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Chiral Imbalance in Heavy lon collisions
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. Chiral charge generation

From initial stage to hadronization: chiral imbalance vacuum

Effective scalar and vector state lagrangians
with chiral chemical potential

. Direct observables of P(CP) parity breaking without E.-M. background

. Shall / can we measure them?



In search for local parity breaking

in heavy ion collisions

Parity: well established global symmetry of strong interactions. Reasons to
believe it may be broken in a finite volume?!

@ quantum fluctuations of ¢ parameter ( P-odd bubbles [T. D. Lee
and G. C. Wick ...]: their manifestation in Chiral Magnetic Effect
(CME))|D. E. Kharzeev, A.Zhitnitsky, L. D. 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, J.Bjorken
......A A, V. A Andrianov & D. Espriu]

@ DETECTION: vector meson masses depending on their polarizations
A.A., V,A.Andrianov, D.Espriu, X.Planells, Phys. Lett. B 710 (2012) 230,
Phys. Rev. D, 90 (2014), 034024)

Polarization asymmetry in pion-gamma production
M. Kawaguchi, M. Harada, S. Matsuzaki, R. Ouyang ,
PHYS. REV. C 95, 065204 (2017) ........(generalization in this talk)



Induced chiral Imbalance

The exact law in QCD, the partial conservation of axial current (broken
by gluon anomaly)

N

o M - o
d,u.JS — 2;’qu5 - ﬁ

d, K"

predicts the induced axial charge (for small quark masses m, ~ 0)

d
dt (qu — 2N¢ Ts) ), G = f dgxa%%q = <NL - NR)
vol.

. Chiral imbalance
to be conserved during Tgepai-



1

— a2
871— vol.

Ts d> xejpTr (Gfakc’ - :%Gj G"G’)

it may survive for a sizeable lifetime in a heavy-ion fireball

(ATs) #0 for At =75 0pq =5+ 10 fm/c;




Topological number fluctuations 1n QCD vacuum

ITEP Lattice Group

P. Buividovich, M. Chernodub, E. Luschevskaya, M. Polikarpov



Topological vs. Chiral chemical potentials

. QCD with a topological charge (ATs) # 0 can be equally
described at the Lagrangian level by topological chemical potential pg or
by axial chemical potential pus

1 1

ATs) ~ —(QF ~ —
< 5} ZNF {Qﬁ} — 5 ZNFHE?

A.A., V,A.Andrianov, D.Espriu, X.Planells, Phys.Lett. B 710 (2012) 230



Chiral magnetic effect

Topological Charge + Magnetic field =
Chirality + Polarization =

momenfum

O

O

Q < -1: Positively charged particles move parallel to magnetic field,
negatively charged antiparallel

... = Electromagnetic Current

P- and CP-odd effect --> Chiral Magnetic Effect: Khareav Mol arran & HIW ('nR)

D.Kharzeev, L.McLerran, K.Fukushima, H.Warringa,...
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Azimuthal Charged-Particle Correlations and Possible Local Strong Parity Violation

(STAR Collaboration)
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Asymmetry
comparison:
STAR vs. PHENIX

o

<COS(,+¢,-2Pgp)>

o

0.005

0.004

0.003F

0.002F

0.001

-0.001

-0.002

-0.003F

- PHENIX preliminary
E Au+Au 200GeV 10~30%
E Ppyy(n=1.0~2.8)

e (+,-) pair
F ® (+,+) pair
- ® (—,-) pair

C " T agee—
" PHENIX

PRRP] [P U U (ST SO [ T OO R ot Y

E 30~50%
[ @py (1 =1.0~2.8)

o (st

STAR ++,——

0.005]

0.004

0.003[

0.002

0.001f

-0.001

-0.002F

<0.003|

= PHENIX preliminary

F Au+Au 200GeV 10~30%
E DPppcempc (N =3.0 ~3.9)
. m (+,—) pair

E W (+,+) pair

- m (—-) pair

T —
" PHENIX

- 30~50%
F Pppceype (1 =3.0~3.9)

i[5 |

E /¢ | STAR ++,——

it

1] 0.5 1 15 2

fied | Ll T el S [ S
3 05 1 15 2

<pr> = (Pry*Pr,)/2 (GeVic)

o

Close examinations revealed that the INTERPRETATION of
the nice data is complicated by backgrounds.

[Bzdak, Koch, JL; FQ Wang; Pratt, Schlichting; Teaney, Yan:...]

Several backgrounds were identified:

transverse momentum conservation;

local charge conservation;

dipolar fluctuations; ...




Generalized “Ohm Table” for QGP

j o o sy E
jS OxeHis Os5H ]:3;

* Chiral Magnetic Effect (CME)

]

= o5 usB

[Vilenkin, 1980; Kharzeev 2004;
McLerran, Fukushima, Warringa; Voloshin....]

Etc. .....

Not in this talk!




How to “measure” parity odd effects theoretically?
Chiral chemical potential/chiral flow vector

1 - _
Liv = EnaAg(:r:)Fo" () + by (x) sy (o)
Vector mesons Fermions
Scalars?
Split transversal . o .
polarizations in masses Split positive and negative
fermion helicities in masses
k2 — -m%:, +vD =0
2 2 2
Dz(n-k‘)z—n?’kg P0:(|ﬁ|3|:bo) +m

Lorentz and CPT violations from Chern-Simons

modifications of QED
jhep022002030,

Alexander A. Andrianovi Paola Giacconi and Roberto Soldati



Large chiral imbalance

>

Hadronization:
phase with chiral imbalance
inherited from quark vacuum

<1 fmlc 1 fm/c <7-10 fm/c

Vacuum quark-hadron continuity ( Fukushima talk!)



Topological vs.Chiral chemical potentials

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

@ For u,d quarks 1/my ~1/5 MeV~! ~ 40 fm > 7
left-right quark mixing can be neglected.

k 1/ms ~1/150 MeV~! ~1fm < Tfireball and (Qg} ~ 0
aue to lert-right oscillations.

reball and the

For u, d quarks QCD with a topological charge (ATs) # 0 can be equally
described at the Lagrangian level by topological chemical potential pg or
by axial chemical potential us

1 1
— s (ATs) ~ m(Qg) — M5 = m#éﬁ

ALy = poATs = ALy = ps QY

A.A., V,A.Andrianov, D.Espriu, X.Planells, Phys.Lett. B 710 (2012) 230



Effective meson theory in a medium with LPB

@ Scalar (and pseudoscalar) mesons

The scalar sector can be estimated by using the spurion technique
in the chiral Lagrangian

D, = D, — *'.{;U'S(-;"Dw }

® Vector mesons
Low energy QCD can be described by Vector Meson Dominance. In
this framework, the following term appears

AL~ T [V Vo

with gi,: = Er_‘iﬂg for a spatially homogeneous and isotropic
background (~ = isospin content) and ¢ o js.

Two different cases of isospin structure for /us5:
» lIsosinglet pseudoscalar background (T > ) [RHIC, LHC]
» Pion-like (isotriplet) background (not considered) (;« > T)
[FAIR, NICA]



QCD inspired effective meson lagrangian (SU(2) case)

C
1 . b M?
L= Tr(D,H (D"H)") + 5 Tr [m(H +(8) + —Tr

- %Tr [(HH')?] — i[Tr (HHN? +

urrent quark mass

(HH)
H=&XE
detH—l— det HY)
\’Z v+ o+ aj V2 at
| V2ay v40o—al

scalar mesons (isosingles + isotriplets)

iL,H+iHR,

pions
77 7!
= &€ = exp ( - ) = [\m—
D.H = 0,H —
R,u — EQem.iq,u Pi’i"ju,ﬂ Loyo

’C,u — € Qem-f:lp, 2><2
‘  Chiral chemical

potential
= time-component
of axial field



Mass spectrum in vacuum

Take

ps = 0, M = 300 MeV, v =92 MeV
Obtain

my = 139 MeV. m, = 980 MeV, m, = 500 MeV, m = 5.5 MeV,

for

A\ = 16.4850, Ay = —13.1313, ¢ = —4.46874 x 10* MeV2, b = 1.61504 x 105 MeV?




Mass spectrum

O 1NesO1l,

2

1 1.2 2
sodto —sm;o

Neutral meson sector,

1 0 0 1 0 0 1.2 ¢ 0n2 1.2 7. 0\2 - 0.0
3 Ouag ag + 3O, mOHTT — smy (ag)” — smg (77)7 & 4ps Thag

Charged meson sector,

duag Mag + Gum~ 7t —mlagag —mim T — 4ps ’J;T+ﬂ-u_

( = —2 (M? —6(\ + Xo)v” + o+ 23 )
_ —2 (M? —2(3)\ + A)v” — e+ 213 )
mass matrix

chiral condensate v




In the above model quark condensate is governed by the decay constant v

ﬂ—ﬂ

T =158 MeV

::fpw}

100

98

vius) (MeV)

160

0 500 1000
us, MeV

1500

2000

SU(2) effective
Lagrangian
this talk

NJL model
V.Braguta, A.Kotov.
PRD, 93,105025(2016)

SU(2) QCD

V.Braguta et al
JHEP 06 (2015) 094)




Masses with chiral imbalance

1 o o
Mg — 5 (16 pi +m? +m? — \/{lﬂ,ug +m2 +m2)? —4 (m}; m2 — 162 |E:|5’) )
: 1 B
Meppy = 3 (15;@ +m2 4+ m2 + \/{lﬁ,ug +m2 +m2)? —4 (mg m2 — 1642 |k|3) )

When || > myms/(4ps) = ke mz;;_<0 but no instability!

“tachyon” in flight



Effective masses of scalar and pseudoscalar states states
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Mixing of scalars and pseudoscalars and their decays
( depending on velocity )

ag =Cyza+ Cuzm, m=Crza+ Crim, o 1 . m2 — m?
+ = —= :
3 _ 3 _ 2 22 2
Caé — lCTl'ﬁ' — C—l— Caﬁ‘ — _lcﬁé = —C_ \/§ \/(nla - n]w) + (81“51(0)
08 0.8
0.6 = 1€ ;1=Calmenr-) 0.6 = 1G, 71=C(menr-)
J' — IC, A1=C_(mer-) J G RIC ()
0.4 — 1€, ;1=Calmerrs) 04 T 16 I=Celomenr.)
— |C ~|=C_(mers) — 1€, ;1=C(merrs)
0.2 0.2
0.0 U'00 200 400 600 00
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Decays with chiral imbalance: P-even vertices

/ / - /
ar e 1 1 (C-(g3,)C+(a0’) — C-(a0’) C+(ad,)” |a'|*

dQ  2(27)%2f, (qo,) f-(qp_(q’)) \/|q‘2+‘qf*‘z_z‘q||q’*|c089 1Z|

(s w2+ 2/l w2yl P+ (0D~ 2lal ' cost

Z:

—la’| + g cos b B a’]
. 2 8 112
\/‘q |2 + |qf|2 — 2 |q| |q’| cos \/|q,| + Ingﬂ‘* (1 T2 é(méimﬁqtlﬁ,ug))

mZg

32qo_p2
Vv (8ao yi5)% + (m2 — m?2)?

f (qo_) =2qo_+
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Decays with chiral imbalance: P-even vertices
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Exotic meson decays and polarization asymmetry in hadron environment with a chiral imbalance

Wess-Zumino-\Witten action

Describing of anomalous decay of strong interaction 7 — ~~
and other interaction: v7— — 7’7~ and v — 77w

9 T a AT
6—*&" - . \ ZE?‘/-['S*'\IC. (:r)\p P + -~ _
s 0, AN AT (1) T €0 A, 0,7 o (2)
24w f P~
Y -
Ty D
?T,ag aO ,/’
_______ *_______ _— e = = P == = == -
q i q I
14
14
=y, ag =7 ay — 7y



Wess-Zumino-Witten action

W= o / dx; / At Tr [ FLFY, - L EY,

1 1
—§J,u F;Ifg U(Xs)FE{p Uf(x5) - §J,u FB; UT(X5)F£,9 U(x5)
+HiFy, i, iy st + iudidaini,

The two vertices are of most interest.

ie jisN¢
672 v2

\

M. Kawaguchi, M. Harada, S. Matsuzaki
and R. Ouyang, 1612.00616 [nucl-th].

2
e N = . .
° € BUoAp ()O.A)\ 0{/ A pWO

5!'_7A‘O I F+ a9 _—
€4 Ap()gn ())\n — A2y

More inspirations of chiral effects induced by WZW action see in:
K.Fukuzhima and K.Mameda, Phys.Rev. D86 (2012) 071501
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M. Kawaguchi, M. Harada, S. Matsuzaki, R. Ouyang ,
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Our prediction:
Scalar resonance
enhancement!
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PHYS. REV. C 95, 065204 (2017)

processes are parity conjugate:

() + v(§) — 75(1) + po(k),
= (—p) + v(=q) — 75 (=D + y_(—k),

where & attached on photons in the final state denote
photon helicities.

asymmetry (.4) can be evaluated as

o .f'\-'r+ — p[.f'll'l-":-]
XN+ PING

where A; stands for the number of events per the phase space,
dE, dcost dg, for the parity conjugate processes

with the helicity A and the photon energy E, in the final state.
The symbol P acts as the parity conjugation projection. The
denominator represents the total number of the 7=y emission
events with unpolarized photons per the phase space.

s ) -E."f
2 x
200 MeV 1 GeV

A

. -ufiErrNc ~0

s-channel
A |ma.;r. _ 6H2f$



Asymmetry in photon polarizations
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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
Line = Vg Vi = —eAuQ + Sguwul + Sg0PuTs,
where @ = 22 + 2, go > g, =g ~6.

In this framework, the following term is generated in the effective lagrangian for
vector mesons

AL ~ g"PTTy [&F, V. vpg]

with (f# = 55#.:. for a spatially homogeneous and isotropic background (~ =
isospin content) and ¢ o ps.
Two different cases of isospin structure for us:

» lsosinglet pseudoscalar background (T > u) [RHIC, LHC]
» Pion-like (isotriplet) background (x> T) [FAIR, NICA]




Effective meson theory in a medium with LPB

Massive MCS electrodynamics for vector mesons

Lucs = — 1 F(x)Fas(x) + 1 m® A (A" (x) + 1 GuAL()F # (x) + g f.
In momentum space wave Eqgs.

{ [g‘)‘”(kz—mz)—k‘;k”(+)££)‘”“-ﬁg”&klg}a;h(k)zﬂ
k d) k) =10

Energy spectrum:
Transversal polarizations
KFel(k) = (k? —m+ \/ﬁ) et (k);

wi,+ = VK+m?xGlk]; ¢ =(.0.0,0)

Longitudinal polarization

Wk, L = \Ikz-l—mz



Vector Meson spectrum in PB medium

After diagonalization of mass matrix

my = my —eClk| = [¢],

where ¢ = 0, £1 is the meson polarization.

The photon itself happens to be unaffected by a singlet é

The position of the poles for £ polarized mesons is changing with wave
vector |ﬁ_<*|

Massive vector mesons split into three polarizations with masses

2 2 2
my . <my <my_.

This splitting unambiguously signities LPB. Can it be measured?
— dilepton production in HIC from the decays p,w — eTe™

More details in

A.A., V.A. Andrianov’s, D. Espriu and X.Planells, Phys. Lett. B 684 (2010) 101;
B 710 (2012) 230,...



Manifestation of LPB in heavy ion collisions

p spectral function
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(115 = 290 MeV) compared with ( = 0 (shaded region).




dN/dm,, (¢*/GeV) IN PHENIX ACCEPTANCE

Data/Cocktail

Hints in dilepton excess?
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@ Au-Au minimum bias measurements: strong excess at low masses for

PHENIX after all expected sources are included



Thus arises the question.

Can these effects somehow be registered in the experiments with heavy ion
ccr)lllisig?ns and thereby assert about the existence of the local parity breaking
phase”

(details see A.A. Andrianov, V. A. Andrianov, D. Espriu, and X. Planells,
Phys. Rev. D, 90 (2014), 034024).



Observables sensitive to P-odd effects

« We study the angular distributions for the polarizations in the mentioned
reactions when the angle between the two outgoing leptons in the decay of

meson constrained with the laboratory frame. et

2
MQE;A

e

In order to select the transverse polarizations in the spectrum, we
will perform the different cuts for each angle and study the
variations of the \rho (and \omega)- spectral function.
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Conclusions and outlook

. Topological charge fluctuations transmit their influence to hadron
physics via axial chemical potential: in this way local parity
breaking (LPB) occurs in hadron sector

. LPB enhances dynamical chiral symmetry breaking in QCD:
chiral condensates, critical temperature of chiral symmetry
restoration are increasing with chiral chemical potential

. Axial chemical potential triggers parity-odd condensation for large
baryon chemical potential in first-order phase transitions (“chiral
catalysis”)

LPB modifies dispersion laws for scalar and vector mesons:
lightest “pseudoscalar’ mesons tend to massless states in flight,
vector meson polarizations split with different in-flight masses

. There are observables unambiquously indicating LPB
(ALICE LHC?)




