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Assuming that particle masses are of dynamical origin, we calculate in a simple
model the nucleon mass in terms of its pionic form factor.

1. Introduction

It is an old idea in physics that the masses of fundamental particles arise
either entirely or mostly through dynamics. Thus, most of the nucleon mass should
be identified with its strong-interaction self-energy. By an additional shift of a
few MeV, which is due to the electromagnetic self-energy, the nucleon mass is
brought to the observed value.

It is a difficult task to express this idea in the form of a calculation because no
reliable theory of strong interactions has been developed so far. For the same
reason, the proton-neutron mass difference (believed to be only of electromagnetic
origin) could not have been explained in a fully satisfactory way?!’.

Here we adopt a semi-field-theoretical approach relying on the analytic S-
matrix and form factors. Having a direct physical meaning, form factors ensure a
natural cutoff which is measurable. Our model is the following.
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2. The model

Arguing along the line of the time-energy uncertainty principle, it may be
assumed that pions represent the dominant component of the nucleon internal
structure. This is due to the fact that in a formal expansion of the physical nucleon,
states with pions in the cloud have the smallest mass and therefore the longest
lifetime. Besides the nucleon there is always at least one pion in the hadronic bag
of the physical nucleon. Thus, when a formal expansion of the nucleon propagator
is performed over all possible states with required quantum numbers, a single
pion may be factorized out of all pions containing states. In analogy with Cotting-
?am's formula, this enables us to write the strong nucleon self-energy in the form
see Fig. 1)
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Fig. 1. The virtual pion-nucleon forward scattering amplitude.

In the usual language of QED, this is the nucleon quantum field-theoretic self-
energy part corresponding to the single-pion radiative corrections. The pion mass
in (1) is the one from the free pion propagator and, working with chiral pions,
may be put to zero in practical calculations. In (1) T¢ (p, g) is the virtual pion-

nucleon forward scattering amplitude, conventionally expressed by
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From now on we forget about QFT and turn to the framework of the analytic
S-matrix.

The main obstacle to further procedure is the fact that little is known about
the g2 behaviour of this amplitude (¢? is the mass of the virtual pion). In the fol-
lowing we argue that in the particular case of interest, the dominant mass contri-
bution comes from the single-nucleon pole in the off-shell #N amplitude: :When
a complete set of physical states is inserted in (2) and .only the-single-nucleon
contribution is taken into account, the problem is reduced to the evaluation of
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Fig. 2. The generalized Born term in the virtual pion-nucleon forward scattering amplitude.
Intermediate nucleon is on its mass shell.

the generalized Born term. In Fig. 2 we show this term with the intermediate
nucleon on its mass shell. We obtain
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where the nucleon pionic form factor is defined by

N+ 91 (0) | N(#)> = igan Gan (¢*) % (p + 9) Ps Tau ().  (4)

The approximation adopted here can be made plausible only along the line
of the time-energy uncertainty principle, 4E - AT = A. The physical nucleon
spends most of its time (AT) in the state of smallest energy variation (4E), the
7 N state. With the belief that this approximation holds, we now have to face
the central unknown quantity, namely, the pionic form factor of the nucleon,

GnN (qZ) .

@-

Fig. 3. The imaginary part of the NN vertex shown in a symbolic way.
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Very little is known about this form factor. Already the leading low-energy
contribution to its imaginary part involves inelastic amplitudes (Fig. 3). Some
recent calculations?:® have been performed only in the vicinity of the soft-pion
limit, whereas the integration in (3) runs over the whole g space. Some previous
parametrizations® included higher values of — g2; however, they contained a
hard-core term, and can hardly be considered presently as realistic. Being constant
at infinity, such a form factor does not ensure the cutoff of the mass integral.

Within a class of confining potentials, recent nonrelativistic QCD calculations
imply a G.y(g?) which falls off (exponentially) extremely rapidly®. Having in
mind the known analyticity properties, it is difficult ‘to adopt such a. type of be-
haviour ,when one has to extend the integration over the whole g space.

A further ‘piece of information about G,y (¢2) is available in the soft-pion
fseion.whese dhe R4 G bypothepis correlatqs fhe Rionic farm fagror of he aucleon
be extrapolated into the whole g space.

Having in mind that we insist on the verification of the idea of dynamical
mass rather than on the numerical accuracy, we adopt the following simple model.
When we evaluate the mass integral (3) by using Feynman'’s standard method of
symmetric integration, the virtual pion mass g2 always stays in the region of pion-
nucleon scattering owing to the g, —>i g, rotation. In this region, G,y (¢3) is
real and, being far fromi the cut which starts at g> = 9 m?, may be parametrized
by the closest simple pole. There is only one pion-like particle found below 2 GeV,
namely, z (1300)”. Denoting its mass by 4, we write

A2 —md
Gay (g% = =g (5
By evaluating the integral (3) and putting ¥, = m, we obtain the sum rule
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with the abbreviated notation
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Given the plon-nucleon coupling constant and the. pionic form factor (here
parametrized by 1), the sum rule (6) determines the nucleon hadronic mass. When
the values 22 = 1.69 GeV2 ? and (g2n/47) = 14.3 ® are used, the solution of the
above transcendental equation for the nucleon mass is m = 867 MeV. Having in
mind the crudeness of our approximation, this result is satisfactory. Furthermore,
it is expected that inclusion of heavier nucleon isobars, in particular the Ropper
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resonance, will raise this value, but not too much because of their larger masses
and more rapidly decreasing form factors at large ¢2.

It is worth stressing that the result of the present calculation depends only
slightly on the particular choice of the form factor provided that it has the correct
behavior at low g2 (the normalization and the slope at g2 = m2) and that it is

sufficiently strongly bounded at high g2, so that the convergence of the mass inte-
gral is ensured. _ “ v

Although it is difficult to understand the ansatz in Ref, 2 in view of the axio-
matic analyticity properties of Gy (¢2), for the sake of comparison, we have eva-
luated the mass integral (3) by using the quoted?’ best value of the free parameter
found within the region 0 > g2 > — 0.1 GeV?2, It leads to m = 526 MeV, a con-
siderably lower value for the nucleon mass. This value is still not too low if we
have in mind the possibility of the extrapolation of this model outside of the nar-
row strip considered above.

We make the following comments. If our model evaluation holds with a suffi-
cient degree of confidence, as we hope it does, the result obtained supports the idea
of dynamical mass generation. The essential assumption made here about quantum-
mechanical fluctuations of the physical nucleon is that the = N state dominates
in the expansion of the propagator — the nucleon spends most of its lifetime in
a 7t N state. In other words, the = N state is the dominant component of the nucleon
structure. This assumption can presently be supported in no other way but by the
AE - AT = h principle.

In a similar sense we may interpret and trust the parametrization (5) of the
nucleon pionic form factor, which is very poorly known. A more realistic model
would be to consider the 3z intermediate state in Fig. 3 not as a bound state z (1300),
which we apply here, but as a general 3z state. This leads to the product of two
nix — nzw amplitudes; in one of them, one pion is identified with the nucleon-
antinucleon pair in the s state. Of course, this pion is highly off its mass shell.
The necessary analytic continuation may then be easily performed by using the
well-known Veneziano ansatz for the mz — @z amplitude®. As it has already
been shown!?, this ansatz works very well just for pionic systems. However, this
model of the pionic form factor is solvable only in a numerical way and is, there-
fore, outside the scope of this paper.

To conclude, this simple model renormalizes the nucleon field-theoretical
self-energy in a semi-phenomenological way through introduction of the pionic
form factor. Here it plays the role of a measurable cutoff. The result of the calcu-
lation supports the possibility of ascribing almost all the mass of a nucleon to its
strong self-energy. It is, however, not clear to what extent the time-energy uncer-
tainty principle is sufficient to argue away the contributions of higher components
of the nucleon structure.

Finally, since we have worked within the S-matrix framework, reference to
the quark structure of the nucleon is neither possible nor necessary.
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Originalni znanstveni rad
Pretpostavivii da su mase fundamentalnih &estica dinamitkog porijekla, racunali

smo u jednostavnom modelu masu nukleona u zavisnosti o njegovom pioni¢kom
form-faktoru.
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