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Unitarized pion-nucleon scattering within heavy baryon chiral perturbation theory
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By means of the inverse amplitude method we unitarize the elastic pion-nucleon scattering amplitudes
obtained from heavy baryon chiral perturbation theory@?®). Within this approach we can enlarge their
applicability range and generate th&1232) resonance. We can find a reasonable description of the pion
nucleon phase shifts witt)(q?) parameters in agreement with the resonance saturation hypothesis. However,
the uncertainties in the analysis of the low energy data as well as the large number of chiral parameters, which
can have strong correlations, allow us to obtain very good fits with rather different sets of chiral constants.

PACS numbse(s): 12.39.Fe, 12.38.Cy, 13.75.Gx, 13.85.Dz

Chiral symmetry plays a fundamental role in the interac-from SU(2) HBChPT to ®(q®), which we will unitarize
tions between pions and nucleons. However, in order to 9@sing the inverse amplitude methddM ).
beyond current algebra or tree level calculations from simple Despite its difficulty, several works related tN scatter-
models, one needs an effective low-energy field theory v_wthng within HBChPT have appeared in the literatgie-9].
all the QCD symmetries and.a systematic power Countingyjere we will follow the notation of the fira®(q®) complete
Heavy bar_yon chiral perturbation thedigBChPT) [1] is Fhe result [9]. Thus, we denote by, and b, the O(q?) and
best candidate to date for such a theory. BaX2) chiral Q(q®) parameters, respectively. The translation to the nota-
syrgm_etry, thr? HBChPT d(;grees Og freec?gm arett)he nucle}ort}son of [7,8] can be found irf7]. Only four O(g?) and five
and pions. The pions are the Nambu-Goldstone bosons of t (g% combinations of chiral parameters are relevant for

spontaneous chiral symmetry breaking, whereas the nucleo ) _ _
are included as an isospin doublet. In the caseSt(3) 7-N scattering. There are two sets of fitted parameters in the

symmetry, the pseudoscalar meson and baryon octets are fierature: in[9], the extrapolatedthreshold values of10],
quired to describe the meson-baryon sector. There are aldggether with the nuclears-term and the Goldberger-
non-minimal formulations considering the baryon decupletlreiman discrepancy were taken as the experimental input,
as a fundamental fielg2]. whereas in[7], the S and P-wave phase shifts, somewhat
HBChPT is built as an expansion in derivatives and me-away from threshold, were used as data for the fits. These
son masses, including all terms compatible with chiral sym{hase shifts are given {i1] and are obtained as extrapola-
metry. It follows the same philosophy as chiral perturbationtions from experimental data. Note thafit?] it is suggested
theory (ChPT) in the purely mesonic sectdB]. However, that the data if11] yield a too larges term when analyzed
there are two important differences between them. First, thevith HBChPT. As their authors pointed out, both procedures
scale in the HBChPT expansion is not just the chiral sym-are subject to some caveats, either because of the many un-
metry breaking scale of pion loops,=4xf =12 GeV, certainties of the data near threshédee[7]), or because the
but also the mass of the nucleomg= 1 GeV. Second, the errors for the extrapolated phase shifts are clearly underesti-
nucleon four-momentum is of the same order as the expamnated (see[9]). Concerning theoretical estimates, [@] it
sion scale, no matter how small is the momentum transfewas suggested that the could be understood from reso-
and even in the chiral limif4]. HBChPT circumvents this nance exchange saturation. Further constraints from disper-
problem by treatingng as large compared to the external sive techniques can be found ih2]. In general, there is a
momenta and redefining the nucleon fields in terms ofairly good agreement between thgvalues, but that is not
velocity-dependent eigenstates satisfying a massless Dirdhe case fob; (see[12)).
equation. The antibaryon components can be integrated out We should stress that the predictions obtained within this
[5]. Once this is done, it is possible to findsgstematic framework are promising, although not as impres$®eas
power counting irk/A, , k/mg, /A, andg/mg, whereq  those of ChPT for mesons. HBChPT is, of course, limited to
stands for any meson mass or external momentum, genetibw pion momentum and, with the presently available calcu-
cally denoted byO(q). With the effective vertices up to a lations, certainly belowg,<200 MeV [7]. The reason is,
given order, one can calculate loop diagrams. Each loop inbasically, thatthe convergence of HBChPT is rather slow
creases the order of the diagram so that any divergence cas a matter of fact, the contributions of the first three orders
be absorbed by renormalizing the coefficients of higher ordeare frequently comparable.
operators. It is thus possible to obtain finite results order by In order to improve this situation, one could go to the next
order for any observable, but paying the price of introducingorder, thus dealing with many more parameters. We could
more chiral parameters. In particular, the full HBChPT La-also introduce more degrees of freedom, like the lightest
grangian up ta?(q®) has been given if6,7]. It involves 5  resonancefl3], but that would also increase the number of
unknown coefficients t@(qg?) and 23 more t@(q®), which ~ parameters. In addition, some kind of unitarization should
have to be fitted to experiment. In this paper, we will con-also be carried out in that case, to impose strict unitarity.
centrate on the pion-nucleon scattering amplitude derive®ecently{14], remarkable results have been obtained by uni-
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tarizing with the N/D method the lowest order HBChPT atserving theSU(2) chiral symmetry, the most general ap-

tree level, including explicitly theA (1332) andN*(1440) proximation to RéL/t) is HBChPT. In particular, we will

resonances. take theO(q®) calculations, but the method can be easily
We propose an alternative approach. Encouraged by thgeneralized to higher orders. Thus, we arrive at

HBChPT results and the success of unitarization in meson-

meson scattering15,16/, we will unitarize the amplitude 2

without introducing additional fields t= 5 —, (4
t;—tr+t5/t;— Retz—igemts

A. The IAM applied to «-N scattering
o . . . where we have only kept the relevant order in t
Unitarization is not foreign to effective theories. In fact, y <P (@t Ly

Pad imants with impl el T +1t5) 1]. This is theO(q®) form of the IAM. Note that if we
adeapproximants with very simple models aré enoug 0reexpand in powers of], we recover at low energies the
describe th_e main features_@fN scatterm_g{lS]. Althou_gh HBChPT result. However, as it is written, the amplitude ex-
Srggif:/nv:gcc;lﬁggii?oir: \),vvggIzez\i/gre(f:faer(r:itg:jeoﬁgrangIan AP plicitly satisfies elastic unitzarity. Furthermore, using E2),

. ' o we can rewrite R&s+iq.mt7=t3, which can be analytically
Customarily[17], the data are presented in terms of par- . . :
. T : . continued to the complex plafehere, for instance, we will
tial waves of definite isospih orbital angular momenturh look for the pole associated to thi(1232)]. Incidentally
and total angular momentu® using the spectroscopic no- Eq. (4) thus rewritten is a Peidapproximant. of thed(qP) '
tation Ly 11 04+1 (With L=S,P, ... wave$. Generically, '

the HBChPT#-N partial wavest, are obtained as a series in S(—:‘_I'!Le_S.RFI;CEI';ﬂ the K matrix point of view, we have identified
the momentum transfer and meson masses. Thus, basicalf)</, E;enethOl:I h the elastic unitarity condition is only satis-
they are polynomials in the energy and mass variablss fied for real vglues of above thresgold the use of th}(/—z IAM

well as logarithms from the loops, which provide the cuts. '

and imaginary parts required by unitajitySuch an expan- n the Comp'e’? plane can be justified using d|spers_|on rela-
X ) : e i~ tions[15], provided one is not very far from the physical cut.
sion will never satisfy ther-N elasticunitarity condition

In other regiongaround the left cut for instangehe 1AM
1 1 1 would be inappropriate. As a consequence, it is also possible

Imt:qcm|t|2:>|m?: —qcm:>?=Ret——iqcm, (1) to reproduce the poles in the second Riemann sheet, which
are close to the physical cut and are associated to resonances.
As a matter of fact the IAM has been successfully applied to
meson-meson scatterifi@5]. In particular, using the)(p*)
ChPT Lagrangian, the IAM generalized to coupled channels

Imt;=Imt,=0; IMmtg=Qemlts|% ..., (2)  Vields a remarkable description of all channels up to 1.2

GeV, including seven resonandd$]. Using the Lippmann-

wheret, stands for the?(g¥) contribution to the amplitude. Schwinger like equation mentioned above it is also possible
This is indeed the case [7], but not in[9], where an addi- to describe the S-wave kaon-nucleon scattering, using the
tional redefinition of the nucleon field allows to eliminate the lowest order LagrangiafiL9], including theA (1405).
(v-V)?/2m terms in the Lagrangiaf6]. We have performed Let us then use E() whent are thel, ;1241 7-N
an additional Ith expansion of the results {®] in order to  partial waves. The resulting amplitudes will be fitted to the
recover a pure expansion satisfying E2).. Thus, we count [11] phase shifts, which are actually an extrapolation, not
Jcm @and M as O(e), so that each partial wave reatist, including the experimental errors. For the fit we have used
+1t,+t3+ O(e*), where the subscript stands for the order the MINUIT function minimization and error analysis routine
of each contribution. We have then checked that @jyis  from the CERN program Library. As it is customarily done

with g, the center of mass momentum of the incoming
pion. But HBChPT satisfies unitarifyerturbatively i.e.,

verified. in the literature, we will assign an error to the datd 11d].
However, from Eq(1) any unitarity elastic amplitude has For instance, in Ref.7] the central points have been given a
exactlythe following form: 3% uncertainty. However, since our fits will cover wide en-
ergy ranges, the use of a constant relative error will give
1 more weight to the low energy data. Thus we have also
t= Re(1/t)—iQem’ 3 added an additional systematic error of 1 deg¢aes% error

plus a2 systematic error was used fi4].) This error is
for physical values of the energy, and below any inelastimeeded to use the minimization routine, and, although the
threshold The problem, of course, is how to obtain (R&). order of magnitude may seem appropriate, the values are
For instance, setting Ret}~|gcn c0t5=—1/a+(r0/2)q§m rather arbitrary, so that the meaning of tp&DOF obtained
we reobtain the familiar effective range approximation,from MINUIT has to be interpreted cautiously.
whereas by taking Re=t; we arrive at a Lippmann- Furthermore, the data near threshold are subject to many
Schwinger like equatiofl6]. A frequent criticism to unita- uncertainties, so that, also followirig], we will start our fits
rization is its apparent arbitrariness, although from B). ats=1130 MeV. Hence the threshold parameters are real
we see that the difference between two unitarization methodgredictions in our approach. In addition, we should limit the
is the way of approximating Re(t}/ Since we want to re- approach to energies where inelasticities can be neglected. In
strict our Lagrangian to include just pions and nucleons preparticular, we will not use ouP,;, P43 andP3; phase shifts
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TABLE 1. 1AM results. In fit 1, we keep thed(g?) values of[9]. In fit 2, thea; are constrained to the

ranges predicted by resonance saturaf)n Due to the strong correlatiorisee text only certainf)i com-
binations could be meaningful.

a; a as as Bl+ 62 63 b6 616_ 615 b19
Fit 1 -2.6 1.4 -1.0 3.3 28.1 -29.8 21 33.3 12.9
Fit 2 -2.1 1.3 -0.8 3.6 22.3 -26.1 25 26.7 10.1

above thermN threshold (/s=1220 MeV), since they are 2(b;+b,)+ (b,;s—b;5) combinations are the most relevant,
very small and inelasticities could be significant. igand  and remain rather stable for these fits. Howeiteis not
S;; phase shifts are larger and we fitted them up topossible to obtain a meaningful determination of each indi-
=1360 MeV. The inelasticities iP5 are negligible up to vidual parameterwithout any other additional assumption
1400 MeV since this channel is dominated by thel232) (like resonance saturatipnThat is again due to the large
which is strongly coupled ter-N. number of parameters, but also to the slow HBChPT conver-
(@) The IAM and resonance saturatiofollowing the  gence.
suggestion that th@©(p?) parameters can be understood (€) TheA(1232) resonanceThe IAM generates dynami-
from resonance saturatig], it is natural to try to make an cally a pole in the second Riemann sheet at= (1212
IAM fit constrained with this hypothesis. Thus, we first fix —i 47) MeV, which is rather stable within all the fits and in
the a; to the values of9], which are compatible with the Vvery good agreement with the dgt0].
saturation hypothesis. The resulti@(p®) parameters are (d) Threshold parameterg-or definitions and notation we
given in Table I. In addition, we give in Table | the values refer again td9]. Our results are shown in Table II, where
for a second fit where we have allowed teparameters to We have also listed the experimental values, extracted from

vary within the ranges expected from resonance saturatioh10]. As pointed out in[10] and [9], the errors for those
The results of fit 2 are plotted, as a solid line, in Fig. 1. Wevalues are clearlynderestimatedHence, it should be borne

used “hatted” quantitiesp;, because their values do not
necessarily correspond to those of HBChPT since now they P
are also absorbing the IAM resummation effects and some -5}
high energy information. Only if there was a very good con- _
vergence of the theory at low energies the valuesbof

30
$11 Phase shift

201

-10fF

should be similar to thé, (as it happens in ChBTThere- -5

fore, at presentpur b; should not be used to calculate any 20 31 Phase shift "

other process at low energies E . . "u g L .
Not surprisingly, there are strong correlations between pa-"° 7100 1200 B, OTi 1200 1300

rameters. Unfortunately, fromiNuIT we cannot get the ac-
tual form of the correlation. However, looking only at linear
combinations with integer coefficients, some of them, like
b,+b,+bs or by +b,+2bs+bs— b5, remain within natu- of
ral sizes for these fits. Nevertheless, as we have commenter |
there is a considerable uncertainty in the precise values of thi _s|
b; at presentsee Table 2 if12]). i

In summary, the main conclusion from Fig. 1 is that it is -1t
possible to obtain an improved descriptionsel scattering S
including the A(1232), with thea; values obtained from
resonance saturation. Note however, thatShephase shift
does not have any real improvement. For illustration we also |
give in Fig. 1 the extrapolation of th@(q®) HBChPT results -5t ..
to high energieg(dotted ling as well as the IAM result : ) el 50
(dashed ling using thea; andb; values in[9]. -tof P31 Phose shilt

(b) Unconstrained IAM fitsOf course, we can get much . . A
better fits(all with Yy DOF<1) by leaving all the param- ~'° 710 1150 25 07100 1200 1300 1400
eters free. For illustration, see the dashed-dotted line in Fig.

1. There are again strong correlations and the actual value of FIG. 1. m-N scattering phase shifts. The dotted curve is the
each one of thé: andb: could be extremely unnatural. The extrapolated HBChPT result, with the chiral parameter9afThe
i i :

. . dashed line is the IAM with the same parameters, and the continu-
correlations now are even more complicated due to the qu

. . . ; ; %us line is the IAM constrained to resonance saturaffare, see
dratict term in the denominator of E¢4). By inspection of oy The dashed-dotted line is one unconstrained IAM fit. The data

the analytic formulas, we find that the, +a,, as—4a;,  come from[11].

P11 Phase shift

[ P13 Phose shift

1 1 1
1100 1150 12?/05

- P33 Phose shift [ B
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TABLE Il. 7N threshold values with different IAM fits, and the A(1232) in theP45; channel. Our fits use the extrapolated
their experimental value$rom [10], see text phase shifts betweegis= 1130 MeV and the corresponding
inelastic thresholds. Within this approach, we can predict the
thresholds values, which for tH@waves are in good agree-
ment with experiment and with recent determinations.

Unfortunately, since there are large correlations between

Extrapolated |IAM constrained
from to resonance IAM
experiment  saturatioffit 2) unconstrained

al (Gev'l) —0.07+ 0.01 0.02 ~0.12 some parameters, it is possible to obtain good fits with very
ay (GevY) 0.67+ 0.1 0.72 0.53 different sets of parameters, which can have rather unphysi-
b (Gev?) —16.9+25 _238 —16.43 cal values. This is dug to d_n‘ferent rgasqma) The slpw

b, (Gev ) 51+23 9.0 13.59 convergence of the series, since contributions from different

orders are comparable in almost every partial wave. The ef-

+ 3
:i* Egg;si _53'15;0655 _411é0;'5 _729 '(?98 fect of higher order terms, which was less relevant at thresh-
- 3 DS ' X old, is absorbed in our case in the values of the chiral coef-
ar+ (Ge\fs) —31.0:06 —11.52 —39.58 ficients. (b) There are strong correlations between the
a;- (Gev™)  —4.4x04 —6.75 —2.00 parameters, and the fits are only sensitive to certain combi-

nations. Hence the values of each individual coefficient are

] ) meaningless.
in mind that the threshold parameters are not so well deter- The most relevant conclusion of this study is that we can

mined as it may seem from those err¢see alsd7]). Our || reproduce the\ (1232) with thea, values expected from

fits give a reasonably good agreement with experiment fofhe resonance saturation hypothesis, keeping a reasonably
the Swave scattering lengths. For md3twaves, we agree good description for the other channels.

with the order of magnitude and sign. Our results are also in Finally, we would like to remark that the method devel-

rough agreement witfi7], where they give-0.07 GeV'* oped here can be easily extended to the caseUfBB) sym-

<a;,<0.04 GeV'and 0.6 GeV'=a,=<0.67 GeV ™. metry as well as to the coupled channel formalism. Further
work along these lines is in progress.

B. Conclusions and discussion

We have unitarized the HBChR®(q®) =N elastic scat-
tering amplitude with the inverse amplitude method. This This work was partially supported by DGICYT under
approach is able to describe the phase shifts up to the inelasentract AEN97-1693 and PB98-0782. J.R.P. thanks J.A. OlI-
tic thresholds and, in addition, it gives the correct pole forler and E. Oset for useful discussions.

ACKNOWLEDGMENTS

[1] E. Jenkins and A. V. Manohar, Phys. Lett2B5 558 (1991); [11] R. Arndt et al, nucl-th/9807087. SAID online-prografVir-
V. Bernard, N. Kaiser, J. Kambor, and U. -G. Meissner, Nucl. ginia Tech Partial-Wave Analysis Facilty Latest update,
Phys.B388 315 (1992; G. Ecker, Czech. J. Phyd4, 405 http://said.phys.vt.edu
(1994; V. Bernard, N. Kaiser, and U. -G. Meissner, Int. J. [12] P. Bittiker and U.-G. Meissner, Nucl. Phy&668, 97 (2000.
Mod. Phys. E4, 193(1995. [13] A. Datta and S. Pakvasa, Phys. Rev56 4322(1997); P. J.

[2] E. Jenkins and A. V. Manohar, Phys. Lett2B9 353(1991). Ellis and H.-B. Tang, Phys. Rev. &7, 3356(1998.

[3] S. Weinberg, Physica A6, 327 (1979; J. Gasser and H. [14] U-G. Meissner and J. A. Oller, nucl-th/9912026.
Leutwyler, Ann. Phys(N.Y.) 158 142 (1984; Nucl. Phys.  [15] T N. Truong, Phys. Rev. Leti61, 2526 (1988; 67, 2260

B250, 463 (1985. o (1992); A. Dobado, M. J. Herrero, and T. N. Truong, Phys.
4] fi;aasser’ M. E. Sainio, and A. Svarc, Nucl. PI§807, 779 Lett. B 235 134 (1990; A. Dobado and J. R. Pada, Phys.
: Rev. D47, 4883(1993; 56, 3057(1997.
[5] (Tl'g'\gg””e" W. Roberts, and Z. Ryzak, Nucl. Phg868 315 1 o0 5 o oyler, E. Oset, and J. R. Pels Phys. Rev. Let80, 3452

[6] G. Ecker and M. Mojzis, Phys. Lett. B65 312 (1996. (1998; Phys. Rev. D59, 074001(1999; hep-ph/9909556; F.

[7] N. Fettes, U.-G. Meissner, and S. Steininger, Nucl. Phys. Guerr_ero and J. A. OIIe_r, NL_JC" PhyB537, 45_9(1999'
AB40, 199 (1998. [17] T. Ericson and W. WeiseRions and Nuclei(Oxford, New

[8] V. Bernard, N. Kaiser, and U.-G. Meissner, Phys. LetB@, York, 1988 and references therein.
421(1993; Phys. Rev. (52, 2185(1995: Phys. Lett. B3gg, 18] J. L. Basdevant, Fortschr. Phy20, 283 (1972.

144 (1996; Nucl. Phys.A615, 483 (1997). [19] E. Oset and A. Ramos, Nucl. Phy—S635, 99 (1998.
[9] M. Mojzis, Eur. Phys. J. @, 181(1998. [20] Review of Particle PhysicsParticle Data Group, C. Case,
[10] R. Koch and E. Pietarinen, Nucl. Phys336, 331 (1980. et al, Eur. Phys. J. G3, 1 (1998.

017502-4



