
PHYSICAL REVIE%' C VOLUME 48, NUMBER 6 DECEMBER 1993

Inclusive and exclusive production of g mesons by pions
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Inclusive and exclusive (rr, rt) reactions are studied in the framework of a momentum space DWIA
model. It is assumed that both reactions are dominated by formation of an N(1535) resonance.
Medium corrections for the self-energy of the intermediate N* are taken into account. Cross sections
are calculated for (sr+, rt) inclusive reactions on C and compared with experiment and with existing
theoretical calculations. We show that quantitative agreement is obtained with experimental data,
assuming this reaction is dominated by quasifree single-nucleon knockout, and using an N free
width of 150 MeV. DifFerential and total cross sections are calculated for the exclusive reaction"C (x+, ~)"N.

PACS number(s): 25.80.Hp

I. INTR.ODUCTION

The past few years have seen considerable interest in
nuclear production of g mesons. First, the Saclay thresh-
old measurements of p+ d ~ g+ He revealed cross sec-
tions much larger than expected [1]. Theoretical calcula-
tions by Liu and collaborators [2] suggested that bound
nuclear states of the g may exist. The large threshold
cross sections suggest the possibility of creating a "tagged
eta meson" facility in the future [3—5]. In addition to this
possible facility, the new generation of machines being
constructed at Julich and Uppsala, and P factories [6],
promise excellent energy resolution and the possibility of
eKcient detection of g mesons. These developments may
herald the beginning of a series of experiments involv-
ing production and detection of g mesons in a variety of
nuclear interactions.

Nuclear interactions of the g meson have been the sub-
ject of several recent investigations [2,7—11]. At present,
data are sufBciently scarce that our understanding of g
reactions with nuclei is incomplete. However, as a good
starting point we can assume that near threshold the g
meson is produced predominantly through coupling to
the %(1535), an Sqq m-N resonance [12]. Consequently,
observation of g production in nuclei can provide infor-
mation on production and propagation of the N(1535) in
the nucleus. Since the %(1535) is an isospin I/O baryon,
the (vr, rl) process in nuclei allows us to study an inter-
mediate baryon resonance which is not completely dom-
inated by intermediate A(1232) production.

Much of the theoretical interest in g meson production
is due to the fact that the ss strength in the pseudoscalar
mesons is concentrated in the g and g'. To date, no nu-
clear g meson production experiments make use of the
ss character of the g, or allow us to infer the ss content
of the nucleon [11]. In this paper we present a "conven-
tional" picture of q meson production on nuclei; i.e., we

use a DWIA formalism which has been widely used to de-
scribe nuclear scattering and meson production reactions.
We shall show that the limited data on (vr, rl) reactions
can be described rather well in such a calculation.

We focus on two possible reactions arising in pion-
induced production of g mesons. First, we briefly review
inclusive production via the (vr, rl) reaction on nuclei, fol-
lowing the methods outlined in a previous paper [10].
Next, we consider the exclusive process A(vr, rl)B, where
A and B are bound nuclear states. Our paper is orga-
nized as follows. In Sec. II, we outline our formalism
and review the results for inclusive (n, rl) reactions. In
Sec. III we apply this same formalism to exclusive reac-
tions in certain light nuclei, and we present predictions
for cross sections there. In Sec. IV we summarize the
main results from our calculations and review the advan-
tages and drawbacks of our present model. We conclude
with suggestions for future improved calculations of these
processes.

II. INCLUSIVE (n, q) REACTIONS

There are now data on the inclusive (sr+, rl) process on
nuclear targets [9]. There have been two previous the-
oretical models applied to this process. The first was
an intranuclear cascade calculation [13,14]. Such a emi-
classical calculation could be expected to give the gross
features of the reaction, but probably not a quantitative
explanation. The second is a DWIA calculation of this
reaction. Two existing calculations are by Kohno and
Tanabe [8], and by the present authors [10]. Here we
briefly review the results of the two DWIA models.

Both DWIA calculations assume that the dominant re-
action process in (sr+, rl) reactions is resonant excitation
of a neutron by a a+ to an N(1535), which propagates
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through the nucleus and undergoes quasifree decay to a
free g and proton. Therefore only one particle —one hole
6.nal states of the nuclear system are considered. The
final state proton-nucleus interactions are treated as in
quasifree (p, p') inclusive reactions [15]. In paper I the
inclusive cross sections were written as the square of a
transition amplitude T " with the general form

T "(p k, q„)= V "(p k, q„)
dk' V "(p, k', q„)T (k', k )

(2~)s e(k') —e(k ) + ie
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FIG. 1. Diagrammatic representation of self-energy con-
tributions from various processes in the nucleus. (a) Pauli
blocking contribution to N* width; (b) one-meson (7r or rI)
decay of¹ in nucleus; (c) two-pion decay of %".

In Eq. (1), k denotes the incident pion momentum, q„
the outgoing g momentum, and p the momentum of the
(unseen) final proton. The first term V " corresponds
to pion-induced g production with no distortion of the
incident pion, and the second term includes the effects
of incident pion rescattering followed by g production.
The initial-state pion-nucleus rescattering is accounted
for in both models; the Kohno-Tanabe calculation uses a
local pion optical potential assumed to be directly pro-
portional to the one-body nuclear density, while the cal-
culation of paper I uses a Glauber model calculation for
pion rescattering together with an assumed separable off-
shell vertex function.

In both calculations the elementary vr + N ~ q + N
t matrix was taken from the form proposed by Bhalerao
and Liu [7]. The free resonance position and width of the
N*(153 )5propagator are modified by including nuclear
interactions of the isobar. In the Kohno-Tanabe calcu-
lation a constant imaginary part is assumed for the ¹
self-energy (between —50i —+ —100i in strength). In pa-
per I, the imaginary part of the self-energy was calculated
by estimating the effects shown in Fig. 1. The imaginary
self-energy contribution from these terms was evaluated
using the Cutkosky rules [16,17], and the resulting Lind-
hard functions were evaluated in the Fermi gas approx-
imation [18]. We assumed a real ¹nucleus potential
of —50 MeV, in agreement with Ref. [17]. The various
contributions are discussed in paper I; the net result is
to increase the isobar width in the nuclear medium.

In Fig. 2 we show (n+, q) inclusive cross sections on
a C target, in tLrb/MeV sr, vs the rl kinetic energy in
MeV, for pion laboratory momentum 680 MeV/c. Ex-
perimental points are those of Peng et aL [9]; the solid

50 75

Energy (MeV)

I

100 125 150

FIG. 2. (or+, rl) inclusive cross sections on C target at
p' = 680 MeV/c. Inclusive cross sections, in pb/MeV sr, vs

g kinetic energy in MeV. The data are from Ref. [9]. Solid
curve: full results of Ref. [10]; dashed curve: DWIA calcula-
tion of Ref. [8].

curve is the result of the full DWIA calculation of pa-
per I, and the dashed curve is the DWIA calculation of
Kohno and Tanabe [8]. The Kohno-Tanabe calculation
gives good agreement with the shape of the experimental
spectrum but is about a factor of 2 below the data, while
the full theoretical curve of paper I gives good quantita-
tive agreement with the experimental data.

In paper I we showed that the discrepancy between our
results and those of Kohno and Tanabe arises from two
factors: a different treatment of the ¹ nucleus interac-
tions, and different descriptions of the vr- C initial-state
rescattering. We first review the ¹-nucleus interactions.
Kohno and Tanabe assumed a constant imaginary ¹-
nucleus potential, as opposed to our Fermi gas calcula-
tion of the imaginary ¹ self-energy. Our treatment of
the isobar self-energy gave cross sections 20—25'%%uo larger
than Kohno and Tanabe, while both calculations predict
nearly the same shape for the inclusive spectrum.

In our calculation, the dominant effect on the self-
energy comes from two-pion processes shown diagram-
matically in Fig. 1(c). Although the branching ratio for
this process is small, it has a relatively large effect on the
isobar width in medium for two reasons. First, the phase
space for this process is substantial because of the inte-
gration over the relative momentum of the pions. Second,
energy sharing in two-pion decays can produce one pion
with moderately low energy; such a low energy pion can
have a substantial coupling to particle-hole nuclear states
and hence produce a significant contribution to the iso-
bar width in the nucleus. Previous calculations of ¹
medium effects have also observed this result [17,19].

The two calculations also differ in their description of
the m- C initial-state interactions. Pion-nucleus multi-
ple scattering must be accurately accounted for, since the
transition amplitude vr+N ~ g+ N is small compared to
pion-nucleus scattering. Kohno and Tanabe used a pion



48 INCLUSIVE AND EXCLUSIVE PRODUCTION OF g MESONS. . .

optical potential of the form tp, where p is the one-body
nuclear density and t is an isospin-averaged free 7t N am-
plitude. We made a Glauber calculation for pion-nucleus
scattering using a symmetrized Fermi density [20] for the
nuclear structure, and including Coulomb efFects, using
the Glauber approximation model of Mach et al. [21].

In Fig. 3 we show results of our Glauber calculation
of or+-~2C elastic scattering for 800 MeV/c pions. The
experimental data are from Marlow et al. [22]. The solid
curve is our full result and the dashed curve is the re-
sult without Coulomb effects. Our calculation agrees well
with the data except in the deep minimum around 25 .
Coulomb efFects are negligible for angles greater than 10'.
For large pion angles we expect our results to be larger
than those calculated with harmonic oscillator nuclear
wave functions, since such wave functions fall off rapidly
at large momentum transfer. However, for pion angles
from 10 to 20, our predictions are larger than several
calculations of pion scattering [23—25], all of which pre-
dict cross sections roughly 20%%uo below the data in this an-
gular region. Finally, we included both elastic and single
charge-exchange pion scattering in our model; this makes
only very small changes in our calculated cross sections.

The differences between the two DWIA calculations
should not be taken too seriously, since neither calcula-
tion uses a true microscopic description of the N*-nucleus
interactions. We will discuss this further in the conclu-
sions. Our result shown in Fig. 2 assumed a free %*
width of 150 MeV; this width is experimentally deter-
mined between 100 and 250 MeV [12]. We repeated our
calculation using an ¹ free width of 200 MeV (renor-
malizing the ~ + 2V ~ g + % amplitude to fit the exper-
imental cross section); the (vr, g) inclusive cross sections
decrease by about 40%%uo when the width is changed from
150 to 200 MeV, and the shape of the spectrum changes
only slightly.

In Fig. 4 we show predicted cross sections for the (vr, q)
reaction on a C target, for pion laboratory momentum
620 MeV/c. In our previous calculations off-shell effects
in pion rescattering were found to be small. For this cal-
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FIG. 4. (sr+, g) inclusive cross sections on C target at
p' = 620 MeV/c. Inclusive cross sections, in pb/MeVsr,
vs g kinetic energy in MeV. Solid curve: distorted waves for
outgoing proton; dashed curve: plane waves for outgoing pro-
ton. These calculations include only on-shell pion rescattering
effects.

culation we therefore included only on-shell pion rescat-
tering; we expect small corrections to this estimate due
to off-shell effects not included in Fig. 4. The solid curve
in this figure includes distorted waves for the outgoing
proton; the dashed curve uses plane waves.

III. EXCLUSIVE (m, rl) REACTIONS

The same DWIA model which we used to calculate
inclusive g production can also be utilized to predict cross
sections for exclusive reactions, such as vr + A ~ q + R,
where A and B are bound nuclear states. For this process
the c.m. difFerential cross section for g production has the
form

(2)

In Eq. (2), ( J ) P represents an average over the initial
spins and sum over final spin states in this transition.

The amplitude I" ~ in Eq. (2) is related to the T matrix
for the elementary reaction by the relativistic expression
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FIG. 3. Differential cross sections for the C(sr+, sr+) C
reaction for 800 MeV/c pions. The experimental data are
from Marlow et al. [22]. Solid curve: full Glauber result in-
cluding Coulomb effects; dashed curve: excluding Coulomb
effects.

We want to calculate the amplitude for a charged pion
incident on a nuclear target to produce an g meson, leav-
ing the final nucleus in a bound state. In DWIA this
amplitude can be written as the sum of two terms,
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"(k„,q„)= U "(k,q„)— ) dk' I" (k, k')U "(k', q„)
JH (k') s (k') —s (k ) + i e

In Eq. (3), the first term represents production of an q by a single hard collision without initial-state nuclear scattering
by the pion. The second term includes a sum over all initial-state pion interactions, followed by g production. In
the second term we include both elastic and single charge-exchange scattering of the pion. The final-state nuclear
interactions of the g are accounted for in the self-energy of the N* in the nuclear medium. This calculation is identical
to the self-energy calculation for the inclusive reaction and is given in paper I.

The transition amplitude U " in Eq. (3) is related to the T matrix for the process n + % —+ tl + N through the
relation

'i //2I~a~(qn)~-~(k-)] (~. ~, ( ) )~.k )27'
(4)

We confine ourselves to nuclear transitions involving only a single nucleon. In this case the nuclear matrix elements
in Eq. (4) can be approximated by

(B;q„~t(~)IA;k ) = I',' t((u, q„,k, (p)) dr waif(r)P;(r) exp i
—1 r
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In Eq. (5), P; and Pf are respectively single-particle wave
functions in initial and final states, the momentum trans-

fer Q = k —q„,and the factor I",3 = exp Q2/4An is
the standard correction which compensates for the lack
of translation invariance in the single-particle shell model
[26), where A is the nuclear mass number and n the har-
monic oscillator parameter. To evaluate Eq. (5) we have
made a factorization approximation in which the elemen-
tary amplitude is evaluated at some effective Fermi mo-
mentum (p) = —[2k + (A —1)Q]/2A.

In Fig. 5 we show cross sections for the exclusive re-
action C(sr+, q) N leading to the ground state of N.
The cross sections in pb/sr are shown vs 1I c.m. angle in
degrees. In Fig. 5, the dashed curve is for incident pion
laboratory momentum 680 MeV/c, the solid curve for 650
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MeV/c, and the long-dashed curve for 620 MeV/c. The
cross sections show a typical diffractive behavior, with a
first minimum which moves to lower angles as the inci-
dent pion momentum increases. The overall cross section
falls off rapidly with increasing momentum transfer (scat-
tering angle), reflecting the falloK in the single-particle
momentum density. We predict a maximum cross sec-
tion of roughly 15—20 pb/sr in the forward direction.

In Fig. 6 we show the dependence of the exclusive cross
sections on various parameters in our calculation. The
dashed curve represents our full results including both
pion single charge exchange and isobar self-energy cor-
rections. The solid curve represents the same calculation
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FIG. 5. C(or+, 1l) N cross sections, in pb/sr, vs rI c.m.
angle in degrees. Dashed curve: at p' = 680 MeV/c; solid
curve: p' = 650 MeV/c; long-dashed curve: p' = 620
MeV/c.
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FIG. 6. C(1r+, rl) N cross sections, in pb/sr, vs il c.m.
angle in degrees, for p' = 650 MeV/c. Dashed curve: full
calculation including pion single charge exchange; solid curve:
calculation without pion charge exchange; long-dashed curve:
includes both elastic and charge-exchange pion scattering but
without N'(1535) self-energy corrections.
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TABLE I. Total cross sections for C(ir+, rt) N reaction.

A:

(MeV/c)
620
650
680

stot
(t b)
2.03
2.80
3.41

with pion charge-exchange excluded. The long-dashed
curve includes elastic and charge-exchange pion scatter-
ing but without ¹self-energy corrections, e.g. assuming
only the free width for the isobar. From Fig. 6 we see
that inclusion of pion single charge exchange tends to
decrease the cross sections by about 25%. The isobar
self-energy tends to be a more important ingredient in
this calculation; assuming the free width of the isobar
increases the cross section by a factor of roughly 2.5. As
we mentioned in Sec. II, the dominant process which in-
creases the width of the isobar in the nuclear medium is
two-pion decay of the isobar. The total exclusive cross
sections for this reaction are listed in Table I, for the dif-
ferent incident pion momenta. The total cross sections
increase with increasing incident pion momentum. Over
this range the elementary cross section vr + N —+ g+ N
varies slowly with energy, so the rising total cross section
is due to an increase in phase space for the reaction.

IV. CONCLUSIONS

We have previously shown that the inclusive (vr, rl) re-
action on nuclei can be described quite well in a DWIA
calculation. In this work we provide a detailed com-
parison of our results with earlier work by Kohno and
Tanabe. We have extended this calculation to predict
the diR'erential and total cross sections for exclusive nu-
clear (ir, rt) reactions, for the reaction isC(sr+, rt) sNs, .
We assume that the incident 7t+ excites a neutron to an
intermediate %(1535) resonance, which then undergoes
decay to q+p. A Glauber calculation was used to approx-
imate the initial-state interactions of the incident pion,
and we made estimates of the imaginary part of the %*
self-energy. We obtained quantitative agreement with ex-
perimental data for the inclusive reaction C(n+, il) N,
and we make qualitative predictions for the exclusive re-
action C(sr+, iI) sNs, , for which no measurements ex-
ist at present.

These calculations need to be improved in a number
of areas before they can be used with any confidence.
The most pressing need is for a full microscopic treat-
ment of the production and nuclear propagation of the
2V(1535). The "isobar-hole" model used successfully for

pion-nucleus reactions [27] should be extremely useful
for g production reactions. Such models assume that
meson formation occurs solely through production and
propagation of isobar doorway states. For g mesons this
should be an excellent approximation. Only two non-
strange baryons, the N(1535) Sii and P(1710) Pii 7r-%
resonances, have any substantial coupling to rt + N [12].
Consequently the isobar-hole model should be quite reli-
able to describe the (m, rt) reaction; this model can pro-
vide a realistic treatment of the full isobar self-energy,
and can incorporate realistic nuclear densities.

Near threshold the reaction vr + N —+ g + N is dom-
inated to a large extent by the Sz & resonance at 1535
MeV; higher resonances [particularly the P(1710)]should
contribute substantially to this process at higher pion in-
cident energies. For example, phenomenological Gts to g
production cross sections induced by pions assumed con-
tributions from three different nucleon resonances [28].
Additional precise data on the basic production reaction
vr + % —+ g + % over a wide energy band would still be
quite useful.

When these improvements have been carried out one
can calculate g production cross sections for a wide vari-
ety of energies and nuclear targets. Finally, for simplicity
we have made a factorization approximation for the ex-
clusive reaction calculation. This involved evaluating the
transition operator at some averaged value of the momen-
tum rather than integrating over it. The validity of this
approximation for such calculations needs to be checked.

In the future there are several possible apphcations of
these DWIA calculations. First, for certain exclusive re-
actions one may be able to isolate diferent parts of the
vr + % ~ g + % transition amplitude; for example, one
may be able to isolate the spin-dependent part of this
transition amplitude for certain nuclear transitions. One
can also use this same formalism to examine inelastic
(n, rt) transitions leading to excited states of the resid-
ual nucleus. This model could also be extended to treat
quasifree reactions involving three bodies (rt, nucleon,
and residual nucleus) in the final state. We might expect
these states to be the dominant Anal states resulting from
production of an ¹ in the nuclear medium. Finally, a
similar model could be constructed to examine proton-
induced rt production, e.g. , (p, q) inclusive reactions, or
(p, ¹) reactions [29].
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