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A Linear Sigma Model with Vector Mesons and Global Chirabim&nce Denis Parganlija

1. Introduction

Effective field theories provide a very efficient means tocdbs Quantum Chromodynam-
ics (QCD) at low energies. They possess the same global siiamas QCD - e.g., the chiral
SU(N¢)r x SU(N¢); symmetry, wheré\s is the number of flavours - and are expressed in terms of
hadronic degrees of freedom rather than in terms of quartgglions. Spontaneous breaking of
the chiral symmetry leads to the emergence of low-mass pseathr Goldstone bosons and their
chiral partners, large-mass scalar states.

In this paper we present a linear sigma model with globaktiivariance, similar to the one
of Ref. [1]. The model contains scalar and pseudoscalar Assveector and axialvector mesons.
The global invariance is motivated by the results of Refk.B[avhere it has been shown that a
locally invariant linear sigma model fails to describe sitaneously pion-pion scattering lengths
and some important decay widths. For the globally invanmatel additional terms appear in the
Lagrangian which introduce new coupling constants thatigarinciple be adjusted to improve
the agreement with the experimental data. In this paper o #ire first results from this approach
for the case oN; = 2.

As outlined in Ref. [B], there are two possibilities to irgest the scalasanday fields con-
tained in the model where they agg Statesjo = \ifz(u_u+ dd), aJ = \%(Ju— dd)): (i) they are
identified with fo(600) andag(980) which form a part of a larger nonet that consistsf@f©80),
ap(980), k(800) and fo(600) (resonances below 1 GeV)i)(they are identified with thdy(1370
andap (1450 resonances forming a part of a nonet that consisty (@370, fo(1500), fo(1710),
ap(1450), Ko(1430 - i.e., resonances above 1 GeV (see REf. [4]). In the assign(ing scalar
mesons below 1 GeV, whose spectroscopic wave functiondigypsentain a dominant tetraquark
or mesonic molecular contributiofi [5], may be introduceddditional scalar fields.

In this paper, we describe briefly the consequences of amgigi(i); the consequences of
assumptior(ii) as well as more detailed results in assignm@nnay be found in Ref[[6].

2. TheLinear Sigma Model with Global Chiral Symmetry

The Lagrangian of the globally invariant linear sigma modéh U (2)g x U (2). symmetry

reads [R[B[]7]:
£ = Tr[(DH®)(DHD)] — mETr(dTd) — A¢[Tr(dTd))2 — A, Tr(d )2
—%Jr[(L“”)2 + (R + %Tr[(L“)2 + (R + Tr[H (D + )]

+c(detd + detd’) — 2igy(Tr{L[L¥,LY]} + Tr{Ru[R*,R"]})
—2g3{Tr[(duLy + AL ){L¥, LV} + Tr[(duRy + R ){R,R"}]} + 24

+%Tr<qﬂ¢)Tr[<L“>2 + (R + haTr{(@RH)? + (LH®)) 4 2hgTr(PR, L), (2.1)

with ® = (g +inn)t°+ (8o +i71) -T (scalar and pseudoscalar mesons; our model is validfer 2
and thus our eta mesayy contains only non-strange degrees of freedot)= (w* — ff)t0 +
(pH—at)-TandRH = (wH + 119+ (BH + &) -T (vector and axialvector mesons), whétef are
the generators &f (2); DH® = gl d +igy (PLH —RHP), LHY = gHLY —0VLH, R*Y = gHRY — 9VRH
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and.Z; containing all the vertices with four vector and axialvecteesons. Explicit breaking of the
global symmetry is described by the ternjH(® 4 ®1)] = ha(h = const). The chiral anomaly is
described by the term(detd + detd™) [f].

Irrespective 0f%,, the model contains 13 parameters - 12 parameters from theuhgian
(2.2), plus the wave function renormalisation constanheffiseudoscalar mesofk [9], Z. However,
only seven of thoseZ, g1 2, h1 23, A2) are relevant for the decays that will be considered in the
following. The parameterg;, hz andA, are expressed in terms af

UL N S Y R TN WO P o
gl_gl(z)_an 1 72’ h3—h3(Z)—sz%<m’% 72 7)\2_)\2(2)_ Z4f,2[ >

and thus the number of independent relevant parametersisased to four. Additionallyms
(which is a function ofng, A1, A2, c andZ) is taken as a parameter that can be determined from the
pion-pion scattering lengths yielding five independenapeaters for the meson decay modes and
scattering lengths described below.

2.1 Reevant Decay Modes and 77t Scattering L engths

The following decay modes of two-flavour low-energy mesoagehbeen taken into account
[parameter dependence in bracketg]:— 1t [Z, @], f1 — aoTT [Z, hy], &g — 11y [Z], @9 — N1t
[Z, h], 0 — 1t [Z, hy, o], @1 — ot [hy, hy, Z], &1 — p1T |02, Z]. We have also considered the
pion-pion scattering lengtte(hy, hy, Z, mg) andaj(hy, hy, Z, my).

Given that the decay widths for the channels— it [Z, hy, hp|, a3 — ot [hy, hp, Z] and
a; — PTT[ge, Z| are poorly known, we have not taken any numerical valueshiese decay widths
to fit our parameters - these decay widths will be calculated @onsistency check on the basis of
the results obtained from the other decay widths and théesitag lengths.

Here, we will present formulas that have been used to fit trenpeters; for all other formulas,
see Ref.[[B].

Decay width forp — rrt. The decay width reads

3
m, 2m 2|2 2
_ P | (M AT I
o = g, [1 <mp> (2-3)2+3]"
The experimental value is (1494.0) MeV [[Q].

Decay width for f — aprt. The following formula for the decay width is obtained:

(Mg, —MR)?
e

f1

M nzﬂ < mz_l<h2+h3>(p22k:l me —2(m2+ng )+
1—d 21T m%lmgl P2 ) 2 f1 T

whereg = Z f; is the vacuum expectation value of tadield.

Decay width for a — mry. The Lagrangian leading to the formula for the decay wid{h.. ,,
is obtained from the Lagrangiaf (R.1) by coupling the phdimrihe relevant part of the axial
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currenty = —ig1 2% fr(af, - —ay, ") — Zway,, 0" —ay,, 0" "), wherew = 212, and reads
1
galr[y - e\]“la\lJ
The decay width reads

€ _, My \ 2 :

Note that the sole dependence of the— 1y decay width on the paramet&rmay in prin-
ciple lead to an accurate determination of this parameteweder, the experimental value of the
ay — 1y decay width is not very precis€ §,_., = 0.640+0.246 MeV [10]) and thus we have
used they? method to determine all the parameters from the decay watitiscattering lengths.

Decay amplitude for @— nny7. The mass of theyy meson can be calculated using the
well-known mixing of strange and non-strange contribuiamthe physical fieldg andn’(958)
yielding n = nncosg + nssing; n’ = —nnsing + nscosg, wherens denotes a purssstate and
¢ ~ —36° [[[]]. Then we obtainm,;, = 716 MeV.

Note that we have used the decay amplitude foethe ny rdecay instead of the decay width
as quoted by the PD@ [[10] in order to fit the parameters of theeindrhe experimental value of
the decay amplitude is known from the Crystal Barrel d&tg; = (3330+ 150) MeV [[L] which
for our purposes has to be divided by ¢gshe formula for the decay amplitude obtained from Eq.

@D is

nn:L _;ZW%“JF?TZHL%Z”%‘T 2—h3)} (rr%o—rr%—m%,wzzmgo}.

Scattering length & The formula forad is calculated using the partial wave decomposition
[L3] which leads to

52°mg —my

o+ 16 8 2

M — P +h+he)/2\  z2m2 —n2]® 1
2mg, 2 4mg — mg,

)

lZgl (hl + hz) - l4h3):| —

2% )’
o] L

2¢

We are using the resu#) = 0.233+ 0.023 (normalised to the pion mass) in accordance with
data published by the NA48/2 collaborati¢n][14].

Scattering length é An analogous calculation as in the case of the scatterirggheag leads
to

1Z2%2mg —m3 @
2 2 4 m2
0 47'[{4 f2 ng p Z(hl hz -+ ho)
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2¢ m2

2 o 2
- [gizch% <m,2)—§(h1+hz+ h3)> +M} ia}

The result fora3 from the NA48/2 collaboration[}4] ig3 = —0.0471+ 0.015.

3. Resaults

In order to fit the relevant parameters of our modeldy, h; 2, my) to experimental data (for
the aforementioned decay widtles, — n rrdecay amplitude and scattering lengths) we have used
the x? method. The error for the mixing angfeis neglected in this first case study.
Our best fit yields the minimal value g, = 0.752516 per degree of freedom which leads to the
following values of parameter& = 1.5217,9; = 6.59, g, = 0.3365,h; = —1007, h, = 106.045,
hs = —2.63,mgz = 330 MeV.
It is interesting to note that, although new parameters baea introduced in the globally invariant
model, the values of = 1.5217,9; = 6.59, andm; = 330 MeV are virtually the same as those
obtained in the locally invariant model where the corresidong values wer& = 1.586,9; = 6.51,
andm, ~ (315— 345 MeV [B]. Note also that the value df; does not appear to be lardie-
suppressed, although the paraméief?2 is the prefactor to a term consisting of a product of two
traces T¢PT®)Tr[(LH)? 4 (RH)?] - in fact, the modulus of the corresponding prefadigf2 is by
about a factor of ten larger than the prefactor to the ter(®R, ®TLH) (i.e., 2ng = —5.26).

Using the parameters above leads to the following consegsen) I3, .o = 90.163 MeV,
(i) given that in the globally invariant model tiemass term isng = mé + @?(hy + hp + hg) /2,
it is possible to calculate the contribution of the bare n(as3 to the total massnj - the result
my ~ 758 MeV is obtained, leading to a very small contributionhaf fjluark condensate to tjpe
mass; (i) the o — mir decay width has a value of less than 10 MeV - it is thus too syaid the
a; — prrdecay width has the value of 1.4 GeV - itis thus too large.

Hence, in the light of our results we conclude thatglg@ssignment of the light scalar mesons
leads to contradictions to experiment. For a definite caioty the errors of the parameters in the
model should be evaluated (see Rél. [6]), but it is alreadgrcirom our current results that the
assignment ofy(600) anday(980) asqq states may be problematic.

A possible way to resolve the aforementioned problem isdefirec andag mesons in the
model asfy(1370 and ap(1450), respectively, and hence assign the scalar meson statbe to t
energy region above 1 GeY][6]. Then, the mixing of quarkomid &traquark statef ]16] needs to
be examined.

4. Conclusions and Outlook

A globally invariant linear sigma model with vector and dxiactor mesons and its conse-
guences for low-energy meson decay channels and pion-pittesng lengths have been pre-
sented. Results obtained in the assignment in which scatapmns are identified as states under
1 GeV indicate contradictions to experimental data, heais#ng questions about the justification
of the mentioned assignment. Thus, a detailed study of ther gtossible assignment for scalar
mesons (in which those states are located in the energynreiiove 1 GeV) is necessary. In the
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future, other relevant issues in connection with vacuurmphenology will be addressed such as
the inclusion of the nucleon field together with its chiraitpar [1$] as well as extending the work
of Refs. [9,[1p] to consider chiral symmetry restoration@izero temperature.

Acknowledgments

The authors thank H. Leutwyler and S. Striiber for valuatdewisions during the preparation
of this work.

References

[1] M. Urban, M. Buballa and J. Wambach, Nucl. Phys6%9Vv, 338 (2002) [arXiv:hep-ph/0102260].

[2] S. Gasiorowicz and D. A. Geffen, Rev. Mod. Ph¢g, 531 (1969); P. Ko and S. Rudaz, Phys. Rev. D
50, 6877 (1994)

[3] D. Parganlija, F. Giacosa and D. H. Rischke, AIP Conf.d?1630, 160 (2008) [arXiv:0804.3949
[hep-ph]].

[4] C. Amsler and F. E. Close, Phys. Lett.333, 385 (1995) [arXiv:hep-ph/9505219]; W. J. Lee and
D. Weingarten, Phys. Rev. 61, 014015 (2000) [arXiv:hep-1at/9910008]; F. E. Close andKik,
Eur. Phys. J. @1, 531 (2001) [arXiv:hep-ph/0103173]; F. Giacosa, T. Guésah E. Lyubovitskij
and A. Faessler, Phys. Rev.12, 094006 (2005) [arXiv:hep-ph/0509247]; F. Giacosa, T.S6he,
V. E. Lyubovitskij and A. Faessler, Phys. Lett&2, 277 (2005) [arXiv:hep-ph/0504033].

[5] R. L. Jaffe, Phys. Rev. D5, 267 (1977); R. L. Jaffe, Phys. Rev.13, 281 (1977); L. Maiani,
F. Piccinini, A. D. Polosa and V. Riquer, Phys. Rev. L88, 212002 (2004) [arXiv:hep-ph/0407017];
A. H. Fariborz, R. Jora and J. Schechter, Phys. Rex2,®34001 (2005) [arXiv:hep-ph/0506170];
F. Giacosa, Phys. Rev. B4, 014028 (2006) [arXiv:hep-ph/0605191]; A. H. Fariborz Jara and
J. Schechter, Phys. Rev. 18, 114001 (2007) [arXiv:0708.3402 [hep-ph]]; F. Giacosay®lrev. D
75, 054007 (2007) [arXiv:hep-ph/0611388].

[6] D. Parganlija, F. Giacosa and D. H. Rischke, in preparati

[7] J. Boguta, Phys. Lett. B20, 34 (1983); O. Kaymakcalan and J. Schechter, Phys. R&i, 0109
(1985); R. D. Pisarski, arXiv:hep-ph/9503330.

[8] G.'tHooft, Phys. Reptl42, 357 (1986).

[9] S. Striber and D. H. Rischke, Phys. Rev/7) 085004 (2008) [arXiv:0708.2389 [hep-th]].
[10] C. Amsler et al. (Particle Data Group), Phys. L&®667, 1 (2008)
[11] F. Giacosa, arXiv:0712.0186 [hep-ph].
[12] D. V. Bugg, V. V. Anisovich, A. Sarantsev and B. S. ZouyBhRev. D50, 4412 (1994).

[13] B. Ananthanarayan, G. Colangelo, J. Gasser and H. hdetywPhys. Rept353, 207 (2001)
[arXiv:hep-ph/0005297].

[14] J. R. Batleyet al.[NA48/2 Collaboration], Eur. Phys. J. 81, 411 (2008).
[15] S. Wilms, F. Giacosa and D. H. Rischke, arXiv:nucl-#0@076.
[16] A. Heinz, S. Striber, F. Giacosa and D. H. Rischke, a10805.1134 [hep-ph].



