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1. Introduction

Effective models which embody chiral symmetry and its spapabus breakdown at low tem-
peratures and densities are widely used to understanddpenties of light hadrons. Viable candi-
dates obey a well-defined set of low-energy theorems [2, BHay still differ in some crucial and
interesting aspects such as the mass generation of theonuahel the behavior at non-zefoand
U.

Here we concentrate on a linear sigma model Wit{2)g x U (2),. symmetry and parity-
doubled nucleons. The mesonic sector involves scalar,dpsealar, vector, and axial-vector
mesons. In the baryonic sector, besides the usual nucladiieddieldN, a second baryon doublet
N* with JP = %_ is included. As first discussed in Ref. [4] and extensivelglgred in Ref. [5],
in the so-called mirror assignment the nucleon fidNdsndN* have a massy # 0 in the chirally
symmetric phase. The chiral condensptiacreases the masses and generates a mass splittihg of
andN*, but is no longer solely responsible for generating the ngasSech a theoretical set-up has
been used in Ref. [6] to study the properties of cold and daenskear matter. The experimental
assignment for the chiral partner of the nucleon is stiltomrersial: the well-identified resonances
N*(1535 and N*(1650 are two candidates with the right quantum numbers listechénRDG
[7], but we shall also investigate the possibility of a vergdad and not yet discovered resonance
centered at about2 GeV, which has been proposed in Ref. [6].

The aim of the present work is the development of an effectieelel which embodies the
chiral partner of the nucleon in the mirror assignment withie context of global chiral symmetry
involving also vector and axial-vector mesons. In this wayerterms appear than those originally
proposed in Ref. [4]. Moreover, we restrict our study to epenrs up to fourth order (thus not
including Weinberg-Tomozawa interaction terms). The lectaupling constant of the nucleon can
be correctly described. Using recent information aboutakial coupling of the partner [1] and
experimental knowledge about its decay width [7] we canuatel the mass parameteg which
describes the nucleon mass in the chiral limit. Then, weh&urevaluate pion-nucleon scattering
lengths and we compare them with the experimental values [8]

2. Themodel and itsimplications

The scalar and pseudoscalar fields are included in the niteix o 4-in)t° + (& +i7)
and the (axial-)vector fields are represented by the matRée= (w* — f')t°+ (p+ — a#)
andLH = (wH + {10+ (P +af!)- T (T = 3T, whereT are the Pauli matrices ati= 31,).
The corresponding Lagrangian describing only mesons reads

.
T

Zines = Tr| (D @) (DH®) — mPOT® — )y (010)°| — Ay (Tr{®TP])* + ¢ (detd” + detw)

+ TrH(®"+ )] — %Tr [(LFY)2 + (RHV)?] + ?Tr [(LH)2+ (RH)?]
+ hzTI’(CDTL,JL“CD—F CDR/JRHCDT) + h3Tr(CDRuCDTL“) + Lhreet+ ZLfour
(2.1)
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whereDH® = g +ig1 (PRH — LH®P) andLH*Y = gHLY — 9VLH, R*Y = gHRY — 9VR* are the field
strength tensors of the (axial-)vector field&ree and.-Zour describe 3- and 4-particle interactions
of (axial-)vector fields, which are irrelevant for this wpdee Ref. [9].

The baryon sector involves the baryon doubltsandW,, whereW; has positive parity and
W, negative parity. In the so-called mirror assignmébt,andW, transform in the opposite way
under chiral symmetry, namely:

Wir — UrWir,W1r — ¢1RU£ , War — U WRr,Wr— ¢2RUE , (2.2)

and similarly for the left-handed fields. Such field transfations allow to write down a baryonic
Lagrangian with a chirally invariant mass term for the favnd, parametrized byy:

Loar = WiLiyuDf Wi + WiriyuDigWir + WariyuDhsWar + WariyuDhy Wor
— G1 (W OWir + WDy ) — G (W TWor + Wr®Wo )
— Mo(W1 Wor — WirWoL — Wo Wir+ WorWaL) , (2.3)

whereDi; = 9 —ic;RH, D}, = 0* —iciLH andDhg = 9H — icoRH, Db = 9+ —ic,LH are the
covariant derivatives for the nucleonic fields. The couplaonstantg; andg, parametrize the
interaction of the baryonic fields with scalar and pseudascaesons ang = (0|c|0) = Zf;is
the chiral condensate emerging upon spontaneous chirahsimybreaking in the mesonic sector.
The parametef; = 924 MeV is the pion decay constant adds the wavefunction renormalization
constant of the pseudoscalar fields [11].

The term proportional toy generates also a mixing between the fisdljsandW,. The phys-
ical fieldsN andN*, referring to the nucleon and to its chiral partner, arise iaganalizing the
baryonic part of the Lagrangian. As a result we have:

N ~(w, 1 2 we 02\ [y
=M - _5/0 5/2 . (2.4)
N* A V2coshs \ we %2 —e¥ W
The masses of the nucleon and its partner are obtained upgardilizing the mass matriw:
1 — PPN
M = 5/478 1 (01 + o297+ BB 25)

i.e., the nucleon mass is not only generated by the chiradesatep but also bymy,. The pa-

rameterd in Eqg. (2.4) is related to the masses and the paranmjdoy the expression:d =
Arcosh["“;n’;“*(j .Let us consider two important limiting cases. (i) Wh&r- o, corresponding

to my — 0, no mixing is present and = W1, N* = Ws. In this casamny = §1¢ /2 andmy- = G2 /2,
thus the nucleon mass is generated solely by the chiral osatke as in the linear sigma model.
(i) In the chirally restored phase whege— 0, one has mass degeneramy = my« = M. When
chiral symmetry is brokernp # 0, a splitting is generated. By choosing<03; < @ the inequality
my < My is fulfilled.

Note also that, wheg, = ¢; = ¢, andh; = h, = hz =0, the chiral symmetry becomes local [10,
12]. The corresponding model has been studied in Ref. [18]a$ not possible to make a clear-cut
prediction as to whether the mass of the nucleon is domgetherated by the chiral condensate
or by mixing with its chiral partner. In addition to this, thlescription of the mesonic decays was
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not correct in a locally symmetric framework as shown in R&d]. Also, the expression for the
tanhd

axial charge readgx = “27-. Sinceltanhd| < 1 for all d andZ > 1, we obtaingx < 1, at odds
with the experimental valugx = 1.2674+0.004. Thus, in the context of local symmetry one is
obliged to introduce terms of higher order such as the Wegathemozawa one. As a final remark,
note that by setting = 1 (which in turn meang; = 0) the vector mesons and axial-vector mesons
drop out and only the (pseudo-)scalar and nucleonic termdvsuin the Lagrangian. Then, for
gx*a value much larger than®is predicted, which is in disagreement with lattice daja [1

In Ref. [6] a large value of the parametey (~ 800 MeV) is claimed to be needed for a
correct description of nuclear matter properties, thuspay to a small contribution of the chiral
condensate to the nucleon mass. Validating this claim tfirahe evaluation of pion-nucleon
scattering at zero temperature and density is the subjehegfresent paper.

The expressions for the axial coupling constants of theewrchnd the partner are given by:

0 —5 _5 5
N_ € (1) e @ N _ e (1) e @
9= 2cosp A T 2cosB R A T T 2cosp T 2cosm A (2.6)
where . .
W_q G 1Y @__4,.%2(;_ 2
g, =1 o <1 Zz> » Oa 1+ % (1 ZZ> 2.7

refer to the axial coupling constants of the bare, unmixddg<i¢’; andW,. Note that wherd —
one hasg) = gg” andg = gf>. Also, whenc; = ¢, = 0 (or Z = 1) we obtain the results of
Ref. [4]: g = tanhd andg) = —tanhd, which in the limitd — o reduces tag) = 1 andg” =
—1. However, in our model the interaction with the (axial-)\@ctnesons generates additional
contributions tay) andg} , which are fixed via the experimental result & and the lattice result
for g,'ﬁ*, see the next section. From the Lagrangian (2.3) one can derntpeidecafN* — Nrrand
the scattering amplitudﬁi) [15].

3. Resultsand discussion

We consider three possible assignments for the partnereohdicleon. (1) The resonance
N*(1535), with massMy- (1535 = 1535 MeV andl (1535 nr = (67.5+23.6) MeV, which —
being the lightest baryonic resonance with the correct uamumbers — surely represents one of
the viable and highly discussed candidates for the nucleomer. (2) The resonand¢*(1650),
with a mass lying just abovédy: (1650 = 1650 MeV and - (1650 —nr = (9254 37.5) MeV. (3)

A speculativecandidateN*(1200 with a massMy- (1209 ~ 1200 MeV and a very broad width
[N+ (1650 N = 800 MeV, such to have avoided experimental detection upwo[fip

For all these scenarios, we want to determine the valueseopdéinameters;, c;, andmp.
Beyond the width, which is different in the three cases noewtil above, we also ugl = 0.2+
0.3, as predicted by lattice QCD [1], argﬁ = 1.26. We repeat the evaluation for different values
of Z. Remarkablym, does not depend aa.

Figure 1 shows the mass paramatgras a function of the axial coupling constantNf for
different masses dfi*. For the range ogﬁ* given by Ref. [1],my = 300— 600 MeV forN* (1535
andN*(1650, meaning that half of the nucleonic mass survives in theadiftirestored phase. On
the contrary, folN*(1200 the value formy lies above 1000 MeV. This result suggests that the
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contribution of the chiral condensate to the nucleonic nsmsild be negative, which is rather
unnatural. We can then discard the possibility that a hygtatal, not yet discovereN*(1200) is
the chiral partner of the nucleon.

According to Ref. [16], when the fieldd and N* belong to a parity double‘gﬁ ~ 1 and
gk* ~ —1. Then, in Ref. [16] the lattice result of [1] is used agathst identification oN*(1535)
as the partner of the nucleon. However, within our model west#l accommodat®l* (1535 (or
alsoN*(1650) as the partner of the nucleon. The small valugﬁfarises because of interactions
of the partner with the axial-vector mesons.
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Figure 1: my as a function o\ .

In Figure 2 we plot the isospin-odd and isospin-even séaffdengths as a function of the
axial chargegx*for Z=15. A comparison of our results to the experimental dataidrscattering
lengths, as measured in Ref. [8] by precision X-ray expanisien pionic hydrogen and pionic
deuterium, yields the following: (a) the isospin-odd seatty lengthal, ) is close to the experi-
mental range, but we expect an even better result with thedattion of theA resonance. (b) The
isospin-even scattering Ieng&éﬂ is an order of magnitude smaller than the experimental band
a&)xp = (—8.85783+ 7.16)10° MeV. The reason for this is the strong dependencaéb)f on the
scalar mesons. Here we usg = 1370 MeV. A smaller mass of the sigma meson may be favored,
however this result seems to be excluded [9].
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Figure 2: The scattering lengths (aﬁf) and (b)a((f) as a function og,'f‘.
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4. Summary and outlook

We have computed the pion-nucleon scattering lengths etlaékel in the framework of a
globally symmetric linear sigma model with parity-doubledcleons. Within the mirror assign-
ment the mass of the nucleon originates only partially frbim ¢hiral condensate, but also from
the mass parameteny. Using the lattice results of Ref. [1] we find thal ~ 300— 600 MeV.
Approximately half of the nucleon mass survives in the dlyineestored phase. The isospin-odd
scattering length lies close to the experimental band, cwidcbe improved in further studies. The
isospin-even scattering length is too small: future indoof a light tetraquark state gives rise to
a large contribution, and thus is expected to improve thaltesWe also plan to extend our model
by including theA resonance, necessary to correctly reproduce the p-wattersog lengths [17]
and to evaluate the radiative-photoproduction.
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