PROCEEDINGS

OF SCIENCE

Spontaneous CP violation in the NJL model at O=m

Jorn K. Boomsma *
Vrije Universiteit Amsterdam
E-mail: j boomsma@ ew. vu. nl

Daniél Boer
Vrije Universiteit Amsterdam
E-mail: dboer @ ew. vu. nl

As is well-known, spontaneous CP-violation in the strorigriaction is possible & = 1, which is
commonly referred to as Dashen’s phenomenon. This pheramieas been studied extensively
using chiral Lagrangians. Here the two-flavor NJL moded at mTis discussed. It turns out that
the occurrence of spontaneous CP-violation depends ortridrggth of the 't Hooft determinant
interaction, which describes the effect of instanton extéons. The dependence of the phase
structure, and in particular of the CP-violating phase,lfmnduark masses, temperature, baryon
and isospin chemical potential is examined in detail. Tkteda@lependence shows a modification
of the charged pion condensed phase first discussed by Sdtepitanov.
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1. Introduction

The study of spontaneous CP violation (SCPV) in the strong interactién=atr has a long
history. Already in 1971 Dashen [1] pointed out its possibility and it has Istedied extensively
using chiral Lagrangians, see for example Refs. [2, 3, 4]. The g&hglands for the vacuum angle
that enters the QCD Lagrangian through the tefim = %FIE to which instantons contribute.
This 6-term leads to explicit CP violation, except whén= 0 (mod 7). When 6 = it may
happen that while the Lagrangian is invariant under CP, the ground staie is

We will show that the actual occurrence of SCPV depends on the strehgftie instanton
interaction. This will be discussed for the two-flavor Nambu-Jona-LagMil) model [5]. In
models like the NJL-model and in low energy effective theories of the stiregaction in gen-
eral, the effects of instantons are mimicked by an effective interactiont tHedft determinant
interaction [6]. We will investigate how SCPV depends on the strength of ttasaiction.

Other properties of the SCPV phase are studied by calculating its depenoletemperature
and nonzero baryon and isospin chemical potential. This could be ofirelevto heavy-ion col-
lisions, despite the fact that in Natube< 1010, Namely, it has been suggested that metastable
CP-violating bubbles might be created in such collisions. These states woalthbacterized by
an effective, possibly larg@, cf. Refs. [7]. Experimental signatures for these bubbles have been
discussed in Refs. [8].

Finally, we discuss mixing of mesons with their parity partners, which arisenexer CP
invariance is broken. This affects the charged pion condensed fitaseises at sufficiently large
isospin chemical potential. The results presented here are based df]Refvhich we refer for
details.

2. The NJL model

The following form of the 2-flavor NJL-model is used

L = P (iy" 0y + you) P — PMo + G1 [(PAa)® + (PAai vs)?] +
G, [éedet(@wg +h.c.} . 2.1)

The interaction with coupling consta@; is chirally symmetric. The interaction proportional to
Gy is the 't Hooft determinant interaction and represents the effects of testsnAs the model
is non-renormalizable, a cut-off is needed. Here a three-dimensionaffaa used, which is set
by the value of the chiral condensagy), via a gap equation. The coupling constants depend
on this cut-off a3 ~ ¢'(1)/A? for dimensional reasons. We restrict to two flavors, usiggyith
a=0,...,3 as the generators of U(2).

We wish to investigate the dependence of SCPV at 11 on the strength of the instanton
interactionG,, while keeping the physics & = 0 unchanged. This means that the sG4- G,
has to be kept fixed. The parameters are chosen in such a way that @treasonable values for
the pion mass, chiral condensate and pion decay constant are obtEdhed$ we want to study
the effects of instantons, the parameter G,/(G1 + Gy) is varied. In order for the model to have
a stable ground state, this parameter has to be between 0 2n@ftenG; andG; are taken equal,
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Figure1: (my,m,) phase diagram with = 0.4. Figure2: (m,c) phase diagram.

i.e.c=1/2, which means that & = 0 the low energy spectrum consistsafind 1t fields only.
Using the strange quark condensate it was argued in Ref. [10] thatistievalue ofc would be
around 0.2.

The ground state is obtained by minimizing the effective potential, which is cédclila the
mean-field approximation. As usual, the ground state is described by mesdansates, i.e.

(0) = (PAoy), (a0) = (YA Y),
(n) = (PAoivsy), (M) = (PAiysy). (2.2)

3. Resaults

All results presented here are e 1. In the phase diagrams a solid line denotes a first-order
phase transition, a dashed line a second-order, and a dotted line -®@eeoss
We start with a discussion of the quark-mass dependence of the model.. Ih thig phase
diagram as a function of the up and down quark masses is showe=f6r4. The region wherén)
and (r°) are non-zero corresponds to a phase which violates CP invarianceehtdrn®) only
occurs for nondegenerate quark masses, as it arises purely in ctiomiwih explicit SU(2)y
breaking. The asymptotes of the phase transition are proportiogalSanilar results have been
obtained using a two-flavor chiral Lagrangian in Ref. [4]. Howevethet calculation the phase
transition at highm,4 (above the asymptotes) is absent. This is in contrast to the three-flavor
chiral Lagrangian case studied by Creutz [3], which does exhibit thimgkorder phase transition.
However, in that case the asymptotes correspond to the mass of the sjuznkie
To get more insight into the dependence of the SCPV phase, we show in Fig. Ziihe)
phase diagram for degenerate quark massgs=(my = m). For every mass a critical exists,
above which SCPV occurs. From this, we can conclude that the instarieByadgtion has to be
strong enough w.r.t. the quark masses in order to have SCPV.
In Figs. 3 and 4 th¢T,c) and (s, c) phase diagrams are shown, whérés the temperature
andpg = My + 4 is the baryon chemical potential. When the temperature or the baryon chemical
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Figure3: (T,c) phase diagram. Figure4: (ug,c) phase diagram.  Figure5: (L, c) phase diagram.
potential is increased, the phase which violates CP invariance disappdacs indicates that
SCPV is a low energy phenomenon. It is therefore absent in the deednfivase afl = 1. The
CP-restoring phase transition at high temperature is found to be of sewerd This is in contrast
to the results of Ref. [11], where a first-order phase transition wasgifaging a linear sigma model
coupled to quarks.

The final phase diagram which we discuss is the one as a functwamnaf the isospin chemical
potentialyy = u, — Hg, shown in Fig. 5. Son and Stephanov [12] have shown that a (semoied)
phase transition to a charged pion condensed phase ocdlies Gtwheny, becomes larger than
the vacuum pion mass. This condition still holdfat 1T as long as there is no SCPV. However,
for even largeny there is second phase transition to a novel phasqi)tafondensation, which is
characteristic foB = 1. Moreover, this second phase transition is of first order. Above itieadr
¢, the charged pion condensate does not occur for any valug ofly the chargedy condensate.
In order to discuss the condition faf -condensation, we have to calculate the mass eigenstates in
the presence of SCPV. SCPV causes mixing between parity partners, $®eiganstates are no
longer CP eigenstates. The mass eigenstates, denoted with a tilde, are define

|0) = cosB,, |0) +sinb, [n),
|&p) = cosOr|ag) + Sinby|m) ,

|f)) =cosBy |n) —sinb, o),

|TT) = c0SBy | M) — SinBy|ag) , (3.1)
where6, and 6y are the mixing angles. The states on the right-hand side are the usual tates o
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Figure 6: The c-dependence of the meson
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Figure 7. The c-dependence of the meson
masses ai = 0.



Spontaneous CP-violation in the NJL modebat Jorn K. Boomsma

definite parity.

The masses and mixing are calculated in the random phase approximatiom[E@g]. 6 thec
dependence of the mixing angles is shown. When the CP violating condamseten, the mixing
angles become non-zero. In Fig. 7 the corresponding vacuum masssstted. Comparing these
masses with the phase diagram we can conclude that the phase transitiearbéta) and theagt-
condensate corresponds to the vacuum mags Bfg. 6 shows that for the special casecef 1/2
(G1 = Gy) the state ) is entirely|ag). Furthermore, one can observe that wiepproaches /2
the mass of the anday fields go to infinity which indicates that these fields decouple, as expected
forc=1/2.

In conclusion, the results presented here show that the phase stafthestrong interactions
at 0 = mris more diverse than @ = 0, thanks to spontaneous CP violation and the effects of
instantons. We expect the presented two-flavor NJL-model results torresadal in the case of
three flavors and when going beyond the mean-field approximation, bueth&ns to be studied.
Also, it would be interesting if the results could in the future be compared to |&@P results
on the low-energy physics &= 1.
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