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Outline of the talk

. Chiral imbalance in QCD : how to measure it
in central and non-central (CME) collisions

. Chiral (Gasser-Leutwyler) lagrangian
in chiral imbalanced hadron medium

. Mass-shell distortion for pions and their weak
decay suppression, a chance to measure chiral
imbalance

. QCD inspired sigma model (SU(2) case)

. Confronting chiral imbalance corrections
for the chiral lagrangian and the linear sigma model

. Perspectives to register ClI



Bubbles with TC alternating in signs
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it may survive for a sizeable lifetime in a heavy-ion fireball of finite volume

Typically (ATs) #0 for At~ Tivaba]] = o510 fm/c;




Induced chiral imbalance

For the fireball lifetime one can control the value of (A Ts) by a
topological chemical potential 11y via ALy, = p1gA Ts
The partial conservation of axial current (broken by gluon anomaly)

N
O, I — 2imgJs = 2—"() KH

predicts the induced chiral charge (in the chiral limit m, >~ 0)

d -
dr (Q5q — 2N TE) oo, Q5q = / daxqf‘mng = (NL = NR)
vol.

Chiral imbalance
to be conserved during Tfirepan.
Thus QCD with a topological charge (A Ts) # 0 can be described at the

Lagrangian level equivalently by chiral chemical potential s
(ATg) = _<Q5‘i‘> ALy = jiph Ty = ALy = Q7

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



Sizeable Chiral Imbalance: how to measure?

[

Hadronization:
Hadron vacuum with Chiral Imbalance
inherited from quark vacuum with CI

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

Quark-hadron continuity during hadronization
through crossover ( K. Fukushima et al)




CHIRAL MAGNETIC EFFECT = =
Not possible to measure chiral imbalance J = J5ﬂ5B

or magnetic field separately A 4
Two inputs

-

Azimuthal Charged-Particle Correlations and Possible Local Strong Phrity Violation

(STAR Collaboration)
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Chiral Lagrangian with chiral chemical potential

The Chiral Lagrangian for pions with a chiral imbalance is implemented
with properly constructed covariant derivative

D, = D, — i{lgusdoy.*} = 140y — 2il 4150,

In the large N. approach the SU(2) Chiral Lagrangian in the strong
interaction sector reads,

E2 5
Lo = TU < " + xTU 4+ xUT >,

where

Jju = UT, U, the chiral field U = exp(i7/Fo).

the bare pion decay constant Fy ~ 92MeV/, \(x) = 2Bys(x)
the tree-level pion mass M2 = 2By, 4.

The constant By = —(qGq)/F; determines the chiral quark condensate



Gasser-Leutwyler lagrangian in a medium with chiral

imbalance

For SU(2) one has a reduction of the dim=4 GL lagrangian with chiral
imbalance,

1 . o 1 o L 1 ..
L, = 1;'1 < gt =< i’ > +EJ’2 < Judv >< 47 > —E,’a {jpjp()(TU—F)(UT) >

J. Gasser and H. Leutwyler,Annals Phys. 158, 142 (1984)
resulting in

ALa(ps) = —ps{8(h + k) < j°° > —4(h+ k) < jijk > =l < x U+ U >}



Distorted dispersion law

Dispersion law in energy p® and three-momentum |j] for the pion mass shell

D (us) = (F§+32u5(h+hk))ps — (F§ +1615(h+k))|pI> — (F§ +4lspz)mi — 0

In the pion rest frame
B D 2 2 D D P’é 2
Fr(ps) >~ Fo +32us(h+k);  mx(us) ~ (1—43(8(11%'2)—"4)) m(0), (1)
0

I.e. the pion decay constant is growing and its mass is decreasing in the chiral

media.
In the large N. expansion the empirical values of the SU(2) GL constants are

J. Bijnens and G. Ecker, Annu. Rev. Nucl. Part. Sci., 64, 6.1 (2014)

I =(—04406)x107> 5 =(86+0.2)x1073;
I+ =(82408)x107% [; =(2,64+£0.01) x 1072

if neglecting the RG logarithm contributions log (mﬁ/,u) ~ 0



Suppression of charged pion decay

The predicted distortion of the mass shell condition can be detected in decays
of charged pions when the effective pion mass approaches to muon mass.

Let us find the threshold value for the 77 — v decay. If a charged pion was
generated in chiral medium its mass is lower than in the vacuum and the
condition for its decay reads,

5 ) — 2 2
[L5 2 2 2 2 diF |P[” + Mo,
1 —16(/ f—)( n)l"’ ~ 2
( ( e 2) FE? |P| T Mo, == |p| + iy, 16)(_,{% - mgsﬂ' == mfi -

where we use the relations 4(h + L) ~ /.
The decay channel is closed for |p]* ~ 0 if us ~ 160MeV/. For pions in flight
the threshold value is lower ;5 < 160MeV. The cutoff approaches to zero.

It must be detected as a substantial decrease of muon flow originated from

pion decays in fireball.



Wess-Zumino-Witten action

Describing of anomalous decay of strong interaction = — ~~
and other interaction: v7#— — 77~ and v — 77w
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K.Fukushima and K.Mameda, Phys.Rev. D86 (2012) 071501

M. Kawaguchi, M. Harada, S. Matsuzaki, R. Ouyang, PHYS. REV. C 95, 065204 (2017)
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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.
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Asymmetry in photon polarizations
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Extrapolation to higher masses: Linear Sigma Model with

chiral imbalance for pions and scalar mesons

Let us compare the above constants with predictions of the Linear Sigma
Model. It describes pions and extends chiral imbalance phenomenology on
1sosinglet and isotriplet scalar mesons.

A. A. Andrianov et al, Phys. Part. Nucl. Lett.15,357 (2018); EPJ Web of Conferences, 191, 05014
(2018). A. A. Andrianov, D. Espriu, and X. Planells, Eur. Phys. J. C, 73, 2294 (2013).

1 wopt o Bo P M i
L = NC{E < (DpH (D" H) >+7 <m(H + H >+T < HH' >
A1

- 5 < (HH™)? > —’:—2 < (HH') >? +§(detH+ det Hf)},
where H = £ X £ is an operator for meson fields, X includes the singlet scalar
meson o, its vacuum average v and the isotriplet of scalar mesons a3, a; . ag ,
the covanant derivative of H contains the chiral chemical potential s, £
realizes a nonlinear representation of the chiral group SU(2), x SU(2)g,

&£ =U.

From spectral charactenistics of scalar mesons in vacuum one fixes the
Lagrangian parameters, A; = 16.4850, A\, = —13.1313,

c = —4.46874 x 10°MeV?, By = 1.61594 x 10°MeV?



Mass spectrum
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Parity breaking mixture
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 ?'r+a.a
( = —2 (M? —6(\ + Xo)v” + o+ 23 )
_ —2 (M? —2(3)\ + A)v” — e+ 213 )
mass matrix
and 2bm
chiral condensate ) U
M? 4+ 2p2 +c b
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M? + ¢ 2
F2(us) ~ -

_|_
2001+ A2) (A1 + Ag)



Comparison |

The change of pion coupling constant Fy as compared to the ChPT definition,

AFz: 1
2 A+ A2

~03 wvs 32(h +h)=0.26.

It Is a quite satisfactory correspondence.

Analogously, in the rest frame using the pion mass correction,

m2 (s )F2(ps) =~ 2myBo Fr(1s) one finds the estimation for
1

L ~2.64x107% vs ~3.8 x 1072,
A 8% )

wherefrom one guesses the relation 4(h + h) ~ Iy following from the LSM.



Comparison |l

For moving mesons with |p| # 0 and the CP breaking mixing of scalar and
pseudoscalar mesons the effective masses mﬁﬁr:F take the form,

1
me_ = = (16”3 +m: + ms — \/(16;:.3 +m3 + m2)2 —4(m2 m2 — 1642 |p]?) ) ,

My = % (16#3 -, \/(16;:.5 +mi+m2)2 —4(m3m2 — 1642 |pJ?) ) :

For small 2. m% < m? ~ 1GeV/? one can approximate the dependence on the
wave vector p

Then the relationship of isotriplet scalar mass and GL constants is

_h
vVh + bk

which confronts the PDG value with a remarkable precision.

~ 1GeV,

ms; =
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Mass spectrum in chiral imbalanced medium
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Conclusions and outlook

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

2. The constants of Chiral Perturbation Theory may enhance
predictivity of low-energy pion dynamics in the chiral imbalanced
medium

3. LPB modifies dispersion laws for scalar (and vector) mesons:
lightest “pseudoscalar” mesons decrease masses in flight

4. There exist observables unambiquously indicating LPB
(STAR, ALICE LHC, NICA, FAIR):
suppression of charged pion decays into leptons,
asymmetry in pion polarizabilities,
exotic scalar/pseudoscalar meson decays breaking space parity
etc.







In the above model quark condensate is governed by the decay constant v
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V.Braguta, A.Kotov.
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V.Braguta et al
JHEP 06 (2015) 094)




Extended chiral lagrangian in the chiral imbalance background

ANNALS OF PHYSICS 158, 142-210 (1984) J.Gasser, H. Leutwyler

2
Lo = FTtI [d, Ud*U + xTU + xUT] + Ctr [QrUQLUT]

d, U =3,U — i(, M;QRA# +a,)U +iU(v, + QLA, — a,)

External e.m.charges

’4 (U U Y (d, U dyU)

T4
z
=TT AU ) + (@ Uy + d xtd,U)

Y
=
3
h..
S.

Lyt =

!fﬁ

JUGH#UTY + — (GR d*Ud"U* + G, d*U*d"U)

——= (U -U X + §(h + h3) (x " x)
+:,}5( h) — h3) Re (dety) — hz(GipGR”p + GilvGLM}'



32x? M?

One loop renlormalization of chiral lagrangian of G-L

IEZIF“}‘}’EA, ]'.I 1,..., 7
ho=hi+8,4, i=1,273

I

A=(dn)"2p " )

1
7 (Indn +I"(1)+ 1)
=1 =2 — =
’ V3= — 7, Ya= 4, Vs 63 76 3
(51:2, 52=%, 53=0.
_ For the subtraction scale p = 0.77 GeV,
L(p)—In—=.
[T "'rf
w?

= 3.42

¥, =0



Fits of constants

G. Colangelo, J. Gasser, H. Leutwyler Nuclear Physics B 603 (2001) 125-179

¢, =—0.440.6, (r=43+0.1. (4 =4.44+0.2.

Aoki S. et al FLAG working group arXiv:1607.00299 [hep-lat]
give similar results for /.

G.~Ecker, J.~Gasser, A.~Pich and E.~de Rafael,

n ration
From resonance saturation - "\ Phys.\ B {\bf 321}, 311 (1989).

512—0.7, ggES.O, {3~ 1.9

=
e
12
L
g



Effective meson theory in a medium with LPB

@ Vector mesons

Low energy QCD can be described with the help of Vector Meson Dominance

o A 1 1
Lint = gV V:q; Ve = —eAuQ + ng"-‘-’pﬂ * EgPPiTL

(Vi,a) = (’qw o Pi)

— 1 ~ — g ~
whEr?Q—%—l—E,gw_gpl_g_ﬁ.l | | |
In this framework, the following term is generated in the effective lagrangian for
vector mesons

AL vu gV [Eﬁ V. Vpg]

with ffH = fﬁpg for a spatially homogeneous and isotropic background (* =
isospin content) and ¢ o< us.




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

6 x 10%(-5)

p channel y L
51 1':' ['5) B C - 400 h{[ev ll:-; II L s |
sum —

sxios)| T = 220 MeV | J

Py > 200 MeV/ |
q_,_;_ 3 x 1{].\{_5} - _-;II ':Ii ]
:‘; :gﬂ e | {: D - 3 5 I ,." ":I:.

2y ID“:‘E} 1 I-'.l #1,1-‘ ! |

i - : + .". I\:Il"-.t,
1 x 10%-5 A,
10%(-5) 7 Fa \\M’“
ﬂ o = "‘-.-- .":-._______ o
200 400 600 800 1000 1200

M,. (MeV)
Polarization splitting in p spectral function for LPB ¢ = 400 MeV
(115 = 290 MeV) compared with ¢ = 0 (shaded region).

Unfortunately the splitting is strongly contaminated by thermal effects



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:

D.Kharzeev, L.McLerran, K.Fukushima, H.Warringa,...



Topological number fluctuations 1n QCD vacuum

ITEP Lattice Group

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



Extended chiral lagrangian with virtual photon loops

Nuclear Physics B 519 (1998) 329-360, Marc Knecht, Res Urech

L=Lp + LY+ gy* v, (x) +ysa,(x)1g — gls(x) — iysp(x)1g

+Ap.f?7"{QL(x) (1 —2y5) + Or(x) (1 J;ys) }q*




Loy = F{k (U d,U)(Q?)
+ho(d*U*d,U) (QUQU™)
+k3 ((dPUQUY(d, U QU) + (d*UQU*)(d, UQU™))
+ka(dHUTQU)(d, UQU™)
+ks(x U + U x)(Q?)
+ks(x U + Ut x)(QUQU™)

+h (XU +Ux")Q + (XU + U ) 0)(Q)

+ke{ (YU —Ux")QUQU™ + (x"U - U x)QU*QU)
+ko(d UM (c@),Q1U +d U[(cf0),01U%)
+k1o((cg@)U(cr,Q)U™)

+k11((cr@) - (crRQ) + (cLQ) - (c1O))},



Type: 14 A S Si Total
ZR(M,) —0.88 1.79 0 0 0.91¢(*
Units: x 1073

KR(M)p) -4.6 -2.2 0.4 0 —6.4
KR (M) —4.9 2.2 —0.4 0 -3.1
Kf(M,p) 4.6 22 -0.1 —0.2 6.4
KR (Mp) ~-9.9 4.4 -0.2 -0.5 —6.2
KER(M,) 13.7 6.6 —0.4 0 19.9
Kf(M,) 14.8 —6.6 0.4 0 8.6

R
 C € 0 0 0 0 0
KR (M) 2.8 —22 0 0 0.6
KR (M) —4.7 —4.4 0 0 -9.2
KR 19.0(*) —4.70%) 0 0 14.2()
K 0 2.4 0 0 2.4




Eur. Phys. J. C 17, 623-649 (2000) Large NN. in chiral perturbation theory*

R. Kaiser®, H. Leutwyler”

The covariant derivatives and the field strength t
are defined by

DU =0,U —i(vy + au)U + iU (v, — au),
Dy = 0,¢ — 2{ay), Dpb =3,0 +2{a,)
R, = 0ury, — Oyr, —i[ru,r]

Ly =04, — 0,1, —i[l,,1.],

¥ ¥

whcl:c Tu = U +ay, anc!.fp., = Uy —@y. Tlllc sqmcrwhat
U = eli/3ep. v=1v+0, detU = e~ 17,
. convenient to define the covariant derivative of [
D, U=20,U—i(v, +a,)U +iU(v, — a,),
Gy = ay — %{a”} — %6‘#6’ =a, — %Dpﬁ':

at (UTD,U) = 0. In this notation, the deri
uds

DU = el/3¥ {D#ff + %(ap;z_ﬁ - D#ﬂ)ﬁ} :



£3s = —iLYY* D, 8(UD*UD, U D U)
+ L53*D,0D"9(D, U D"T)
+ L3)*D,6D,6(D*UtDT)
+ L3V D, D" 0(UTy +x'T)
—iL5Y* D, 6(D*Uty — D*UYT)
+iL% 9, D*0(UTx — x'U) (
+iLiy*e"*° D, 0(R,,D,00 — L,, U D,U)

: 1
LiVe =4 (Lg + §L3) +0(1).

] 2 1 1

L%S =3 (Ll + ELZ + ELE‘.) + 0(1),

su. 4 1
Li3® =< |La+=Ls ) +0(1),

3 3

sug 1
Ly,? = §(L4 +3Ls + Lys) + O(1),
L3t = %(QLS +3Lys) + O(1),

L3V = —FY1+ Ay)(1+ A2)(727) ' + O(1),
L3Ys = N.(2887%)~! + %L +O(NTY),



ant part 7,/ and a remainder reads r = 7+ (1/6)D#,
| =1—(1/6)D#. Using the identity (dUUT) = —id#, which

follows from det 7 = e~'? we then obtain
Swzw{U,v,a} = Swzw{U,v,a}
+ /(A+B+P1 + P),

N,

14472
1 1

+ (R L))+ 5 (Fr+ )2 + 5 (Fr — F1)?}.

A=— {(iFRDUDU" + FRUFL.Ut +2F3

T

J.'rsf r - T = 7Tt 7
o c - TITT 7T T
B = —144?T21DH(FRDL s FLUTDU),

_ 1 _ 1
Fp = Fp — §(FR}* Fy, = F1, — §<FL}'

Note that terms proportional to D#((DUUT)?) cancel out
on account of charge conjugation invariance. The term

| T ’
J.Wf CEP:VPCF =

SR { —iD”H{RFPDUETUT—EFPD,:,ETT'{?)}-

9,0, =» H5 O,UD



ref. [1]. In particular, the seven low-energy constants /,,...,/; and the three
high-energy constants k,, h, and h, which specify the general effective lagrangian
of SU(2), X SU(2)y at order p* can be expressed in terms of the parameters
Li,...,Ly H, and H, [2]:

[F=4L +2L,— L,

I5=4L5 - %vg,

15= —8L5— AL%+ 16L5 + 8L5 — L, |
I3 =8L5+ 4L — Ly, ,

lg=Lig+ 557k,

If= =215+ Ly,

j‘l
~ 8Bym,

I (1+2,) +4(L;— Lg— 9L, — 3LE + Lvg),

hi=8L,+ 4L —4L;+2H) — Jv,,
hy= — ﬁLiu_ %le" Eﬁ“”w

1
96’

ht=AL% + 2H — lvg— v + (B.1)



! 1 i lﬁ P=K
p = n + » = ¥ 1
o 32g? ©? 1
_ 1 M | M
= n .
oy 3272 f2 p?
Y2 . w2 4ag2
My = Bym,, My = 3My.
TABLE 4
Values of low-energy constants /..., {; and total resonance contributions for SU(2), x SU(2)g.

We did not work out an error for /. The individual resonance contributions are listed in table 5.

The barred quantities are defined in egs. (B.3) and (B.3).

10% x £1( M)

-6.1+ 39
53427
09+ 38
34457

-52403

—13.7+ 03
7.1

[0.5 GeV,1 GeV] 107 xZniF

[-5.2, 6.7 -36
[7.1,4.2) 4.7
[-0.5,1.7) 1.4
[.8,0.1] 55
[-5.7,—5.0) 6.0
[-14.7, —13.2] ~137

4.5

i

'

-23+37

6.0+ 1.3
29+24
4.3+ 09
13.4 £ 0.5
16.5 + 1.1

Epll=In(M /M2
0,04

5.7

2.6

4.4

14.8

16.5




Resonance contributions /7 and {7 evaluated from table 3 and eq. (B.1).

TaBLE 5

l 7, K v A s 5 n
10% = if ~0 ~4.7 0 0.4 0.7 0
it ~0 —4.5 0 0.5 0.7 0
10% % 1§ ~90 4.7 0 0 0 0
¥ ~0 2.2 0 0 0 0
10° x IF —01 0 0 0.5 1.0 0
iF ~0 0 0 -0.3 — 0.6 0
10° = 1f -0.1 0 0 1.9 3.7 0
ir ~0 0 0 0.3 0.6 0
10° x If ~0 —10.0 4.0 0 0 0
¥ ~0 18.9 ~17.6 0 0 0
10° x if ~0 -138 0 0 0 0
i£ ~0 13.0 0 0 0 0
10° x 1, 3.7 0 0 —~11.2 0.7 11.3




