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A local model for the nuclear medium modifications to the photoproduction of  mesons through
the N*(1535) resonance is applied to the study of the inclusive reaction in medium and heavy
nuclei. The use of effective Lagrangians and many body quantum theory allows one to incorporate
the nuclear decay channels of the N* involving a pair of nucleons and Fermi sea effects. Also the
nN final state interaction is considered, taking into account the nuclear renormalization of the nN
scattering cross section, and assuming a classical propagation between collisions. The results show
a depletion and broadening of the resonant shape. Total and differential cross sections for different
nuclei are presented, and the cross section around resonance is found to behave like A* with a ~ 0.6.

PACS number(s): 25.20.Lj, 13.60.Le

I. INTRODUCTION

The advent of high-duty-cycle electron accelerators
and new experimental facilities (Mainz, Bonn, CEBAF,
etc.) are expected to provide new and high quality data
about 7 photoproduction on nucleons and nuclei, im-
proving our present understanding of the 1 dynamics.
The fact that the nN interaction, in the region of in-
variant mass, 1400-1700 MeV is essentially driven by the
511(1535;%_) reduces the overlap with other resonances
and will help to extract information on the medium
renormalization of this resonance. For this purpose, reac-
tions induced by photons are especially suitable, because
photons explore the whole nuclear volume.

Some theoretical work has already been done in or-
der to describe the elementary amplitudes of processes
involving eta mesons. Bennhold and Tanabe [1] derived
a dynamical model for 1 photoproduction on nucleons
by fitting the elementary operators to the nN — =N,
N — 7wnN, and TN — 7N reactions and using the
pion photoproduction reactions to parametrize the elec-
tromagnetic vertex. In a more recent work Tiator et al.
[2] improved the model by adding Born terms to the el-
ementary production amplitude.

The work of Liu and collaborators [3-5] used effec-
tive vertices to describe the 7 interaction with hadrons
and focused on the question of detecting 5 nuclear bound
states. In the last of these papers [5], they conclude that
the widths of the bound states are rather large and its
experimental detection difficult.

Also effective Lagrangians were used by Benmerrouche
and Mukhopadhyay [6]. They found dominance of the
resonant excitation in the (v, 7n) reaction, and their anal-
ysis gave a value for the YN — N*(1535) helicity transi-
tion amplitude A;/, = (95+11)x 10~3 GeV~1/2 compat-
ible with theoretical estimates in quark models and also
with the values extracted from pion photoproduction [7]
(74+£11 in the same units). Compared to other methods,
this effective Lagrangian approach reduces the number
of parameters to be fitted and, thus, the uncertainties
stemming from the experimental data.
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In Ref. [1], coherent nuclear cross sections within the
(DWIA) distorted wave impulse approximation were cal-
culated, and they were found to be small. Indeed, rel-
atively large momentum transfers are involved in (v, 7n)
— larger than in the (v, 7°) case— and the form factors
suppress the cross section by several orders of magnitude.
Furthermore, the isoscalar photoexcitation of the Sy; res-
onance seems to be very small compared to the isovector
one [7]. Therefore, the coherent (v, n) reactions are diffi-
cult to investigate experimentally. However, in inclusive
processes, the contribution of each nucleon adds incoher-
ently and the cross sections should be larger. Thus, a
study of the main nuclear medium effects on the n pho-
toproduction, suitable for the description of this reaction
in medium and heavy nuclei, is of interest. It can also
provide information about the free n(~,n)n cross section,
which has not yet been measured. In this respect, the
model of Refs. [1,2] gives a small ratio of isoscalar to
isovector (v, 7n) amplitudes, E[()(jr) /E(()}r) ~ 0.25, consistent
with quark models, although larger values of this ratio
seem necessary in order to explain the deuteron data [8].
Recent results from Mainz seem to indicate that this ratio
might be indeed very small [9]. The origin of this discrep-
ancy may come from two body currents. Indeed, when
the momentum mismatch is large, two nucleons sharing
this momentum makes the process more efficient. The
contribution of many particles in 7 related processes has
been shown in Ref. [10].

In this contribution, the many body calculations of
the N*(1535) width of Ref. [5] for the case of bound 7
states are extended to the particular dynamics of n pho-
toproduction and (n,n’) rescattering, and applied to the
calculation of the medium renormalization of these pro-
cesses. In this sense, this work serves as a check of that
model [5] for the Sq; width, as found in the Appendix,
in the case of (v, 7) inclusive processes. The role of other
resonances or background terms will require additional
work (even in order to clarify the situation in the free
reactions), and here only the role of the S;; will be stud-
ied, as the other contributions to the free cross section in
our energy domain are found to be small by the different
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theoretical models [6,2].

The cross section for the reaction where the photon dis-
appears exciting a N* is calculated by means of the local
density approximation (LDA). A detailed justification of
the validity of this approximation in photonuclear reac-
tions can be found in Ref. [11]. There it was proven that,
due to the negligible loss of photon flux in the reaction,
the effects of the finite range of the interaction do not
lead to changes in the LDA prescription. On the other
hand, shadowing effects due to the interference with the
coherent p photoproduction are known to be visible only
at higher energies (w ~ 2 GeV), and should be negligible
in the n channel, due to the weak coupling of the p to
the S;; resonance. However, the value given by the LDA
is not the observable eta photoproduction cross section,
because of the n-nucleus final state interaction. The on-
shell propagation of the 5 and its final state interaction
are considered by means of a Monte Carlo (MC) pro-
gram which makes use of the quantum mechanically cal-
culated reaction probabilities. These MC methods pro-
vide a reliable treatment of the final state interaction in
inclusive photonuclear reactions, as proven in the case
of pions [12] and nucleons [13]. The complexity of these
multistep problems, which involve strongly interacting
particles, cannot be considered by a simple attenuation
from distortion. Indeed, some of the particles are rescat-
tered; they change energy and momentum, but they are
not removed from the flux, and one should keep track
of them. A partial justification of these MC methods
can be found in Ref. [14], where the quantum mechani-
cal reaction cross section for pion nuclear reactions and
the one obtained from the MC method were found to
agree within 5% for pions with p, > 200 MeV. Thus,
one expects also a reasonable description of 7 rescatter-
ing, provided that the outgoing momentum is not very
small. The works of Refs. [14,12] also give support to the
Fermi gas model assumed here. The Fermi gas model for
inclusive reactions was found to provide fair cross sec-
tions and angular and energy distributions for inclusive
reactions, except for slightly narrow energy distributions
around the quasielastic peek in (m,n’) [14]. This draw-
back of the model was not so evident in (v, 7) inclusive
reactions [12].

With this method, the nuclear density is the only in-
formation needed about nuclear structure, and the treat-
ment of heavy nuclei is not more difficult than the one of
lighter nuclei. The basic ingredients for the elementary
amplitudes in the model will be described in Sec. II, and
the medium effects on the cross section are discussed in
Sec. III. Finally, results and discussion will be presented
in Sec. IV.

II. ETA PHOTOPRODUCTION
ON THE NUCLEON

The model of Refs. [3—-5] assumes the dominance of the
N*(1535;1 ) resonance for the 7N interaction. This is
the only resonance up the N*(1700) with a significant
branching ratio into the n/N channel (about 50%, while
in the other resonances is below 1.5%). The N*(1535)
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may decay into the nN, 7N or 7w N channels (Fig. 1),
and the corresponding couplings are given by [5]

SHynN+ = gnN-YNPy + Hoc,, (1)
6H1rNN* = gw"ZN*QWTd)N + H'C" (2)
5H1r7rNN* = —iC'IZN*'75¢N(§1r§7r +H.c. (3)

The coupling constants are fixed in order to reproduce
the p(7m~,n)n experimental data [15], together with the
N* branching ratios [7], leading to

gr = 0.564, g, =1.613, C =T7.14m;". (4)

The N* mass is taken to be My~ = 1555 MeV and
I'(y/s = My+) =~ 110 MeV, values lying within the exper-
imental bounds. With the numbers of previous equation,
one gets a fairly good cross section for 7N — 7N in the
region of invariant mass, 1500-1600 MeV, with an accu-
racy of around 10%-15%. In order to study the n pho-
toproduction, the electromagnetic vertex is also needed

(6],

(5)

With this structure of the vertex, the amplitude is au-
tomatically gauge invariant (even if form factors are in-
cluded), and its dominant contribution in (v,7n) has the
structure of a Fg4 transition,

(SH‘YNN* = —ZII_)N*'Y

NN

= e _—
9n My + My~

(‘)2
T o - EGN* (wc.m. + c.m.) 5 (6)

2My

We.m. being the center of mass photon energy and Gy«
the resonance propagator,

Gyv = ———— . 7
o Vs — My« +i% ™

Expressions for the free width with the couplings of
Egs. (1)-(3) can be found in the Appendix. The domi-
nance of this Foy multipole in the free (-, n) cross section
is well known, both from experimental [16,17] and the-
oretical analyses [1,2,6]. Finally, the elementary cross
section in the c.m. frame is given by

N N N
N TN
N 79 NI }ma NI g ba,
J--7 Jegla”
NI N7 N
(a) (b) (c)

FIG. 1. Contributions to the N* free width: (a) One eta
decay channel. (b) One pion channel. (c) Two pion channel.
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2

2
do 1 M? 2 We.m. + ;)Icum
= 2G| N =T 2My
dQc.m. 1672 s gn| N ! e MN + MN*

(8)

A value of k? = 0.86 [6] gives a fair reproduction of the
experimental data for the total cross section [17,18] and
the Eo4+ multipole [19]. There are no experimental data
for (7,7n) on the neutron. The isoscalar-isovector rate of
0.25 obtained from models based on multipole analysis [2]
gives k™ = 0.52. With these values, which are compatible
with the helicity amplitudes for the electromagnetic tran-
sition YN — N*(1535) reported by Particle Data Group
[7], one obtains the elementary cross sections plotted in
Fig. 2.

III. NUCLEAR MEDIUM EFFECTS

Inside the nucleus, new decay channels for the N*, such
as those depicted in Fig. 3, are possible. They involve
two nucleons exchanging virtual pions or n’s. In order to
calculate its contribution, one needs the 7t NN and nNN
couplings

SHonn = ~i T aMy Ny s - TN Fr(@®),  (9)

SHown = —i I 0 My un®,Fa(a?),  (10)

where form factors of the monopole type are included,

2_.2
F(qz) = 1;\2_7;2 .

and range of form factors are taken from Ref. [20]:

The values of the coupling constants

fn =059, fr=10, A,=15GeV, A,=13GeV.
(11)

The coupling constant f. is well established. The value
of f, is not so well known, but the different analysis of

15 4

T T T T T
600 650 700 750 800 850 900
Photon Energy [MeV]

FIG. 2. Elementary (v,n) cross sections, on the proton
(solid curve) and neutron (dashed curve). Experimental data
for the proton from Refs. [18] (o) and [17] (e).
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FIG. 3. Eta self-energy diagrams in nuclear matter corre-
sponding to two body absorption modes. The corresponding
eta-absorption channel is obtained when the diagrams are cut
by a horizontal line.

Refs. [20,21] coincide with the value taken here. A, is
taken from Bonn potential, and we will assume A, >~ A,
with not much support. Given the momentum transfers
involved in these absorption processes, the results depend
only moderately on the detailed structure of the form
factors.

With these ingredients, simple expressions for the ef-
fective width in nuclear matter, I'eg, can be obtained (see
the Appendix or Ref. [5] for details). The contribution
of every decay channel to the width is separately given
by the model, as seen in Fig. 4. In order to calculate the
nuclear cross section, one should also consider the Fermi
motion of the nucleons, together with the Pauli blocking
in the Fermi sea. This is easily accomplished by means
of the expression

- = / dr 4 / (;’ZT"Pn@) / . 25— (V5)
ore p.a Yibem

Ok — P - qyl wEn

(12)

where P* = (P° P) is the N* four-momentum, s =
P, P#, and Ey the nucleon energy in the Fermi sea. The
differential cross section do/dS? in Eq. (12) is given by

200 L 1 1 1 1

150
3
2 100
[
50
0 T T T T T T
1500 1520 \1?40 1560 1580 1600
s [MeV]

FIG. 4. N* width acording to Ref. [5], as a function of
the invariant mass (the kinematics correspond to those of the
free 7NN reaction). Dash-dotted curve: quasielastic channel.
Dashed curve: free width (quasielastic plus one or two pion
decay). Solid curve: free plus absorptive width at p = po.



2336

Eq. (8), where the N* width has been replaced by Ieg in
the medium. The last factor in Eq. (12) comes from the
different definition of the flux in the c.m. frame and the
nucleus at rest frame. The integral over the momenta
takes proper account of the Fermi motion, while the step
function implements the Pauli blocking as a restriction
to the center of mass scattering angles. The value of « is
given by
z

n:m@(l—[m|)+m®(|x|—l), (13)

z= WPOPS‘“" — GF\/E, (14)
IP{|pc.m.|

where (p2 .. ,Pc.m.) is the outgoing nucleon momentum

in the c.m. frame, and ep is the Fermi energy.

Equation (12) gives the nuclear cross section prior to
the final state interaction. Even if created, some n’s will
rescatter or disappear before leaving the nucleus. The in-
tegrand in Eq. (12) represents the weight of the different
events. In other words, it gives the spatial distribution
inside the nucleus and the probability that the n is gen-
erated at a given scattering angle. This is used as input
of the MC code, which allows one to take account of the
final state interaction. For this purpose, one needs the 7,
mean free path in the nucleus, related to the imaginary
part of the 7 self-energy in the medium,

1 1 1 dp
= ——ImI(g,,p) = ——g> 4/———n P) ImGp-«.
A q77 ( n ) q’r] n (27!')3 ( )
(15)
The imaginary part of the propagator is simply
Legr
Im GN* = b . (16)

Vs = Mys + 5]

In this way, the effects of the Fermi motion and the
changes in the N* width are automatically incorporated.
The change of the N* mass in the nuclear medium, i.e.,
the real part of the N* self-energy, remains an open ques-
tion. Here, the same strength for the N* potential and
the N potential were assumed (Re Xy = —50p/p0), lead-
ing to an unshifted resonance mass in the propagator
GnN+. On the other hand, the effective width consists of
different pieces, stemming from the contribution of the
different channels (I'eg = I';y + I'zx + I'xx + Tabs) and one
can separate the quasielastic channel by taking only T',
in the numerator of Eq. (16). Thus, I',,/Teg gives the re-
action probability associated with quasielastic collisions,
the remainder corresponding to n absorption (in the sense
that the n disappears, producing particle-hole excitations
and occasionally pions). The probabilities that the 5 dis-
appears (via absorption or pion production) or rescatters
are evaluated at every step in the MC simulation code.
In this way, even multiple collisions of the outgoing 7 are
taken in to account. Collisions change its energy and mo-
mentum, and the code traces the 7 until it is absorbed
or leaves the nucleus.
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IV. RESULTS AND DISCUSSION

Figures 5 and 6 show the 7 inclusive photoproduc-
tion cross sections per nucleon in the case of %0 and
208Pb, respectively, compared to the impulse approxima-
tion (upper curve). The intermediate curve is the nuclear
cross section, including changes of the N* width, Fermi
motion, and Pauli blocking effects. Finally, the lower one
incorporates the final state interaction of the n. Due to
the Fermi motion of the nucleons, a certain amount of
n’s can be produced, below the production threshold on
the free nucleon (wyn, ~ 710 MeV). This effect is not seen
in pion photoproduction close to threshold (wi, ~ 150
MeV). Indeed, while Pauli blocking effects are very im-
portant for low energy pions, they are very small for low
energy 7)’s, because the momenta transferred to the nu-
cleon in 7 photoproduction are much larger. This is also
the reason for the relatively small modification of the N*
free decay width in the nuclear medium. However, the
absorption channels, which are genuine nuclear channels,
increase the width and the resonant shape is broadened
and depleted. The decrease in the maximum value can
be easily seen from Eqgs. (7) and (8), as close to the res-
onance the propagator is roughly proportional to 1/Teg.
The effect is analogous—although in a different energy
regime—to the well known change of the A resonance
shape in nuclei.

The cross section per nucleon should approach the im-
pulse approximation as the number of nucleons A de-
creases. Thus, the depletion is more important in heavier
nuclei. It may look contradictory that a roughly constant
cross section per nucleon is found in the A resonance re-
gion [22]. However, the same kind of behavior is found,
once the important direct absorption channels are sub-
tracted [11].

Obviously, the effect of the final state interaction also
increases in heavier nuclei, because an average 7 covers
longer distances inside the nucleus. As a result, about
65% of the n’s are absorbed before leaving 2°8Pb, and

20 1 1 1 1 )
15 A -
"0 (7, m)X
ey -
3 10 4 . ~ . L
~N
< / N
N . ~
5 /// - — 1
—
— - /
— - ’
— T

0 T T T T
600 650 700 750 800 850 900
Photon Energy [MeV]

FIG. 5. Inclusive eta photoproduction cross section on 60.
Dash-dotted curve: impulse approximation. Dashed curve:
modifications due to the Fermi sea and nuclear S;; width.
Solid curve: complete calculation, including final state inter-
action.
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FIG. 6. Same as Fig. 4, for 2°*Pb.

only about 40% in the case of 0. The number of ob-
served 7n’s which have been rescattered before leaving the
nucleus is about 13% and 9%, respectively. Clearly, the
final state interaction is by no means negligible and leads
to significant differences in the cross sections. Figure 7
shows that the cross section at w = 800 MeV grows as A
with a ~ 0.6. This behavior is similar to that of pions
around the A resonance energy, which give a ~ 0.65 [23],
and reflects the fact that particles produced deep inside
the nucleus have only a small chance to escape, together
with the fact that medium renormalization is stronger at
higher densities, and therefore the creation probabilities
are smaller.

Figures 8 and 9 show differential cross sections
(d%0/dSddqy), before and after the final state interaction
(the impulse approximation would give a delta function).
Changes in the shape of these distributions due to the fi-
nal state interactions are not so strong as the effects on
the size of the total cross section.

Finally, let us consider the importance of the inclusive
process (-, m) followed by (7,7n). Indeed, the (v, 7) cross
sections are bigger than the (v, 7) ones (about a factor 5
for charged pion production [24]). However, the (7%, 7)

I s

o [ub]

T

" T
10 10
Nuclear size A

FIG. 7. Dependence of the total cross section at w = 800
MeV on the nuclear mass number A.
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FIG. 8. Differential cross section J:T‘;n (ub/srMeV) at
scattering angle ® = 25° and photon energy w =800 MeV
for '*0. Dashed curve: without final state interaction. Solid
curve: after final state interaction.

cross section is given by

do 1 M?_, ,qy 2

The (n,n') cross section has the same structure, but it
does not contain the factor 2 of isospin, and g, and g,
replace g, and ¢, respectively. Thus, at a given value
of /s ~ 1555 MeV one gets a factor of one-tenth be-
tween the (w,n) and (n,n) cross sections. This fact, to-
gether with the low rate of rescattering (about 10%) pre-
viously quoted, suggests a very small contribution from
this source (below 5%).

V. CONCLUSIONS

The inclusive 7 photoproduction cross section through
the N*(1535) has been studied by means of a local model
which allowed one to incorporate the medium modifica-
tions of the N*(1535) decay width and Fermi sea effects,
as well as final state interactions of the photoproduced

1 1 1
1.5 L
>
(9]
% ZOBPb
< 1.0+ L
Q —
3 VAN
g / N
i 0.5 / \ i
o 4 \
o / \
- N
0.0 T T T
0 200 400 600 800
qn[MeV]

FIG. 9. Same as Fig. 8, for 2°Pb.
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n’s. The calculations show that both final state interac-
tion and medium renormalization of the cross section are
important at the energies of the S;;. Similar analyses
should be performed for the other resonances in order to
have a complete description of the nuclear processes in
the second resonance region. The results show a strong
depletion of the resonant shape, particularly in heavier
nuclei, and the cross section is found to grow as A® with
a ~ 0.6 . Measurements of the inclusive (v,7n) cross sec-
tion will provide information about the renormalization
of the S1; response. They will also check the pole posi-
tion of the resonance in the nucleus, as well as the isospin
dependence of the (v, 7) process, which is still controver-
sial. The present model also provides the energy distri-
bution and differential cross sections for the outgoing 7’s,
which may be quite useful for future experimental anal-
yses. With the present experimental facilities at Mainz,
the results showed in Figs. 5-9 could be tested experi-
mentally.
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APPENDIX: N* WIDTH IN NUCLEAR MATTER

The calculation of the resonant width follows the model
of Ref. [5]. The expressions for different contributions to
J

ot 2

2 47 m2

g g

2 4mm2

2 4Mred (271’)3 E
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the free width are

T, g: M
oT _gdm 77 c.m.’ Al
5 =3 0 Noh (A1)
Fﬂ _ g721 M c.m.
2 4m /s I (A2)
Lar _g( C )" M
2 \8M,a/) (2m)3
Emax Ves—-M—E>
y / dE, / dE1p%©(1 - |6)),
(A3)
where
Miea = MNMpy+/(My + Mpy+),
I (s —M?*—2Mm,)
max 2\/; b
and
= [s +2m2 — M? — 2¢/s(E; + E3) + 2E, E,).
29192

(A4)

The diagrams of Fig. 3 were evaluated in Ref. [5] by using
Cutkosky rules [25] and a useful approximation for the
contribution of the particle-hole loop [26],

0(¢°) Im Un (q) ~ —mpd(q® — ¢°/2M),

and the results are

F‘:(Q?aqt)

[abs C 2 2 @2max G1max
LI ( ) p_ I / dqz/ dq1 ¢iq2 ©(1 — |B])
0 o

(@2 — g2 —m2)? A5
*(¢f? — g7 —m2)¥’ (A5)
F#(q?’qt) (AG)
ap? — g —m2)?’
M F4 0
X(ZMkO_qIZ-_kZ_2ME2)_ W(Q1’q1) (A7)

By (91% — gf —m})?

where ¢; =

MkO - k2/2, qg = qtz/2M7 q2max = \/4Mk0 - 2k2 - 4Mm-,‘-, d1imax = (q2+ V qgmax - q%)/za q(l) = Q¥/2M7

and (k° + M) is the N* energy and k its momentum, and

2 2 2
8= M (kO_k__q_l__qZ__E2>‘

= (A8)
9192
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