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Photon instability in pseudoscalar background

For slowly growing/decreasing neutral pion condensate

Na == Fa(ll) = da0(IL(1))

or isoscalar theta field ps = o/ (2Ny) < axial chemical potential

(in central heavy ion collisions)

Induced C-S term 1

AL = ET;E?%A?P% Na = (1,0,0,0)

Adiabatic approximation:

inunits  1/fm ~ f,time derivative of CS vector << photon frequency
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Photons of different circular polarizations have different
dispersion relation between their frequencies and wave vectors

Ky = (wk+, k) Wi 4 = \/ki' +m2 £ n|k|

Effective photon masses k3 = m.?r. +n k| ~+nlk

Photon “-” is atachyon

Photon “+”decays ~— [T

for M~ << Me

Threshold hierarchy!

If for electrons/positrons the threshold is of order 100 MeV then
for muons it is four orders of magnitude higher ,i.e. 1 TeV!

No muon pairs excess in the PHENIX data!? Maybe in NA60?




Five-dimensional interpretation

5-dim abelian gauge field (Ap) = (Ao, ..., A3, A5) = (A, As)
5-dim Chern-Simons interaction Ll = —:'5f:S!TE,I.'EECDEPr'—lgﬂf_jf'-lﬂﬂgf-lp

KK or brane reduction

f — 05 | d'reVTPPA,0,4,0,A5
AELXLZ']':‘*AEU'H]' ( fr TE pUp gty

Time dependent fifth component
As(ry) = As(t) = 6(1) — /rfl.r%?? M Ao A

induces electric field  Gyds = Ex = 6

Pair creation by a 5-dim Schwinger-like mechanism!



Polarizations A=T,L. .+, —

uog, _ 1kF 2
emlk) = — B =0).
T (k) D= ( )
eh (k) = (k2p)~ 12 (.IEET]“—:IE“TIE'IE) (k2 >0)
Sl Gl
(Almost) circular polarizations =i(k) = { 712 W P{" e,
of distorted photons
Ls SP g i kL L x| iar
P = 5 + 572 ghvol Na ks S = e# B Nakgeurpe 1"k
Polarized decay !! v— 1T~



Kinematics

Wkt = \/1{3 +m? £ k| = VP2 +m2+V(p—k)?+m?2

e
a2
________ } 1 sin? f < ng(l—
m;
ot
Narrow cone 0 o < ?}f?-?ﬂg n < 2mg

For muons it is plausible but for ete™ 22




Bounds on lepton momenta

‘ m2 m?
minp_ ~ . <p<maxps ~ k — r—;

Asymmetric!

for k > ki

Decay width 'y =

Constant at high energies !

But the distorted photon is not a proper Breit-Wigner resonance
as its position (effective mass) moves with momentum!



Dilepton pair creation

E *
M[Q2=m$+]%_% Y

J

: T 2% . ar
“Giant” resonance iEﬁ (|E| _ 4”%) 31:+w+(|;~|_] _
with variable position m (M2 — p|k|)? 4+ 4T2 02 (|k|)

F_|_ :T_|_ ~ '~*'~*+|:| |:|—"|If +f.i'||

> K|

. 1_,.-*1“-+;J,-+{|I3|] ~ 1!.-““-4-‘1{9 L= n “On-shell” enhancement in arange of |_k'| !
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FIG. 27:  (Color online) Invariant mass spectrum of e™e
pairs inclusive in pr compared to expectations from the model
of hadron decays for p+ p and for different Au + Au central-
ity classps,

From: 0912.0244v1 [nucl-ex]
(PHENIX Collaboration)

TABLE IX: The enhancement factor, defined as the ra-
tio between the measured vield and the expected yield for
0.15 < Mg < 0.75 GeV /&, for different centrality bins. The
meaning of the errors is defined in the text.

Centrality Enhancement (+stat £syst tmodel)
00-10 % TBEEX05+E15+£15

10-20 % 3.2 4+04+01£06

20-40 % 1.4 £ 1.3 4+ 0.02 £ 0.3

40-60 %
60-92 %

Min. Bias

0.8 £03 £ 0.03 £ 0.2
1.5 £ 0.3 £ 0.001 £ 0.3
47+ 04 £ 1509
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This is an old puzzle!
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Fig. 2. CERES experiment data collected in 2000 [17]. HADES-experiment data on the dilepton yield

From K. O. Lapidus and V. M. Emel’yanov, Phys. Part. Nucl. 40 (2009) 29 13



In order to derive the value of % one has to resolve

Mixing with vector mesons (Via) = Ay, wps pu)
In the lagrangian Lonizing(k) = €0 Via Nap O Vi

coupling constants N, are known from the anomaly or, independently,
can be derived from radiative decays To — V7Y W — Ty Po — T

One can, in principle, disentangle the isospin of pseudoscalar condensate:

- 5 2 L s l ]
for isoscalar 1 ~ {f} ] ot 8 2%
(Nab) = o B g ﬂ
log 0 o
3¢ 3¢9 geg
for pion condensate 1 ~ (7o) (Nap) = o z 0 g2
%EQ gz 0
where coupling constants VoW P
€ H'lﬂ.-' - Qﬁ' = Q
Mass-shell for transversal polarizations
o0 0
[Pfy“f:' [A'Efjab — (ﬁli]a&) + i cm € Lk, —"‘""rab:l Vep(k) =0 e ~ 0 m2 0
[ m'::
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Estimation of C.-S. coupling in dense (and hot) nuclear/quark matter

n~ & QE a{H> (+ temperature when it is relevant)

from nuclear evolution from a model
of P-breaking

fr in-medium pion decay constant

op time-dependent barvon density

({II)(op) density dependent P-breaking condensate
(isosinglet (#) or isotriplet (mq))

And vice versa:
when measuring 7 one can reconstruct the density dependence
with a simulated time evolution of density

Crude estimation (order of magnitude)

1~ &'Q/fﬂ ~afr ~1MeV
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108 = UrQMD (a)-

GeV/iim®

Py

0 10 t, fm/c20 30

FIG. 2: [ Color online) The longmitudinal {3F:, dashed curves)
and the transverse (3Fz, dash-dotted curves) diagonal com-
ponents of the microscopic pressure tensor in the central 125
fm® cell in (a] UrQMD and (b) QGSM caleulations of central
AudAnu colisions at energies from 11.64 GeV to 1584 GeV.
Astenisks indicate the pressure mven by the statistical model
and solid hnes show the total microscopic pressure.

From L.Bravinaet al
arXiv:0804.1484 [hep-ph]
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TABLE I: The time evolution of the thermodynamic char-
acteristics of hadronic matter in the central cell of volume
V =125 fm” in central Au+Au collisions at bombarding en-
ergy 204 GeV. The temperature, T', baryochemical potential,
e, strange chemical potential, ps, pressure. P, entropy den-
sity, s, and entropy density per baryon, s/pp, are extracted
from the statistical model of ideal hadron gas, using the mi-
croscopically evaluated energy density, =", baryonic density,
ool and strangeness density, p=", as input. Of each pair of
numbers, the upper one corresponds to the UrQMD caleula-
tions, and the lower one to the (QGSM calculations.

Time L.i:n]l PE“ P‘cs-:ll] T

fm/e MeV/fm® fm™? fm~? MeV MeV MeV MeV/fm® fm™*

pE ps P a aflpg

call

11 464.2 0.210 -0.0143 144.5 450.5 92.7 59.6 2.97 14.16
522.6  0.257 -0.0059 150.2 487.8 116.1 T3.8 3.13 12.19
12 J343.2 0.160 -0.0115 137.9 459.2 86.4 44.0 2.27 1418

385.7  0.197 -0.0051 141.9 495.1 109.4 53.1 240 12.16
13 255.2 0.124 -0.0093 131.5 469.5 80.4 321.6 1.75 14.15
286.9 0.153 -0.0046 134.0 609.5 103.1 8.5 1.85 12.09
14 189.9 0.096 -0.0072 124.9 481.7 75.8 24.1 1.34 14.06
2142 0.117 -0.0035 127.2 515.9 97.1 28.2 1.43 12.22
15 143.9 0.075 -0.0064 119.2 4928 68.6 18.1 1.05 13.97
162.3 0.091 -0.0028 121.0 522.3 91.5 20.1 1.12 1235
16 108.8 0.05% -0.0052 113.7 502.5 62.7 13.6 0.82 13.97
1254 0.072 -0.0025 115.4 529.2 85.4 15.9 0.59 12.43
17 B3.6 0.046 -0.0043 108.7 511.0 57.0 10.4 0.65 14.02
88.3 0.058 -0.0022 110.4 535.9 80.1 12.3 0.72 12.52
15 65.0 0.037 -0.0035 103.5 523.7 52.4 8.0 0.52 13.88
78.1 0.047 -0.0019 105.9 541.3 75.4 9.6 0.59 12.66
19 50.9 0.030 -0.0029 988 5345 47.6 6.2 0.41 13.82
62.9 0,039 -0.0016 101.1 552.7 72.2 7.6 0.49 12.52
20 40.6 0.025 -0.0027 94.6 544.2 38.9 4.8 0.34 13.76
51.0 0.033 -0.0014 97.0 560.1 67.4 6.0 0.40 12.54
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Spontaneous P-parity breaking (Ild order phase transition)

normal density

Jumps of derivatives

>

0 .
s Ul( ) ru'c: H

A.A.Andrianov and D.Espriu, Phys.Lett. B 663 (2008) 450
A.A.Andrianov, V.A.Andrianov and D.Espriu, Phys.Lett. B 678 (2009) 416

18



Infinite jump in order parameter

O(IN)* 4 o(I) 4
it at

v

OB

v
—

OB

relevant for anomaly

Second order phase transition vertex

in the absence of manifest parity breaking
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Signhatures and searches of parity breaking

1) Photon of “+” polarization decays in dilepton pair ~ — [T~
when f—’lm'f
1

2) Different thresholds for different dilepton species!
Search for dimuon excess

k| =

3) Decay width is energy independent T, = 7t = —Lfor ks ky
But convolution with photon spectral distribution!

4) Distorted photon resonance enhances considerably the yield of dileptons
5) Position of this resonance moves with photon wave vector k
6) Mixing with vector mesons to disentangle the condensate isospin

Program for RHIC - CBM FAIR + NICA

20



Accompanying processes

Lepton decays T [ Fy
A. Andrianov, D. Espriu, F. Mescia and A. Renau, Phys.Lett. B684 (2010) 101
Photon splitting v — Y_~_~_ morerare L'y ~ o’

[ —
i

Red shift of lepton and photon spectra!

21



Back-up slides

22



0§ min. bias Au+Au\[s =200 GeV
- * DATA il — e Jihy — ee
102 §- fy] < 035  =eme- n —* yee tr_'—ree
Bt >02GeVlg—— W yee T cc — ee (PYTHIA)
p—+ ee sum

-
g
]

----- bb — ee (PYTHIA)
—— DY — ee [PYTHIA)

dN/dm,, (c*/GeV) IN PHENIX ACCEPTANCE

10°

Cata/Cockiail

0 0.5 1 15 2 2.5 3

FIG. 26: (Color online) Inclusive mass spectrum of e”e”
pairs in the PHENIX acceptance in minimum-bias Au 4+ Au
compared to expectations from the decays of light hadrons
and correlated decayvs of charm, bottom and Drell-Yan. The

From: 0912.0244v1 [nucl-ex]
(PHENIX Collaboration)
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Two-multiplet sigma model

2
2
= - Z o Aoy — Aga(ms)? + J"-z('ﬁ"TS:' } + (mg)? (':}tz — Ayl + Aeoyay + 2}*2‘?22}
4 k=1

+,.‘J-.1.:rf + '}'-Eggi + (Az + M:lﬂrfﬂrgz + }t:sf-TfUz + Jhe.-:ncrﬁ.

il

+ dg sin ]

AVuglmg) = 2 d d
E'fflq_?n',".-l ?n'q [ l-_ 1|:I'1 + EJE.J Cos —— .F|:| |i.'T1| .FD

Mass-gap equations
for spontaneous P-breaking (m{) = (@")8%, (w5} = pd™®

.-;—'L .-J_l:ln.
! dapcos -
= —dg
Fo
Qs (Y m g3 (0}
—M s 8in —— = p Cos ——
q 2 ; 4
0 (dyoy + daos) Fy

(dyoy + dara ) sin =

_ p( — Az + (As = M)t + Xe10s + 22003 + 2)p?)

At a critical point typically both v.e.v. emerge simultaneously

"1’I'D" ti1u5|'1 -+ dgﬂ'g

Fo /& 1 (dior + daoa)?

for p = e

COE
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EXPLORING the PHASES of QCD

T Relativistic
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Parity breaking phase divide line

T, MeV |
200
? Tricritical points
T. 1
1504
1004
. Gas/liquid\
. 100 200 300 : : o «Izl’ Mev
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5 . 10 22 33 44 54
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Vacuum states for symmetric baryon matter

A pseudoscalar condensate breaking P-parity?
No! (Vafa-Witten theorem) p =10 iIn QCD at zero quark density

Eqgs. for vacuum states
WANTL + Aaos) = ANas +3X50505 4+ 2(As + A\y)ay 03 + Ngos
+p° (2{)\3 — Aoy + )u;c:rg).
2(Ap01 + Agpos) = 5oy 4+ 2(Ag + \y)oioa 4+ 3Xeo105 + 4ha0)
+p° (Aﬁm + 4)@5—2).
0 = zwg( — Ao + (Ag — ,3\4]f:r'f + AgT109 + thcr.j; + 2}&9;;2)

Necessary and sufficient condition to avojd P-parity breaking
in normal QCD vacuum (4 =0)

':}’-3 - f’\hij"fr% + Aﬁl‘fﬂﬂ'g + E)‘ug-"ﬁ"g = ﬂgg 2,2 > O
yd
/

positive mass of 7 (1300)
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Embedding a chemical potential into “quark matter free energy”
(N'N) = /dﬁ'.:?:pt-g(ﬁjfgff{m} — 0B)

Local coupling to quarks ﬁmt = —{QR@QL + Q’_LHIQR)

Superposition of physical meson states

From a qguark model

" N 20 .
AVg(p) = ZO(u— |Hi]) [MHLFM—|H1|ﬂ—.—*uﬁ_|m|ﬂﬁﬂ_

N,.N;

42
_ 2 _ | H,|2 2
[Hy|*In o+ Vi — [ ] } (14—0(%)) \
|Hl| A Monotonous function

Only the first Eq. for stationary points is modified

3 N =

208101 + Az00) = il/\’alﬂ'? -+ 3)&50'fﬂ'g + 2( A3 + )’q)ﬂ'lﬂ'g -+ }iﬂﬂ_g

5 2
+ﬁ{ﬂarwhmya%@)+zwew_ﬂﬂ[mﬁdﬁ_wﬁ_gﬁn”+?; 7
1

= ﬂ_lu‘:‘-{glr |'["[1.:|
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Extension to Hot and Dense matter:

‘:“:'c‘h (Bp) + exp(—=GE) 2,42 242
3) dE /B2 — & O(2/A% o?/A%).
Alor / b cosh(Bu) + cosh(BE) g "

after summing up Matsubara frequences in one quark loop

On classical solutions

1 N

2

. 1 3/2

Verr(p) = —3 Y () Ajkow(p) — 5&229 (1) — ?H(HE — o1 (sz) H(H - Ul{rﬂ])
jke=1 '

+ AV, (ji. )
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Thermodynamic properties at zero temperature

Pressure i'-"":':-"':."zlf-f}- ||'.If:| = IFE"ZIT(':I_-;ID} - I'.:Z"ﬁ('::r_’.il:.lu.:l' |'::|I:.|“.:I' Ptj' 'ﬂlu_p — J."IIlI'TC-QB.

Energy density e =—p+ Neupgp.

relation between barvon density, Fermi momenta and the chemical potentialis for quark matter

1 N N
0B = — 57 % Ve = ETJ:?JJE:' =
iNe

i ]
= dm=

(u* — () )37

This minimum realizes the stable baryon matter. Since pressure is increasing
with density the phase diagram in the j, g plane must necessarily exhibit
discontinuity — 15t order phase transition “vapor-liquid”.

It occurs at it <ol ol =oi(ia")

To realize it one needs two competitive minima in the effective potential

in order to interchange them at a phase transition point. 30



P-parity violation strip

Boundary of the P-breaking phase,

s " " ! \ 2 i AW 52
,\." ./ii_ﬂ'zlt, ;.E-i:, JI = ill — 2)\1!,_0':{:_] — ;’\56':1|:G'§: — It_)\g — )’\;L_Illl_gf J

It defines the P-breaking strip in the 7" — i plane.

A=>0and A— oc when T, 1t — oo .

It means that for any nontrivial solution ri,oy,0; with

CH(Ajr, Aj) > 0 the P-breaking phase boundary exists.
Thus 1if the phenomenon of P-breaking i1s realized for

zero temperature it will take place in a strip including

lower chemical potentials but higher temperatures.

However within the validity of chiral expansion
the temperature cannot be too high!?
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Beyond the chiral limit: m, # 0

Two new lowest-dimensional operators
! dytr(Hy + HI 1”1 datr( Hoy + HJ)
5madate(Hy + H) St })

The spectrum in dense matter

_ 2 . 2 2
u=0 m_: m, m; ? m; heavy
M= U mf, =0 mlzq .My very light

2 _ 2 . 2 . _
M > U m”i =0 mni : rn”0 : mq light

Two Goldstone bosons

Th light '
of isospin breaking ree light massive

“pions” 32



Converter of collider energies per NN into phase diagram

E R | T T T T Ty T T T Trrm U.l_ ' Bas — T

LHC

Q.15

T (V)
=

0,05 —

Lid Pl 1L |l pEal 0
14 10 1w 1 1 1 b
Ry UEENT) VE L TGeY)

FIG. 1: (Color online) /Syn dependence of pg (top panel)
and T obtained from chemical fits [21] to particle yield ratios
obtained at different accelerator facilities as indicated. The

solid lines are fits to these data.

NICA, Dubna,2014?
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