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We guess P- violation to occur temperature

but baryon number density due to condensation of parity-odd mesons
(pions, kaons,... and their heavy twins)

o > oy = 0.17fm™3 = (1.8f-m.‘,|—3

How large?

Beyond the range of validity of pion-nucleon effective Lagrangian
but not large enough for quark percolation, pz ~ (3+8)p,

in the hadronic phase with heavy meson excitations playing an essential role
in dense nuclear matter where quark-nuclear matter duality can be effectively used.

Example

- 4) fm = (500-700 MeV)™
op = 8on = (0.9fm)™" ) ( )

Higher-mass mesons +
dressed quarks



A. Migdal, 1971 w?=1+k? = danF (k) i=c=m, =1

where n is the nucleon density and F (k) is the forward
pion-nucleon scattering amplitude

An “exact” calculation includes the particle-hole excitations of the nuclear medium

w* =1+Ek*+ I (k,w)

o N s NA Y Sshen
Polarization operator = _ S ( amplitudes,
— contact vertex,
_ _ N “ree N(K) e sigma term!!
Condensation of charged pions o
due to attraction ??
or for large densities the particle-hole excitations of the quark medium
9 . g /
_ Q /\ ._\ Quark model !
a ‘..."-..-.n.(l-(-) """"""

Confinement ??



Effective lagrangian approach

Low energies —5 Chiral lagrangian for pions:

L = %F,f tr(DﬂU D“U"+m? (U +u*))

ﬂ_az_a /

DU =0d,U+[V,U]|

Y7,

Vector field

U =-exp| I

Density vs. chemical potential

<NTN(X)>ZPB A Id :uB(NyON(X)_pB)

symmetric nuclear matter)

Corresponds to singlet

vector current! V0 s Disappears from pion lagrangian?
No! Itis hidden in structural constants and masses. z \HMp » \HB
We need a model of formation for these parameters: QCD ?

At least an extension to QCD motivated Linear sigma models and/or Quark models !
From the hadron side heavy meson states are in game!



Extended linear sigma model
with two multiplets of scalar and pseudoscalar mesons
(with matching as close to QCD as possible —spectral sum rules)

Hy=od+if;, j=12 HH =+ (@)L, =TT
Chiral limit =——  SU7;(2) x SUg(2) Symmetry
1 2
= 5131'{— > HIA;Hy 9 real constants
= Aji ~ Aa ~ N,

+M(HTH )2 + \o(HIH,)? + A\sHH HIH,
1 1
+5 M (H{HyH{Hy + HIH HIHy ) + §A5(HIH9 + HIH)HIH,

1 HP°
+5 Ao (H{Hy +H§H1)H2TH2} "‘C}(' -“12| )

Chiral expansion in 1/ A ~ 4 ~
A=4rF = M
in hadron phase of QCD 4

dyn




Chirally symmetric parameterization
Hi(z) = oy(z)U(z) = oy (2)%(2); (Hy) = (oq) > 0

Hy(x) = E(x)(oa(x) + ima(x))E(x) = oo(x)U(x) 4+ i(x)ma(x)E ()

Effective potential

B
Vig = — E e FYANYG — Agy(g)?

J.k=1
Mot 4 Aaod + (A3 + Mool + Aso A 3
+A10] + Aads + (Az 4+ Ay )ojos + AsT] T2 + AeT103

2
HrH (s = M)t + demes + 20003 + Ao ((72)?)



Vacuum states

Neutral pseudoscalar condensate breaking P-parity? ,
No! (Vafa-Witten theorem) p =0 in QCD at zero quark density

Eqgs. for vacuum states

glfxi‘.]LCT]—FﬂlgCTg:I = -'—l.}&]ﬂ'%—|—:3xkﬁﬂfﬂ'g+2[x]\3+x\n4jlfrlﬂ§—|—.)'1.5{T§
+f)3(gll.)\3 — )\4]0’1 + Aﬁ[‘]’g).
Elf:i]grjj —|—."1'AQQCT2:I = x‘nﬁiT?—FgI:;"ng—Fﬁ,i:HTi?[Tg +3}L|3|j-1[j—§+'.‘]:}12'!:}-23

—|—f)2 (}'LG{TL + '—j-hg-'frg) y

0 = 2;75( — Aoy + (Mg — }Lijrfr'f + AgT09 + Ehgrfrg + :3}&9;,:2)

Necessary and sufficient condition to aveid P-parity breaking
in normal QCD vacuum ( /£ =0)

|:X]|'L3 — ,-]"n,izl-'f?"% + }15-'?']_{?2 + 2.)&2-"!'5 = ﬂ\gg 22 > O




Second variation for (p=0

1.
VY = —An + 6007 +3X50100 + (As + MJod. >0
VI = —2A15 + 3A502 + 4( A3 + Ay)o10a + 3602,

1.

;1’5) = — Ao+ (Mg + Ay)ai + 3hgo100 + 6Ag03 >0

L. o
Ela&?) = {'ia.!:-( — Ag + ()\3 — }14‘,1'5"% + AgTi09 + Qigtﬁ?g) >0

|

7(1300)



Embedding a chemical potential Idxu ( a7,9(x) -pB)

Local coupling to quarks L = —(QR@QL + Q’_LHIQR)

Superposition of physical meson states

From a quark model

i N 2t
AVaalp) = 00— [Hl) [ulth PV THE = 20— = |
o, BV = [Hy u?
Hy|*In A (1+0 S )

. . Monotonous function
Density and Fermi momentum

N.N; o N.N;

2 / V12432 >
qﬂ_g FF - qﬂ_g - |"'.H1.-:I| :]Jll O

op —d W AVeg(p) =




Dense matter drivers of minimum
Only the first Eq. for stationary points is modified

Ql:ﬂllﬂ'l —+ ﬂlgﬂ'g) = -’—l)ulﬂ? -+ 3}&5(}"%52 -+ 2[:;13 —+ /}k;l)ﬂ_]_ﬂ-g -+ }iﬂﬂ-g

;2 2
—|—p2 (2()13 — Aoy + Aﬁﬂg) +2NO(u — ay) [;_mlq, [ u? — of — J? In p ; 71
1

Monotonous function!

Necessary conditions to approach to P-violation phase
Oy, = 0-1,2(,U)

ﬁj-"* |:I:.:"13 — .}&4){?? + )\E;E.T]E"g + 2}12(}'%} < 0

One condition for 9 parameters:
P-violation is not exceptional but rather typical!
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P-parity violation phase

Critical points u. when p(p.) =0

('—1/\:131:3 — f\aﬁgz)’r’j + (2/\65\12 — 4N A )T + 2(/\3 — )u)ﬂlz — A5Q99 =0

72

1

For r

. . — +
There are in general two solutions for two He < He

But for 44,A, = A4A,, only one solution and P-violation phase
may be left via Ist order phase transition
11



Spontaneous P-parity breaking (lld order phase transition)

o) t P (1)

HI{U) = ﬂ-{dyn ~ 300MeV

Beyond the range of validity
of chiral expansion

A J
~
~
N
~
~
~

w=o(0)  He pe CsR A

Jumps of derivatives

SPB
p(p) #0

»
>

With increasing /t one enters SPB phase and leaves it
before (?) encountering any new phase (CSR, CFL ...)
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Kinetic terms

symmetric under SUL(2) x SUR(2)

2

1 Three more real constants A .,

_ rdo Hior ik
Lin = 4 Z Aﬁt'r{@qua Hﬁ‘f} but one, A, is redundant

7.k=1
3 0 2
£ == Z A0, 50"y + - Fz 4335“”%“,.“_FZ 4,,0,%;0r°
7r£ 1 1=1
71 1
+ Z_ {Q—Fgg4j;cﬁjﬁka#ﬂﬂa“ﬂﬂ + — Fﬂ 4 {T‘}f_)“rla@'una} —I— 4331’? Imo*11”
Normalizations . < - o 1 )
and notations Iy = Z A;10;0; = (90MeV)=, = EZ Ajo0;
1.k=1 j=

Pion weak decay constant 13



P-breaking phase

Partially diagonalized kinetic term

) ) 1 Ao p®\ - e -
Qi 0T + (A — ()OI + 5 (1 + ;Lf)ﬁﬂ%wﬂ”

0
.:"-1ij,:'|? + Jﬂg d{?t_“r—lt’s‘ljﬁlk 5
Ffl? + .:‘“-122;5'2 ‘

5,05,

Isospin breaking SUy(2) — U{(1)
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i i i () J J {0 = .
Further diagonalization m > ¥ = I X X,
mixes neutral pseudoscalar and scalar states
Therefore genuine mass states don’t possess
a definite parity in decays
To To To Mo My T_ mo Iy TI_ ...

/
\

To To T, T I, II

15



Beyond the chiral limit: m, =0

Two new lowest-dimensional operators
L ditr( H, 4 HD im dotr( Hs + HD
5 qt r{fy + £1) o' ~ 2,

The spectrum in dense matter
— 2 2
u=0 m: ~ m mg > m; heavy

M= L m_ =0 myp ~ m, very light

M= N m2_=0 mp ~ M, ~m light

Two Goldstone bosons

Three light massive
of isospin breaking J

“pionS" 16



Mass spectrum of “pseudoscalar” states
(massive quarks)

I R,
Mi, mp,

(1.3GeV)?

7y

(135 MeV)?

v

[

In P-breaking phase there are 2 massless pseudoscalar mesons

=

17



Minimal model admitting SPB

A = A, =0 entails A, =0; from consistency o, =0

A,, =0 such an effective Lagrangian is symmetric under Z, x Z,

H —> -H, or H, - -H,
Fit on hadron phenomenology

1 .
4411 = 5 = ;—ngg, Fn = lﬂﬂﬁffv, T = F300MelV = SFQ_,

mgy = 0.7GeV = TF,, my, =13GeV = 13F;, migo=15GeW = 15[,

For OB erit = EQB,nucEear > E— —l._j)FD

gl,ﬂ‘?"it il ].BFD

\>

Meq1 = 1.TFy., Mmoo =~ 4.5F
5,1 0 a2 0

A, remains undeterminec 18



Where to see and how to check SPV ?

a) Approaching to SPV phase is indicated by a rapid decrease in heavy
resonance masses . Below phase transition point one finds

an abnormally light and long-living pseudoscalar resonances!

b) At the very point of the P-breaking phase transition one has
three massless pion-like state.

c) After phase transition two massless charged pseudoscalars
remain as Goldstone bosons enhancing charged pion production .

Hunting for new light pseudoscalars!
d) F1  and extended PCAC: it is modified for massless charged pions
giving an enhancement of electroweak decays of heavy pions.
e) Additional isospin breaking:  f_ = fTT:l:

Perspectives

One can search for enhancement of long-range correlations
in the pseudoscalar channel in lattice simulations? T#0 Imu =20

Program for GSI SIS 200 ?
Experiment -- Compressed Baryon Matter (CBM)?

19



Polarization operator

2 1,2
in the Migdal’s approach @" =K+ H(co, K, :”)

’

for two pseudoscalar states T, T
2 _ 2
Take masses m, (,U) =0 mﬂ'(ﬂ)‘ —> 0
M= Uerit
and wave function normalizations ~ ~
Z ~ Z, ~1
2
(@ -K°)
H(a), K, ,u) = -

mZ (1) - 2o - K°)

Has a pole in the narrow resonance approach
and changes sign for high energies

20
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Polarization operator in details

2n) [Dr-ol@, k)na(p) + Dy, K)n(p)],

where D,-, and D,-, are the spin-averaged forward scattering amplitudes, n,(p)
and n,(p) are the occupation functions of the neutrons and the protons respectively,

MY (w, k) = —ZJ

- - - _ _ Off-shell amplitudes from
1 1 1
= (w,k; p) = H‘ﬂ;m +TI07 +1IH7" + TIDT an effective lagrangian

where the subscripts N, A, D and o refer to contributions from nucleon exchange,
delta exchange, direct piop—nucleon scatiering and the pion—nucleon ¢ term,

30

Most pessimistic! Symmelric Nuclear Mattar (63 =0)
’ halBGev, g=0.5

= #
z:1/2, 6=0.50 =2

L]
[

=3
]
i

T Shamsunnahar et g/

+ T LD, k00 (%)
&
I

J. Phys. G: Nucl. Part. Phys. 17 (1991) 887

EE: |_E.-|- H
o
I

on
-

No pion condensate ?

O
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Nucleon in consensus

0.2-0.3fm core

Valence quarks

0.9-1.0 fm pion cloud

Normal nuclear matter

Pion-nucleon realm

(140-160 MeV)™ ~ (m_)™
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Dense nuclear matter

4) fm = (500-700 MeV)™

_3
B = 8on = (0.9fm) |
Higher-mass mesons +
undressed nucleons

Neutron stars
<« dressed quarks

Superdense nuclear matter

Op = (25 — 100}@_&.‘

¢

(0.4 =0.6fm)™" Quark percolation
2SC, CFL ...

(0.4-0.6) f

It represents a consensus of several models:

nuclear potentials, meson-nucleon effective Lagrangians,

extended Skyrme models, chiral bag models ...

still the NJL ones give larger core sizes due to lack of confinement 24



Meson spectrum in SPB phase

Neutral pi-prime condensate breaks vector SU(2) to U(1)
and two charged pi-prime mesons become massless

1. 2 ; : . . ‘12— o?
VDT = 4o} + 2050102 4+ 20403 — 2N 0T In ntV ;‘i 7
1{;:'1[22]5 = 2)\5121'% + "—l)\gﬂ'lﬂg + 2}15!53
1 o : :
EI 333] = 2)@5% + 2 \go102 + 4/\255
1[553?*—’”" — (4(,\3 — )\__L)gl + 2}\&52)9 Mixture of massive
- scalar and neutral
1,{3‘];3«’”“ — (2,\651 + 8)@@) pseudoscalar states
1. 2 . .
Evuﬁj’* = 4)\gp? —1 2T =0

25



Estimations of coupling constants in Quasilocal Quark Model

Laqu = q(if)q + Z ae [0l $)q3fi(s)q = @fi(s)T"sq G fils)™ 5] 3)
ki=1
Here ay represents a symmetric matrix of real coupling constants and fi(s), s = —3%/A? are

the polynomial form factors specifying the quasilocal (in momentum space) nteraction. The
form factors are orthogonal on the umt interval and the results of calculations do not depend
on a concrete choice of form factors in the large-log approximation. A convenient choice 1s

flfsj = 2 —3s, fals) = —v/3s. The values of couplings A; in Eq. (2) are then fixed for
El }12 f'u-c }13 — r"-r._- 'j'hi — f'l.-' ’j'l5 -JS{TP-;,_- }l Y S:ip.;

,3\1 is rather arbitrary

P-parity violation is possible!
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