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Statistical model of three nucleon pion absorption
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In this paper we present a model for three nucleon pion absorption based on the assumption that
pion absorption on three nucleons is a one-step process. In the assumption that the square of the
effective matrix element is proportional to the probability that three nucleons are contained inside
a certain volume V, this model is equal to the Fermi statistical model. The construction of the
volume V is different from the Fermi model. Very good agreement between this simple model and
experimental data for the energy dependence of the three-nucleon pion absorption cross section on

He and H opens a new possibility for the explanation of multinucleon effects in pion absorption.

PACS number(s): 25.80.Ls

Pion absorption is a process in which a hadronic bo-
son is absorbed on a nucleus, resulting in the emission
of energetic nucleons. Because of momentum and energy
conservation, pion absorption is forbidden on a &ee nu-
cleon and highly suppressed on a single nucleon inside the
nucleus. The next possible channel for pion absorption
in nuclei is quasi&ee absorption on two nucleons. There
has been extensive experimental study of this channel
because the identi6cation of two-nucleon absorption as a
quasi&ee process is relatively easy, requiring the detec-
tion of two nucleons which share the total pion energy
and are emitted roughly back to back in the respective
center-of-mass system. The quasi&ee two-nucleon ab-
sorption process may be distorted by scattering of the
incident pion prior to absorption (initial-state interac-
tion) and/or rescattering of nucleons after the absorption
(final-state interaction). However, the strength of these
processes does not account for the observed total absorp-
tion cross section. Speculation on the existence of other
reaction dynamics involving more than two nucleons in
the nucleus has not been easy to verify. The experimental
identi6cation of processes in which more than two nucle-
ons are involved in a coherent way has been diKcult in
conventional limited solid angle experiments because the
data generally lack either kinematic completeness or large
phase space coverage. Only in recent years has there been
a signi6cant shift from studying pion absorption on two
nucleons toward studying reactions in which the pion has
been absorbed on more than two nucleons [1]. The sta-
tus of studies of pion absorption may be found in three
recent review papers [2—4].

From many attempts which have been made to prove
the existence of absorption processes involving more than
two nucleons [5], we will restrict ourselves only to the re-
sults of the experiments which measure pion absorption
on three-nucleon targets. Such targets allow for kine-
matically complete experiments with just a two-arm co-
incidence. Because of the absence of additional nucleons,
such nuclei are ideal for studying three-nucleon absorp-
tion processes.

Three-nucleon events are the class of events in which
three nucleons participate substantially in the sharing of
the momentum and energy of the absorbed pion. From

this class of events we will exclude events with collinear
emission of deuteron-nucleon pairs or events where two
nucleons have small relative momentum and the third nu-

cleon is emitted in the opposite direction. Et is customary
to describe such events as quasifree two-nucleon absorp-
tion followed by a final-state interaction of the Watson-
Migdal type [6,7]. Their contribution to the total absorp-
tion cross section is smaller than the uncertainties which
are quoted for the total absorption cross section [5,8].
Experimental results to date suggest that the rest of the
three-nucleon events 611 the entire kinematically allowed
region with a roughly constant three-body phase space
density; in the rest of this paper, we will de6ne three-
nucleon absorption (3NA) as only this class of events.

The most; recent kinematically complete experimental
results on three-nucleon absorption in sHe [5,9—12] and

H [8] agree quite well on the character of the three-
nucleon absorption process and the contribution of this
process to the total absorption cross section. At the same
time these experiments do not report clear evidence that
initial-state interactions or final-state interactions are im-

portant in pion absorption on these nuclei.
Most theories explain multinucleon absorption as a

multistep process. These theories range &om the &ame-
work of a simple intranuclear cascade model calculation
[13,14] to those in which more direct multinucleon ab-
sorption mechanisms are included as sequential or succes-
sive (nonsequential) 6-hole processes [15—18], very sim-

ilar to the well-known double 6 model for four-nucleon
absorption [19,20]. Even in the direct multinucleon ab-
sorption calculation, the major contribution to three-
nucleon absorption comes from a two-step process.

The characteristics of three-nucleon absorption as a
statistical phase space distribution of outgoing nucleons
forces us to attempt to find a solution in a different di-

rection. Even if it is not excluded a priori that a cal-
culation using Feynman diagrams may result in a phase
space distribution, it is not easy to relate a phase space
distribution to a specific Feynman diagram. There are
alternative approaches in the calculation of the pion ab-
sorption cross section. For example, models from statis-
tical physics are used in the calculation of pion-nucleus
scattering and absorption as a solution of the Boltzmann

0556-2813/94/50(4)/2224(4)/$06. 00 50 2224 Qc1994 The American Physical Society



50 BRIEF REPORTS 2225

~+ (3N) w Ni+N2+ Ns

can be written using the relativistic form of Fermi's
golden rule for scattering [28,29] as

S
p„

4+(p ps~)2 —(m ms~)2
(2)

equation [21], and the stochastic method is used for the
calculation of scattering and absorption of hadrons on
4He [22]. Other approaches may be found in the review
paper by Thies [23].

In this paper a de'erent approach to the calculation
of the pion absorption cross section on three nucleons is
proposed. In a previous paper [24] it was shown that,
in the calculation of isospin eKects on three-nucleon pion
absorption in light nuclei, there was good experimental
agreement with the assumption that no characteristics of
the individual nucleons in the three-nucleon system are
important and that the process can be reduced to the
interaction of a pion with the nucleus or the group of
nucleons as a whole, characterized by its total isospin.
In neglecting the properties of the individual nucleons,
we assumed that a pion is absorbed on a three-nucleon
system as a one-step process. As a consequence, it may
be possible to treat pion absorption in a three-nucleon
system under certain conditions without recourse to any
specific theories of nuclear interactions.

The basis for this model is the assumption that three-
nucleon pion absorption can take place if the nucleons in
the three-nucleon system are contained inside a small vol-
ume. This assumption may be supported in two difI'erent
ways. The first argument is the same as that used for the
Fermi statistical model for multiple production of parti-
cles in high energy nucleon collisions. If the energy in the
two-nucleon collision is released in a very small volume
and the interaction is very strong, the distribution of en-
ergy will be determined by statistical laws [25—27]. The
second argument is that if the pion wavelength is of the
order of the dixnension of the three-nucleon object, one
cannot resolve individual pion-nucleon interactions. It is
thus reasonable to expect a statistical distribution of the
nucleons since any other distribution will be in contradic-
tion with the resolution. Even if one notices that these
two arguments may be in contradiction, they are men-
tioned here only as possible justifications for a statistical
model. We are interested here in the consequences of
such a simplified statistical interpretation. This descrip-
tion of three-nucleon absorption is unconventional since
it neglects such mechanisms as the excitation of the 4
resonance which is known to dominate pion scattering
and two-nucleon absorption. Nevertheless, it agrees with
the distributions found in the experiments.

The cross section for the reaction

Finally, using Eqs. (2) and (4), we may write the total
three-nucleon absorption cross section as

V2
~3N = + P3)

g(p ps~)' —(m ms~)'
(5)

where C is a constant. Up to this point we have ex-
actly followed the forxnulation of the Fermi statistical
model &om the point of view of the scattering theory.
A detailed description of the method may be found in
the review paper by Kretzschmar [30]. To work out the
essential points, the same level of approximation as in
Ref. [30) is applied, meaning that while conservation of
energy and momentum is taken into account in the cal-
culation, conservation of angular momentum is not. It
is assumed as in the Fermi statistical model [25] that
the results obtained by neglecting conservation of angu-
lar momentum difFer only by a small numerical factor
from those in which angular momentum is conserved.

To understand the dependence of the three-nucleon ab-
sorption cross section on kinematic variables, we must
first define the volume V. The transverse dimension,
normal to the pion beam, of the three-nucleon system
must be of the order of magnitude of the range of nu-
clear force and is taken to be the pion Compton wave-
length, i.e., a m i [25—27]. In the construction of the
longitudinal dimension, our model differs &om the Fermi
statistical model. The longitudinal dimension must be
constructed such that it corresponds to the absorption
of a real pion. From the uncertainty relation the time
interval for which a three-nucleon system can have an
imbalance of energy corresponding to a real pion energy
E is equal Lt —E . In this time a real pion travels a
distance b [p [j(E2), where ~J7 [

is momentum of the
real absorbed pion. In this way we have constructed the
volume which is equivalent to the real pion through un-
certainty relations. So, in the three-nucleon system, for
three-nucleon absorption to occur, three nucleons must
be inside a volume Vo.

Vo ——C
—Ip-I

tor, p, , i = x, 3N, 1, 2, 3, are the four-rnomenta of the
pion, three-nucleon system, and the three final nucle-
ons, m and m3~ are the pion and three-nucleon system
masses, and E; and p;, i=1,2,3, are the total energies and
momenta of the three Gnal nucleons.

As in the case of the Fermi statistical model [25], the
assumption is that the square of the effective matrix el-
ement ~M~ is proportional to the probability that three
nucleons are contained inside a volume V:

2

(4)

where p3 is Lorentz-invariant three-nucleon phase space:

1 dp& dp2 dp3 4dP3 (271 )
(2vr) 2Ei 2E2 2Es
xb' (p + psiv pi p2 ps), (3)

and M is the transition amplitude, S is a statistical fac-

Since the calculation of the cross section is done in the
pion —three-nucleon center-of-mass system, the longitudi-
nal dimension is shortened by Lorentz contraction and
the volume V is

(m +m,~)
0
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