
‖
n = m2

nψ
‖
n.

The mass spetrum is given by the orresponding eigenvalues

m2

n,‖ = 4λ2(n + 1)

the parameter λ ontrols the slope of the radial Regge trajetory
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A bottom-up approah

Cirular polarizations

To obtain the spetrum of irular polarizations we need to speify

the funtion f (z). A simple possibility is given by the ansatz

f =
b

2

e−λ2z2

z
.

b is a dimensionless onstant. After the substitution

−∂2yψ±
n +

(
y2 +

3

4y2
± bµ

5

λ2
|~p|

)
ψ±
n =

m2

n,±

λ2
ψ±
n

The eigenfuntions remain the same as before but the mass

spetrum is shifted,

m2

n,± = 4λ2(n + 1)± bµ
5

|~p|.
Thus, the massive vetor �elds split into three polarizations with

masses mn,− < mn,‖ < mn,+.

This formula an be onsidered as a generalization of our previous

results to the radially exited spetrum.
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Conlusions

P- and CP-odd e�ets not forbidden by any physial priniple

in QCD at �nite temperature/density.

Topologial �utuations transmit their in�uene to hadroni

physis via an axial hemial potential.

P- breaking leads to unexpeted modi�ations of the

in-medium properties of salar and vetor mesons.

LPB has an in�uene on the observed dilepton spetrum in the

LMR of PHENIX and STAR.

Some observables may allow us to establish P- and

CP-breaking unambiguously.

Experimental ollaborations should hek this possibility.
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Thank you for your

attention!
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E�etive salar/pseudosalar meson theory with µ
5

Axial-vetor ondensation

The inlusion of the singlet axial-vetor meson hµ ≡ h
1

(1170)
oupled to quarks via

∆L = −1

4

hµνh
µν +

1

2

m2

hhµh
µ + q̄γµγ5(ghh

µ + δµ0µ
5

)Iqq

mixes and renormalizes the bare axial hemial potential due to

ondensation of the time omponent hµ ≃ 〈h0〉δ0µ (like

ondensation of ω for baryon hemial potential). The e�etive

hemial potential now is µ̄
5

≡ µ
5

+ gh〈h0〉.
The stationary point equation allows to relate the bare and e�etive

axial hemial potentials

µ̄
5

[
1+

4g2h
m2

h

v2q (µ̄5)

]
= µ

5

.

In the mass-gap equations for vq, vs the e�etive axial hemial

potential µ̄
5

must be used!!
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Angular analysis of V → ℓ+ℓ− deays

The L,± ontribution for vetor mesons deaying into leptons

before applying experimental uts is given by:

dNǫ
ee

dM
≃ cV

α2ΓVm
2

V

3π2g2M2

(
M2 − n2Vm

2

π

m2

V − n2Vm
2

π

)
3/2

×
∑

ǫ

∫ ∞

M

dk
0

√
k2
0

−M2

ek0/T − 1

m4

V ,ǫ(
M2 −m2

V ,ǫ

)
2

+m4

V ,ǫ
Γ2
V

m2

V

,

where nV = 2, 0; |~k | =
√

k2
0

−M2

and M2 > n2Vm
2

π. cV absorbs

ombinatorial fators di�erent for ρ and ω, µ and �nite volume

suppression. Empirially for µ
5

= 0 the ratio cρ/cω ∼ 10 holds.
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Angular analysis of V → ℓ+ℓ− deays

LPB polarization analysis

We will perform a two-dimensional study of the deay produt with

the dieletron invariant mass Mee and one of the angles θA or θB

The overall onstants cV are hosen so that after integrating the

entire phase spae (exept for experimental uts) the total

prodution at the vauum resonane peak is normalized to 1:

Nθ =

∫
∆θ

dN
dMd os θ (M, os θ) d os θ

∫ +1

−1

dN
dMd os θ (M = mV , os θ)d os θ

.

This hoie will help us to quantify the number of events found

when the phase spae is restrited by our own uts in θ.
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Angular analysis of V → ℓ+ℓ− deays

CASE A

Dealing with quantities smaller than 10% may be triky. The main

information is foused in os θA ≈ 1 so we integrate up to this

value in wider bins.

ρ spetral funtion depending on the dieletron invariant mass M in

vauum (µ
5

= 0) and in a parity-breaking medium with µ
5

= 300

MeV for di�erent ranges of θA.

Optimization proess required in every di�erent experiment.
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