
Ε. L. Feinberg. Hadron clusters and semibare parti-
cles in quantum field theory. Experimental data on the
multiple generation of hadrons at high energies point
increasingly to a significant role of the cluster (or fire-
ball) mechanism proposed long ago, according to which
unstable, rather heavy hadronic formations (with
masses of 2-5 GeV) form initially and then decay inde-
pendently into final stable hadrons.1 It is still not clear
whether they are simply as yet unidentified resonances
heavier than any known ones or nonresonant fireballs.
The paper stresses that the assumption that the cluster
mass spectrum has purely resonant structure is equiva-
lent to a very special hypothesis as to the structure of
the polarization operator or the propagator of the had-
ron field. Moreover, experience from quantum elec-
trodynamics, in which all of the necessary estimates
can be made with sufficient rigor, indicates that the
particle propagator naturally contains a nonresonant
part.

In the bremsstrahlung of a very-high-energy electron,
therefore, the electron is "semibare" after scattering:
it has been deprived to a greater or lesser degree of
the outer parts of its intrinsic electromagnetic field,
which is restored only after a regeneration time, which
may even be "macroscopically" large at very high (but
quite realistic) energies, so that this semibare electron
is a real, physically observable object.2 The restora-
tion of its structure occurs in a curious way, by decay
into a normally "clothed" electron and photons. Here
the mass spectrum of the semibare electron is smooth
and nonresonant, with the addition of resonance peaks
corresponding to the possible presence of positronium
in the final state (and of threshold singularities). This
object is simply an electron far outside of the mass
surface (movement out in the time-like direction). This
effect is the basis of the long-known effect of the large
formation zone in processes of electromagnetic radia-
tion at high energies. The conception of the formation
zone had already appeared in the physics of ordinary
energies. The effect of its increase with energy was
rediscovered by M. L. Ter-Mikaelyan in a more gener-
al form in the case of bremsstrahlung in a crystal with
allowance for recoil, etc., and was then used to study
many phenomena in electrodynamics.

This effect—prolongation of the regeneration time—
does not depend on the electron-field coupling constant
and is of purely kinematic nature (the time necessary
for propagation of the signal within the "spoiled" struc-
ture of the particle for "healing").2 Therefore the re-
sult can be extended to meson-baryon theory or another
quantum field theory. Here also, the "healing" of the
particle after the interaction is accordingly relativisti-
cally prolonged. This has been confirmed in the ob-
served relative "passivity" of the hadron system that
arises on diffractive dissociation in the nucleus on its

subsequent path in the same nucleus. It also holds that
"healing" of the spoiled structure occurs by decay into
stable hadrons and, if there are many of them, may
have the quasiclassical nature of a progressive expan-
sion (for example, thermodynamic behavior). This
process can be traced in models (for example, the par-
ton model), and the general relations for the hadron
propagator enable us once again to conclude that the
mass spectrum of the nonequilibrium hadron formations
consists not only of resonances (of which there are,
however, many more than there are in electrodynam-
ics), but also of the nonresonant part. It may be repre-
sented by clusters.

The subsequent interactions of these clusters differ
from those of the semibare electron primarily because
the electron, even though it is deprived of the outer re-
gions of its electromagnetic field, has the usual change
in scattering on other particles, i.e., is scattered at
the same intensity. In contrast, the hadron, which in-
teracts with all parts of its shell, having been "trunc-
ated" (parton model, etc.), must interact with a small-
er than normal cross section. Another peculiarity (and
one that we have essentially already covered) is that,
because of the small interaction constant, even a heavy
semibare electron recovers its structure almost ex-
clusively by decaying into a clothed electron and one
photon, while many orders of perturbation theory are
equally important in hadron physics. Therefore a suf-
ficiently heavy cluster decays into many particles.

All of this conforms rather well to a conception ad-
vanced long ago in cosmic-ray physics: that of fireballs
that have small interaction cross sections prior to de-
cay,5 and to the hypothesis that the nucleon is derived
of a peripheral pion in ordinary collisions and therefore
also becomes passive for a certain time.

Thus, the comparison with experience from electro-
dynamics indicates convincingly that there is a natural
place for nonresonant clusters in quantum field theory.
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