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Abstract

Electromagnetic properties provide independent tests of models of strongly
interacting systems. In the unitary chiral approach, the N*(1535) appears
dynamically generated from the interaction of mesons and baryons. We eval-
uate the A,/ and S/, helicity amplitudes as a function of the photon vir-
tuality for the N*(1535) — ~+*N transition. Within the same formalism we
evaluate the cross section for the reactions YN — nN and several ratios of
observables. The global results provide a strong support to the idea of this
resonance being dynamically generated, hence, largely built up from meson
baryon components.

1 Introduction

The traditional picture of baryons as being made from three constituent
quarks [1] is giving room in some cases to more complicated structures. One
of the ideas which has caught strength in recent times is that low lying reso-
nances of J©' =1/27,3/27 seem to be well represented in terms of ordinary
resonances generated by the meson baryon interaction in L = 0; in the 1/2~
case from the interaction of the octet of mesons of the m with the octet of
baryons of the p [2-9] and in the 3/2~ from the interaction of the same
mesons with the decuplet of baryons of the A(1232) [10,11]. The A(1405),
which actually comes as two poles in chiral theories [6], with this two pole
structure supported by experiment [12], has been for long thought of as a
kind of meson baryon molecule of the KN and 7% states [13,14], a struc-
ture similar to that provided by the chiral approaches mentioned above. The
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N*(1535) is one more resonance that appears in the two octets and one sin-
glet of dynamically generated resonances coming from the interaction of the
octet of mesons of the 7w with the octet of baryons of the p [6]. In fact, it was
early noted in [15], before the systematics of [6] was established, that the
interaction provided by chiral Lagrangians put as kernel of the Lippmann
Schwinger equation generated this resonance, which also appears in other
works [16,17] done along similar lines.

The N*(1535) plays an important role in all processes of 1 production
since it couples very strongly to n/N. This feature is actually provided auto-
matically by the chiral theories, one of the points of support for the nature
of this resonance as dynamically generated. A recent study of the model
dependence of the properties of this resonance is seen in [18].

From the point of view of a dynamically generated resonance the N*(1535)
leads to fair descriptions of the TN — nN and yN — nN reactions [15,17,19]
and produces reasonable numbers for the n/N scattering lengths [2,17]. Yet,
it has been argued that one of the important tests of the nature of a reso-
nance is its electromagnetic form factors. Indeed, a meson baryon resonance
should get the Q? dependence basically from the meson cloud. If this is a
pion, this light particle has a fairly large extend in the wave function, as a
consequence of which, the form factor of the resonance should fall relatively
fast compared to ordinary quark models which confine the quarks at smaller
distances. This is also the case for the proton at small Q?, due to its me-
son cloud, which stabilizes later on at larger values of Q? where the quark
components take over, as shown in chiral quark models [20-22]. We shall
see that something special happens for the N*(1535), but in any case this
is a very stringent test, since the chiral theory provides the normalization
and the Q% dependence for the different transition form factors without any
free parameter, once the parameters used in 7N scattering with its coupled
channels are fixed to scattering data.

Radiative decays of resonances from the point of view of their dynamically
generated nature have been addressed in [23] for the A(1520), in [24] for the
A(1700) and in [26] for the two A(1405) states. It concerns the decay of
the resonances into a baryon and a real photon. Some work with virtual
photons from this point of view is done in [2] for the electroproduction of n
in the vicinity of the N*(1535) resonance. Meanwhile experimental analyzes
have succeeded in extracting the helicity transition form factors A;,, and
Sy /2 for N*(1535) — N7, for both N = p,n, in a relatively wide range of Q?
values [27].

We undertake the task [25] of evaluating these form factors from the
point of view of the N*(1535) as a dynamically generated resonance. For
that purpose we shall extend the formalism of [24,26] to virtual photons.
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From the quark model point of view there is also much work done on
these helicity form factors [28-32]. A comparison of their prediction with
experiment plus a compilation of results from different experiments can be
seen in [27]. There are appreciable differences from one quark model to
another and relativistic effects seem to be important, particularly in the S )
helicity transition form factor.

In our approach the quarks enter through the meson and baryon com-
ponents of the resonance and the Q? dependence is tied to the meson and
baryon form factors, which we take from experiment, plus the particular ()2
dependence of the loop functions from the meson baryon coupled channels
that build up the resonance. Thus, the final )?> dependence is a nontrivial
consequence of chiral dynamics, which provides the coupling of the resonance
to open and closed channels, the Q% dependence of the different loops and
the form factors of the mesons and baryons, particularly the mesons, as we
shall see.

2 Formalism

In our approach, the N*(1535) resonance is dynamically generated in the
s-wave scattering of the coupled channels 7N, nN, KA, and KX, for total
charges of @ = 0 and Q = 1. The scattering amplitudes for the N*(1535)
resonance are described in Ref. [17] by means of the Bethe-Salpeter equation
for meson baryon scattering given formally by

T=V+VGT . (1)

Based on the N/D method and the dispersion relation [5], this integral scat-
tering equation can be reduced to a simple algebraic equation

1

T—_
1-VG

Vv (2)
where the matrix V' is the s-wave meson-baryon interaction provided by the
lowest order of chiral perturbation theory, given by the Weinberg-Tomozawa
interaction. The diagonal matrix G is the meson baryon loop function evalu-
ated in dimensional regularization. It provides the right-hand cut of the scat-
tering amplitude and ensures exact unitarity through its imaginary part. Fur-
thermore, and this distinguishes the formalism from K-matrix approaches, it
is analytic and thus has a real part. Provided attraction in a given channel,
this leads to the formation of poles in the complex plane of the scattering
energy s'/2. The pole is identified with resonances and its residues provide
the couplings g; of the resonance to the channels that are included: in the
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Figure 1: Feynman diagrams for the transition form factor of N(1535) at one
loop level. The solid, dashed, wavy and double lines denote octet baryons,
mesons, photon, and N*(1535), respectively.

transition from channel ¢ — j, the amplitude can be expanded around the
pole as

ij . 9i9;

T3(V3) = S e + T (3)
The empirical evidence of larger coupling of N(1535) to n/N than that to
mN is reproduced in this model. In addition, the couplings to XK and
AK are also large. This implies that the N(1535) has large components
of strangeness. The basic model has been refined in Ref. [17] by including
the 7N channel and form factors at higher energies. We leave these addi-
tional ingredients out, as they play a minor role in the S7; channel and their
inclusion in the coupling to the photon is beyond the scope of this study.

2.1 Phototransition

In the meson-baryon picture of the N(1535) resonance, the photoproduction
of the resonance from the nucleon is formulated through the well-known pho-
ton couplings to the mesons and baryons that constitute the resonance. Pho-
ton couplings and gauge invariance in the case of chiral unitary amplitudes
are discussed in Ref. [33]. Here we follow a similar approach as developed
in Refs. [23,24,26] for real photons, extending it to virtual ones. Feynman
diagrams for the transition form factors at the one-loop level are shown in
Fig.1. In the loops, all possible octet mesons and baryons contribute. In the
diagrams (a) and (b), the photon attaches to the meson and baryon in the
loop, respectively. The diagram (c) has the Kroll-Ruderman coupling which
is the contact interaction of the photon, meson and baryon. The diagrams
(d) and (e) have to be taken into account to keep gauge invariance.

We calculate the transition amplitudes both in non-relativistic and rel-
ativistic formulations. The momenta of the baryons are small enough to
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describe the transition amplitudes in the non-relativistic formulation. In ad-
dition, as can be seen in Ref. [17], in the construction of the N*(1535) in
meson-baryon scattering, we have used the non-relativistic formulation in
the elementary vertex and the baryon propagators. Therefore, to keep con-
sistency of the calculation of the photon couplings with the construction of
the N* resonance, the non-relativistic calculation is preferable. Nevertheless,
it is somewhat complicated to prove gauge invariance in the calculation of
the amplitude, since one needs to take into account all the possible diagrams
including negative energy contributions, which are refereed to as Z-diagrams.
To avoid this complication, we will perform the calculation of the amplitudes
also in relativistic formulation, in which the negative energy contributions are
automatically counted without introducing Z-diagrams, and we have shown
that the relativistic calculation is exactly gauge invariant. This guarantees
that each term in the 1/M expansion is gauge invariant. Exploiting this fact,
in the non-relativistic framework, we calculate diagrams for leading ampli-
tudes relying upon gauge invariance and show that the next-to-leading terms
are relatively small.

Lorentz invariance and momentum conservation require the transition
current J* to be written, in general, by the following three Lorentz scalar
amplitudes:

JH = (Ml’)/u + MQP“ + Mgku>’)/5. (4)

The gauge invariance k - J = 0, tells us that there are only two independent
amplitudes among these three amplitudes, M;, giving the following relation:

(My« + My)M;y + k- PMy+ kM3 =0. (5)

Using the transition current (4), we evaluate the helicity amplitudes, A; /o
and S5, in the rest frame of the N(1535) resonance. After some algebra,
the helicity amplitudes are written in terms of the amplitude My and M3

. 271'0( E+MN \/§ 9
hye = \/ \/ iy e My 3 My FPMeEM) (6)

2ma El—i-MNl —’k’
S1/2 \/ \/ oM eMN*—l—MN( N Mo+ (My N)Ms);
(7)

the result for the non-relativistic amplitudes is similar.

In the non-relativistic formulation, the leading terms of the 1/M expan-
sions are the diagrams (a) and (c) in Fig.1. The diagram (b) is found to be
the next leading order due to the 1/M factor in the yBB coupling. In the
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CM frame of the N*, which we take for the non-relativistic calculation, the
diagram (d) vanishes, since there is a direct transition of 1/2% to 1/27. The
diagram (e) has some contribution in this frame, but it is also found to be
the next leading order, since the contribution to the diagram (e) is confirmed
to vanish in the large M limit. One of the advantage that Eq. (5) provides
is the fact that only the terms proportional to the external momenta k - P,
k? have to be considered. For the non-relativistic calculation this means that
the loop integrals are finite for these terms. In Ref. [24] it has been shown
that the consideration of these finite terms is equivalent to a calculation of
all divergent loop diagrams for which the infinities cancel in the sum. In the
present case, this is again the case for the charge () = 0 sector; for ) = 1
one needs, however, higher order terms to cancel the infinities, as they are
automatically provided in a fully relativistic calculation.

As mentioned above, the non-relativistic framework for the photon loops
ensures consistence with the hadronic part of the model. The purpose of a
relativistic calculation of these loops is to confirm gauge invariance of our
formulation. Without the 1/M expansion, which has been performed in
the non-relativistic calculation, all the diagrams shown in Fig.1 have been
calculated to make the amplitudes gauge-invariant at the one loop level. Each
diagram has a divergence from the loop integral. It has been found that the
divergence appears only in the M; term.

We have also included standard form factors for the virtual photon in the
calculation, as well as a non-relativistic treatment of the anomalous magnetic
momenta which introduce a small correction.

3 Results

In order to compare our results to the experimentally extracted helicity am-
plitude, there is an important caveat: The hadronic width of the resonance,
as well as the branching ratio, enter the normalization of the experimen-
tally extracted amplitudes [34-36]. It is, thus, the Q*-dependence of the
form factor rather than absolute numbers which should be considered, tak-
ing into account the large experimental uncertainties of the width of the
N*(1535). In Fig. 2, the results for A/ and Sy/, are plotted. For A,
the slope coincides well whereas the strength is underestimated, most prob-
ably due to the mentioned ambiguities in the experimental extraction of this
quantity. A rescaling shows good agreement with data. Furthermore, the
relativistic corrections are rather small in this case (dashed vs. unrescaled
solid line). Note that in the most recent MAID analysis [41] a value of
A1jp(Q? = 0) = 66 - 1073 GeV~'/? is given, quite in agreement with the
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Figure 2: Modulus of A,/ and Sij». The data are from Refs. [36-40]. See
text for an explanation of the curves. The sign of Sy, relative to A? /9 is

negative, both in experiment and theory.

present findings. For S} 2, we also observe good agreement. For comparison,
the quantity Si/, without form factors for the pions and kaons is also plotted
(dashed line). The observed rise with @2, also present for A;, (not shown),
comes from the momentum dependence of the photon loops from Fig. 1. The
loops are responsible for the relatively slow fall-off of A; /o with rising Q2.

For a real photon at Q* = 0 we obtain the ratio 14’1“‘/2//1’13/2 = —0.79+0.113,
which is almost a real value, and its modulus 0.80. A multipole analysis [42]
using the inclusive experimental data of Ref. [34] gives the negative sign value
—0.84 +0.15 for A’ll/z/AIf/Q. Values of [A7 ,|/|A] 5| which are extracted from
the ratio of the eta photoproduction cross sections, o0,/0,, are reported as
0.8240.04 in Ref. [43] and 0.819 +0.018 in Ref. [44]. The result obtained in
our approach agrees with the experimental data in both sign and magnitude.
This comparison is free from the normalization uncertainty.

As a boundary condition, we have also checked that our model reproduces
1 photoproduction data in the reaction yp — np, although the resonance
turns out relatively narrow. Furthermore, we could reasonably well reproduce
the available data on the ratio of n photoproduction on the neutron over that
on the proton, o, /0,.

4 Conclusions

In this work we have addressed the evaluation of the electromagnetic helicity
form factors for the electroproduction of the N*(1535) resonance considered
as a dynamically generated resonance. The agreement with the AY /o AM-
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plitude of the proton N*(1535) resonance is good up to the normalization
problem that we discussed. The slow fall-off of the slope is a consequence
of the structure of the photon loops that provide the phototransition in the
picture of dynamical generation.

The results obtained for the S/, amplitude are also in fair agreement
with experiment, both in size and the relative sign to the A;/, amplitude. As
well, sign and size of A?/Q JAY /o Are in good agreement with data. We have
also ensured that n photoproduction data and the associated ratio o, /0, are
reasonably well reproduced.

Altogether, the information extracted in this study [25] provides support
for the idea of the N*(1535) resonance as being dynamically generated from
the interaction of mesons and baryons, the dynamics of which seems to be
well accounted for by chiral Lagrangians together with a proper coupled chan-
nels unitary treatment of the interaction, as provided by the chiral unitary
approach.
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