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Abstract The n-meson production in proton-nucleus (pA) collisions near threshold is studied within a rela-
tivistic meson-exchange model. The primary production amplitude is presented in the distorted-wave impulse
approximation for the nucleus with isospin 0 or 1 by assuming that N*(1535) is excited via a meson exchange
and then decays into 1 and nucleon pair(nN). Taking 0 and '2C nuclei as examples, we evaluate the pro-
duction cross sections as a function of the incident proton energy, and analyze the effects of nuclear medium
and various meson-exchange contributions. Finally we discuss implications for further experimental studies at

the Cooling Storage Ring (CSR) in Lanzhou.
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1 Introduction

There has been considerable interest in studying
meson production off nucleons and nuclei™. The pri-
mary motivations of these studies are to investigate
the structure and dynamical properties of the nucleon
resonances. As far as nucleon-nucleon (NN) collisions
are concerned, there is already a wealth of informa-
tion on the 7-meson production in the near-threshold
energy region. The experimental information on n
production in NN collisions is much less complete
than for 7t production. In analogy with 7 production
via A(1232) excitation, it is believed that m-meson
production in NN collisions proceeds via excitation
of nucleon isobars. Because of isospin conservation,

1
only the N* isobar of isospin—§ which decays into a

NN pair is important. Indeed, there is already strong
evidence that near threshold, the N*(1535) resonance
of spin 1/2 and odd parity dominates 1 production in
pion- and photo-induced reactions. In fact this can
be expected in the view of the proximity of its mass
to that of the NN pair and its remarkably large nIN
branching ratio®. The couplings to other resonances
are weak and seem to play a minor role in the near-
threshold energy region.
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Much effort has been devoted to the analysis of
n-meson production in NN collisions in the thresh-
old region within the relativistic meson-exchange
model® . The predictions of these model calcula-
tions depend heavily on the coupling of mesons to
the N*(1535) resonance. The coupling of 7w and 1 is
known from the decay width of this resonance but
not so well the coupling of other mesons. Thus it
is not clear which of the exchanged nmesons domi-
nates 1 production. Therefore, more accurate data
of N meson productions are needed to answer the
above issues. Recently the 1 production in p-deuton
collisions!™ ® become interesting in the light of a pos-
sible attractive n-nucleus interaction. It is interesting
to use the n production amplitude as an effective im-
pulse operator to study mn-meson production off nu-
clei. In virtue of different properties of nuclei, vari-
ous reaction channels can be opened. One can expect
that new information can be obtained by observing a
selected reaction channel.

The aim of the present work is to investigate the
n-meson production in pA — p’A'n reactions for nu-
clear target A with isospin 0 or 1 within the rela-
tivistic meosn-exchange model, where the N*(1535)
is excited via meson exchange and then decays into
a NN pair. As examples, numerical results for ?C
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and O are given and their implications for future
experimental studies at CSR are discussed.

2 Model for pA —p’A'm

As analyzed in NN collisions near threshold" | we
assume that in the n production process pA — p’A'n
a N*(1535) is excited via o, 7t and p meson exchange
which then decays into the nN pair. The Feynman di-
agrams describing this reaction mechanism are shown
in Fig. 1. However, there are some differences be-
tween NN and pA collisions. According to the isospin
conservation in strong interactions, only the isoscalar
o meson exchange is allowed for nuclear targets of
isospin T=0, while 7, p and o meson exchange is
possible for nuclear targets of isospin T' # 0. Thus,
information about different meson exchanges may be
extracted by measuring the total cross section of the
1 production in proton-induced reactions on nuclear
targets A with different isospins.
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Fig. 1. Feynman diagrams for pA — p’A'n re-

actions, the N*(1535) is excited via meson ex-
change in the incoming proton (a) and in the
target nucleus (b).

Treating the n production in the distorted wave
impulse approximation'® ' is sufficient to calculate
the primary amplitude for the pA — p’A'n reactions
because the N-N interaction is short-ranged compared
with the extension of the nuclear wave function. For
the meson-nucleon couplings, we use the covariant
Lagrangianls’ =

anN* :gnNN*ENwN*(bm
ZO‘NN* = igaNN*EN*'YsﬁbawNy
Zonn :gaNNENwN¢m
- K
ZonN = Gonntx (W“Pu‘*‘ L_ot7 9, Pr> “TYnN,
\ 2mN
ZQNN* - igpNN*wN*FYSFY‘LT°pu1/}Na

LN = _ignNNJ)N'YsT’(pﬂd}N;
LN = gv-rNN*J)N*T’(pﬂwNv

where gynn and gunn+ (M = 71,p,0) stand for the
coupling constants. Yn, ¥n+, ¢y, ¢r, ¢ and p de-
note the fields of the nucleon, N*(1535), n, 7, ©
and p mesons, respectively. 7 is the isospin vector
with the usual Pauli spin matrices as components and
o =i[y* v*]/2 with v#* the Dirac gamma matrices.
Kk, is the tensor coupling coefficient.

The 1 production amplitude in pA — p’A'n reac-
tions can then be written in the form,
TN A (Do par, ai s Pa) = Fa(Dyr P p) 'tppap(pn)v

2

where t,,_,pn stands for the basic amplitude of the i
production in p-p collisions,

Z F1\2/[ (qz)ﬂ(p57 Ss)FlMu(p27 52) X

M=m,p,o

G (q?)u(ps, 83)gnnns G () Domu(pr, $1) +

t

pP—pPpPN

(exchange terms). (3)

Here all contributions from 7, p and ¢ mesons
are summed up. Iy and I5y are the Meson-N-N
and Meson-N-N* interaction vertexes. wu(pi,s;) and
u(ps,s:) are the Dirac spinors of the initial and fi-
nal state protons, respectively. p; and s; denote the
momentum and spin of proton i. Gn«(s) is the prop-
agator of the N* defined as

P+ +mxe
m%. —s—imy«In-(s)

G- (5) = (4)
Here pyn«, my« are the four momenta and the mass
of the N*, and s is the square of the c.m. energy
of the N* system. Iy«(s) is the energy-dependent
decay width of the N* resonance. Chiang et al.'?
calculated the N* self-energy considering three decay
channels N* — Nn, N* — N7, N* — Nntrt. The decay
width corrected for the N* self-energy is

s

In+(s)=T(s MN*)q(mN*) , (5)
where I'(s = My+)=150 MeV is the on-shell width of
the N*(1535). g(s) is the 1 momentum in the center
of mass frame of the N system. In Eq. (3), G\ (¢?) is
the propagator of the exchanged meson M. For scalar
and pseudoscalar mesons the propagators are defined
as

i

GM(‘JQ) = (6)

@ —m3+ie’

The propagator of a vector meson is defined as

Qudy i
Gﬁ{/(qﬂ = (_guv+ ,,;;2 ) (7)

. b)
v ) 2 —mitie

where g,, is the metric tensor, my and ¢ are the
mass and four momenta of the exchanged meson M,
respectively. In this work, a covariant monopole form
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factor” is added at each vertex,
_ Ay —myy

FM(qz) A%\/ _q2 ’ (8)

where ¢ is the momentum transfer between two pro-
tons, my; denotes the mass of the exchanged meson
and Ay is a cutoff parameter for each exchanged me-
som.

The distorted waves of incoming and outgoing
particles and the wave functions of the nucleon in the
nucleus are taken into account in the nuclear tran-
sition form factor Fg(py,pq;Pp) of Eq. (2). For the
pA — p’A'n reactions one may write

Fa(Dyr Pu: D) :jdw;r)*<r)¢$>*<r>pA<r>wg+> ().
(9)

where pa(r) is the nuclear density normalized to the
number of nucleons in the nucleus. ¢ (r), ¢, *(r)
and ¥ (r) are the distorted wave functions of the
outgoing proton, 1 meson and incoming proton, re-
spectively. It is well known that the eikonal form of
the distorted wave function is a very good approxi-
mation at higher energies!"® '/, Therefore, we use in
present work the eikonal approximation to calculate
the distorted waves. If only first-order optical poten-
tials are used for the distortion and the real part of
the p-p amplitude is neglected, one finds

. o 1
1/);(1/) (r)=e"P»"exp |:_§UNNJ

z

d2'pa (b, 2')

oo

(10)

. 1 - / !
(bT(]f)*(r) =e Pn"exp {_gUnNJ' dz pA(b7Z) ,» (11)

z

i 1 - ’ ’
"/JI(;L)(’I“) =62 T exp [_§0NNJ dz pA(b,Z ) . (12)

Here pa(b,2’) is the nuclear density; oxy and o,y are
the nucleon-nucleon and nucleon-n cross sections in
the considered energy region. So far there is no reli-
able experimental data on o,n and it is believed that
the NN interaction is rather weak. o,n=0 mb is em-
ployed in our calculation, namely, the distortion of
the n wave function is neglected. onny=40 mb? is
used in the energy region considered.

The differential cross sections o(pA — np’A’) for

these reactions can be written as/?

do (pA—np'A’) =

mg )2§Z|Tﬁ|2x

2\/(pP.pA)2 - (umA s; sp

(27'[)454 (Pp+PA — Py —Par —Py) X
d3pp/ dSpA/ dspn
(2m)3E, (2m)32FE A (2m)32E,
where s; and s; are the spins of the particles in the
initial and final states. p, and pa are the four mo-

(13)

menta of the incoming proton and the target nucleus;
m, and ma are the masses of the proton and the
nucleus, respectively. The 1n-N invariant mass spec-
trum and total reaction sections can be obtained from
Eq. (13).

3 Numerical results and discussion

In our calculation all the parameters are taken
from Refs. [5, 11, 15]. For the sake of completeness
all these parameters are included in Table 1. The cou-
pling constants of 7t, p and o to NN and NN*, together
with the cutoff parameters, are taken from the work of
Eyser et all'"®. The 7t and 1 couplings to N*(1535) are
deduced from the partial widths of the N* decay into
niN and NN. gonn+ is deduced from yN — N* data!®.
For the 0 meson, no direct information can be used to
determine its coupling to the N*, so gonn+ is evalu-
ated from the relation gonn+/gonn = Grnn= /gﬂNN[E‘].
The values gnnn+(1535)=2.06 and k,=6.1 are taken
from Chiang et al."? and Li et al.'yl] respectively.
Harmonic-oscillator functions with parameters deter-
mined by elastic electron scattering!'® are used for
the nuclear densities. Numerical calculations are per-
formed for O (T'#0) and 2C (T =0) targets at an
incoming proton energy of 2.5 GeV.

(5, 11, 15]

Table 1. Parameters used in our calculation .
meson IRn /4T Anm/GeV IMNN* (1535)
o 4.076 1.6 0.426
T 14.6 1.3 0.8
o 0.95 1.3 1.66

Figure 2(a) and (b) show the nN invariant mass
distribution and the Dalitz plot for the p +*¥ 0O —
p+¥ 0O+ reaction. One can see that the NN invari-
ant mass distribution changes dramatically due to the
N*(1535) excitation with respect to the pure phase
space, and there is a sharp peak around 1535 MeV.
The same thing can be found in the Dalitz plot. In
free space the position and the width of the peak only
depend on the mass and width of this resonance. Due
to the nuclear distortion the position and width of
the peak will change slightly. It can easily be shown
that the nuclear distortions of the proton reduce the
magnitude of the reaction cross sections. As shown
in Fig. 1, the N*(1535) can be excited via meson
exchange between the incoming proton and the nu-
cleon inside the target. If the N*(1535) is excited in
a nucleon inside the nucleus, this N*(1535) will in-
teract with other nucleons inside the target. As dis-
cussed by Chiang et al.'"”!, the mass and the width of
the N*(1535) will have many-body corrections due to
Pauli blocking, n and 7 absorption. By taking this
many-body modifications into account, we calculate



No. 4 YANG You-Chang et al: 1 production in proton-nucleus collisions near threshold 257

the respective contributions of Fig. 1(a) and (b) to
the cross section for the proton-induced reaction on
180. The obtained results are shown in Fig. 3. We
can observe from Fig. 3 that the dominant contribu-
tion comes from the N*(1535) excitation in the incom-
ing proton rather than in the target nucleus, which
implies that the nuclear medium affects the reaction
cross sections only slightly.
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Fig. 2. The nN invariant mass spectra (a) and
the Dalitz plot (b) for the p+'#0 — p+'¥04n
reaction. The solid curve is the NN invariant
mass distribution and the dash curve is the
pure phase space distribution.
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Fig. 3. The total cross section for p+'* 0 —
p+#041. (a) and (b) indicate the contribu-
tions for N* excitation in the incoming proton
and in the target nucleus, respectively.

The total cross sections of pA — p’A'n reactions
on different nuclear targets with different isospins are
calculated as a function of the incoming proton en-
ergy. The numerical results for '2C and '#0 targets
are shown in Fig. 4. It is obvious that the total cross
section for the '¥O target is much larger than for the
12C target. There are two reasons for these results.
Firstly, all the o, p and 7t meson exchanges are al-
lowed for the interaction between the proton and the
180 target, while only the o meson-exchange is al-
lowed for the interaction between the proton and the
12C target due to the isospin conservation in strong
interactions. Secondly, the p meson exchange gives
the main contribution to the cross section for the
isospin T # 0 target. In Fig. 5 we show partial cross
sections of various meson exchanges for the *O nu-
clear target. It can be seen that the contribution of
the p meson exchange to the cross section is much
large with respect to these of other meson exchanges.
Therefore, by choosing different nuclear targets in the
experiments and comparing various observations, one
can extract useful information on the couplings of the
mesons exchanged to the nucleus.

Fig. 4. Total cross sections of pA — p’A'm re-
actions. The solid curve is for *¥0, the dashed
curve is for 12C.

Fig. 5.
son exchanges in the p+*0 — p+¥0+n
reaction.

The partial cross sections of various me-
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At present little information is available about the
proton-induced 1 production on nuclear targets. The
Cooling Storage Ring (CSR) in Lanzhou will soon be
completed and allow for incoming proton beams with
kinetic energies of up to 2.8 GeV. This new facility
is well suited to study the dynamical properties of
nucleon resonances. Our work provides the basis for
theoretical analysis, indispensable for the studies of

the n-meson production in pA collisions. The total
cross sections of the 1 production in proton-nucleus
collisions are the order of ub. Thus, the n-meson pro-
duction and the dynamical properties of the N*(1535)
can be studied by observing the outgoing 1 meson in
proton-nucleus collisions at CSR.
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