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Abstract

The gauged nonlinear o-model describes the nucleon as a topological soliton
and introduces the w meson as a gauge boson coupled to the topological bary-
onic charge. Validity of the model implies w behaving as an elementary spin-1
particle. Such a behavior of w has been observed previously in phenomenologi-
cal analyses of high energy elastic scattering. In fact, from the wNN form factor
obtained in elastic scattering, it is possible to predict a pion field configuration
for the nucleon, which compares reasonably with the pion field configuration
predicted by the soliton model. To provide a realistic nucleon mass, the soliton
model needs to be supplemented by a quark sector, where left and right quarks
interact to form a chiral condensate. The nucleon emerges then as a topological
soliton embedded in a chiral condensate—a physical picture that agrees fully
with the high energy elastic scattering analyses.

0 11L0 0031

High energy elastic scattering is something we are all familiar with, and we have
heard a great deal about it at this conference. So, I am going to start with the less
familiar part of the title of my talk;namely, nucleon as a topological soliton. A soliton
is a localized lump of energy which originates from a field with nonlinear interactions,
and which is stable because of the conservation of a topological charge. A topological
charge, unlike the usual Noether charge, is conserved independently of the equation
of motion and has a geometrical origin connected with the field configuration.

To understand how the nucleon can be described as a topological soliton, let us
start with a simple model-—the linear o-model with SU(2), x SU(2)r symmetry and
Higgs potential. The model is described by the Lagrangian !

L = $in"0up + %(6“05"0 + 8,7 - 0"%)
—GP(o +i7 - F 9 — Mo® + 7 - f2)?, (1)

where 1 is the fermion or the quark field. We introduce the unitary field U(z) =
exp(+7°®°/ f,) and write o(z) + 17 - #(z) = {(z)U(z). Here, ®*(z) ’s are the pions or

*Talk given at the International Conference (Vth Blois Workshop) on Elastic and Diffractive
Scattering, Brown University, Providence, Rhode Island (June, 1993).
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the Goldstone bosons, and ((z) is a scalar field. Eq.(1) can be rewritten as
L = Priv*8ur + Yriv* O, ¥R + %(’tr[@uUa“UT]
+28,L0°C — GC(PuUn + BaU ) - MC - ) 2)

YL = 3(1 —7°)¥ and Yr = 1(1 +7°)¢ are the left and the right chiral fields.

The model given by Eq.(2) can be easily generalized to SU(3) x SU(3)g symmetry
with local gauge invariance by considering the unitary field U(z) = exp(:A*$°/f,) and
by introducing the left gauge field A,(z) and the right gauge field B,(z) . (A,’s are the
Gell-Mann matrices.). We want to explore the quantum aspects of this generalized
model. So, we write a path-integral representation of its partition function:

] _ 1 . 1

Tr[e HT] = =/ DUD(D¢D¢cxp[z [t ( LD U(D V)]
30,00 — V(Q) + 4 P(A)a_ A + 9% P(B)ay®
~GeHUay® - 6ev°utay4)|; (3)

here, D, = 8,U+ A U-UB,, V({) = M¢*—£2)?, ax = 3(114°), P(A) = v*(8u+A,),
and P(B) = v#(0, + B,). Something important happens at this point. The fermion
measure in (3) is gauge dependent and can be written as the product of a Jacobian
and an invariant measure: Dy Dy = JDvy°D+°. The Jacobian can be identified as
exp(iT'wz), where 'z is the Wess-Zumino action. The net result, therefore, is the
appearance of an additional piece of action in (3). It is not surprising that currents
which were conserved before are no longer conserved, because of the contribution
from I'wz . This is known as the anomaly; namely, a current that is conserved at the
classical level is no longer conserved when quantum effects are taken into account.

A simple model can now be built, if we: (i) replace the scalar field {(z) by its
vacuum value f, from the very beginning, (ii) keep the WZ action arising from the
fermion measure, (iii)forget about the interaction in the quark sector. This is the
gauged nonlinear ¢ model described by the partition function

Tr[e-*’”] ~ Ni [ v exp(i / d‘zi— fr(D,U(D*U)) +iI‘wz). 4)

To describe the nucleon using this model, one further includes an additional U(1)y
gauge invariance connected with baryonic charge conservation, and one introduces the
vector meson w as a gauge boson coupled to the baryonic charge. Limiting oneself to
the SU(2)L x SU(2)r sector, the model now has w, p, A, introduced as gauge bosons,
and a WZ action that involves these vector mesons.!

The WZ action shows that w couples to the pseudoscalar mesons via the inter-
action g,J,w* , where J* = e tr[U-19,U U~'8,U U~19,U]/24x? is the baryonic
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current. This current is conserved algebraically and can be identified as the topo-
logical current connected with the U-field configuration. The total baryonic charge
J Jod®z then becomes the topological charge, or,the winding number of the unitary
field. This model has been studied extensievly by three groups?~* in order to see
whether the nucleon can be described as a topological soliton. To this end, one
first determines all the unknown parameters in the WZ action by studying the pseu-
doscalar sector. One then proceeds to predict the low energy properties of the nucleon

by making the ansatz U(F) = exp (s7 - #6(r)) (i.e.é(f")/f, = Fﬂ(r)), known as the

hedgehog solution. é(r) is referred to as the pion profile function, or, the pion field
configuration. The model has been found to describe low energy properties of the
nucleon quite well, but fails in one respect; namely, the mass of the soliton turns
out to be consistently too large (~ 1500 MeV)compared to the actual mass of the
nucleon.

Before addressing this problem, let us at this point see how the topological soliton
description gets linked with the high energy elastic scattering. High energy elastic
scattering at the ISR and SPS Collider®® have been analyzed by me and my collabo-
rators over a number of years.”® From our analyses, we have arrived at the following
physical picture. The nucleon has an inner core and an outer cloud.In elastic scatter-
ing at small momentum transfer, the outer cloud of one nucleon interacts with that of
the other giving rise to diffraction scattering. As the momentum transfer increases,
one nucleon core begins to scatter off the other core via w exchange, and this process
starts to dominate. Fig.1 shows the fit obtained by us ® at \/s = 53 GeV.

pp Vs = 53 CeV

dosdt (mb/GeV’)
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Fig.1. Solid curve represents calculated pp elastic differential cross section at /s = 53
GeV [Ref.9]. Differential cross section due to difraction alone (dot-dashed line) and due to
w-exchange alone (dashed line) are also shown. ISR data are from Nagy et al. [Ref.5].
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In our analyses, w behaves as an elementary spin-1 boson. This can be seen by
noticing that the w-exchange amplitude is dominantly of the form:
exo(#+=0)g F'3(¢)/(m3 — t) . The factor of s originates from spin 1 of w. The t-
dependence (product of two form factors and the w propagator) shows that w exchange
corresponds to an elementary meson exchange between two sources. (The factor
exp(#b=0) gimply reflects the absorptoin effect due to diffraction scattering.) From
the viewpoint of conventional high energy scattering models, this behavior of w is
hard to understand. In such models, w is a composite object and, therefore, behaves
as a Rgge pole. Its contribution away from the forward direction at high energy
is then negligible. In contrast, the behavior of w as a spin-1 boson even at high
energy is easy to understand in the gauged nonlinear o-model. The latter is an
effective QCD model in which baryonic charge is topological, and w is the gauge
boson coupled to this charge.! As long as the model remains valid, baryonic charge
continues to behave as topological charge, and the vector meson w coupled to it
continues to act as a gauge boson, i.e., as an elementary spin-1 particle. Obviously,
this is the behavior observed in our phenomenological analyses of elastic scattering.
An interesting quantitative comparison between our high energy analyses and the low
energy soliton model calculations can be made at this point. The hedgehog model
leads to the following expression for the baryonic charge density:

1 sin®8(r) db(r)
), ®)

pr) = 2% r?
where 6(r) is the pion field configuration introduced earlier. If we identify w as the
gauge boson coupled to the baryonic charge, then we can obtain j(r) from the wNN
form factor found in elastic scattering,” and use Eq.(5) to derive the corresponding
6(r). This is shown in Fig.2 and compared with the 6(r) given by the minimal soliton
model (only w present) and the complete soliton model (equivalently, w, p, A;— all
three present) calculations of Meissner et al.?> The quantitative behavior from two
totally different regimes of physics are not far apart.

Let us return to the problem of nonlinear o-model predicting too large a soliton
mass. This problem now becomes of greater concern to us, since the high energy elas-
tic scattering analyses appear to indicate a topological baryonic core of the nucleon.
The problem can be resolved in the following way.!° In the conventional nonlinear
o-model, one completely ignores the quark sector. The implicit assumption is that
quarks are there, but their interactions are not important compared to the interac-
tions in the pseudoscalar meson sector. This implies that the nucleon described as
a soliton is surrounded by an ordinary noninteracting Dirac sea of quarks and anti-
quarks. On the other hand, let us consider the linear o-model, where there is the
scalar field {(z), that mediates an interaction between the left and the right quarks.
In this case, the soliton is surrounded by an interacting Dirac sea. If the scalar field
{(z) has a critical behavior (zero at small distance, rising sharply to vacuum value
fx at some distance r=R), then the total energy of the interacting Dirac sea plus the



energy of the scalar field can be less than the energy of the noninteracting Dirac sea.
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Fig.2. The pion field configuration 8(r) as a function of r in Fermi. The continuous curve
represents 6(r) obtained from high energy elastic scattering. The dotted and the dashed
curves represent 8(r) calculated from low energy in the minimal and in the complete soliton
model by Meissner et al. [Ref.2].

The system can then make a transition to the lower ground state and can reduce its
energy or mass by the condensation energy. The new ground state will be a condensed
ground state of chiral quarks (i.e. left-handed and right-handed quarks.) analogous
to a superconducting state. These developments!® indicate that the topological soli-
ton can not only have a substantially lower mass by condensation, but will also be
embedded in a chiral quark condensate (Fig.3). The physical picture of the nucleon
that emerges now is exactly the same as the phenomenological picture obtained by
us from the analyses of high energy elastic scattering.!!

topological baryonic
charge (radius ~ 0.44 F)
constituting the soliton

\ chiral-quark condensate
d forming the surrounding
vacuum

Fig.3. Structure of the nucleon as a topological soliton embedded in a chiral condensate.
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One final remark: Many models of the nucleon have been proposed—such as the
quark constituent model, the MIT Bag model, the chiral bag model, the topological
soliton model, the nontopological soliton model, the color dielectric model.}2-14 Low
energy properties of the nucleon and low energy nucleon-nucleon interaction have
not been able to single out one model incorporating the key features. High energy
elastic scattering, on the other hand, appears to provide strong evidence in favor
of the topological soliton model with the soliton embedded in a chiral condensate.
If the nonperturbative dynamics underlying our considerations are borne out by fu-
ture quantitative calculations, then we would conclude that the elastic data from the
CERN ISR and SPS Collider have played a vital role in determining the composite

structure of the nucleon.
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