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Abstract

Quasifrce 1} pliotoproduction from nuclei is studied in the Distorted Wave
Impulse Approximation (DWIA). The elementary eta production operator
contains Born terms, vector meson and nucleon resonance contributions and
provides an excellent description of the recent low energy Mainz measure-
ments on the nucleon. The resonance sector includes the .S'n(1535), /Jii(1440)
and D|3(1520) states whose couplings are fixed by independent electromag-
netic and hadronic data. Different models for the i)N t-matrix are used to
construct a simple ;/A optical potential based on a (^-approximation. The
inclusive A(f,i))X reaction is compared to new data obtained on l2(', 4U£'«,
and is found to provide a clear distinction between different models d>r (lie
t)N t-matrix. The exclusive A{y, r)N)B process can be used to study medium
modifications of the A" resonances.
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I. INTRODUCTION

Besides studying the elementary amplitude, eta photoproduclion olfers the possibility to
learn more about the i/N- and ?//l-interactioii. Recently it has been suggested by Wilkin [1]
that the very large production cross sections found in the pd —> if He reaction near threshold
could be due to an i/N scattering length that is much larger than the value extracted from
a coupled-channels analysis of the ir~p —> jyn and rrN —> irN data [2j. Based on the K-
matrix formalism, Wilkin was able to reproduce the strong threshold energy dependence of
77d -+ »;"'//e by assuming an r//V scattering length with a real part more than twice as large
as in previous analyses. Should this conclusion turn out to be true, it would have dramatic
implications for the r/-nucJeus interaction. Most importantly, a larger value for the scattering
length might indicate a larger probability for the presence of a "bound" jj-state for lighter
nuclei such as 3Jle than had been expected. In fact, this seems to be required to explain
tin; cusp-like structure seen for near-threshold production in the nd -> sHeX reaction for
a missing mass close to the j/-inass. An uncertainty in Wilkin's analysis arises from a cross
section measurement of the pd —I if He. process very close to threshold (~200 keV) that
seems to contradict his description of the energy dependence. However, if this one point -
which suffers from large systematic uncertainties- is ignored, impressive agreement with the
experiment is achieved. A new experiment at Saclay has already been approved to explore
the energy dependence in the region very close to threshold [,\\. This effect may also remove
the discrepancy between experiment and theory for the reaction a//e(7r~,T])3H [4].

Over the last several years there has been renewed interest in tlie production of 7/-mesons
with protons, pious and electrons and their interaction with nucleons and nuclei. One of the
first t/ nuclear experiments, performed at SATURNE in 1988 [5j, reported surprisingly large
eta production rates near threshold in the reaction d(p,7/)3IIe. These large cross sections
permitted not only a more precise determination of the ;?-mass [6] but were also used to per-
form rare decay measurements of the eta [7]. Additional experiments involving pion induced
eta production were performed at Los Alamos [8]. Again, the experimental cross sections at
threshold region of the reaction 3He(7r~,»/)aH are above the theoretical calculations [4,8).

The advent of high duty-cycle electron accelerators opens for the first time the op-
portunity to study the reactions N(-y,T/)N and N(t,c'rj)N in greater detail. Our present
knowledge of the (7,1/) process is based solely on some old measurements around 20 years
ago [9|, along with very few more recent data from Bates [10] and Tokyo [11]. Over the last
two years eta photoproduction from the nucleon has been measured at Mainz and at Bonn
with an accuracy of more than an order of magnitude better than in older experiments. At
Mainz, the TAPS collaboration has obtained high-quality data for angular distributions and
total cross sections for photon energies between threshold and 790 MeV both on the nu-
cleoii [12] and on nuclear targets 12(7, 4uCa [13]. That may be considered to be a qualitative
break-through in the experimental field. Similarly, data at the higher energies up to 1150
MeV will be provided soon by the Phoenics collaboration at ELSA [14].

In this work we present a.study of the quasifree eta photoproduction on nuclei A('y,r)N)B
(where B is some discrete nuclear state) in the Distorted Wave Impulse Approximation
(DWIA). Tim model allows for the study of the production process and the final-state
interactions without being obscured by the details of nuclear transition densities, unlike the
reaction of the type A(~f,7i)li where nuclear transition densities play an important role. This



is mainly due to the quasifree nature of the reaction: the momentum transfer to the residual
nucleus can be made small. The key ingredients of the model are a) I he single particle wave
functions and spectroscopic factors, b) the elementary eta photoproduction amplitudes, and
c) the final state interactions. Information on each ingredient can be taken directly from
independent studies. Previous studies of such quasifree reactions on the pion have proven
to be successful [15-17]. Other studies on eta photoproduction from nuclei can be found,
for example, in Refs. [18-24].

In Sec. II we briefly describe the (7,r/) operator and show comparisons with new data
from Mainz. The UW1A formalism for quasifree eta photoproduction on nuclei is derived
in Sec. III. In Sec. IV we present predictions for differential cross sections of the exclusive
reaction A(nj,t]N)l3. In S'ec. V we compare our calculations with new data from Mainz on
the inclusive reaction A(-y,ri)X. In Sec. VI we summarize our findings and present a brief
outlook. The transformation of CGLN amplitudes from the cm. frame to an arbitrary
reference frame is given in the Appendix. The transformation is needed to implement the
elementary amplitudes in nuclear calculations.

II. ETA PHOTOPRODUCTION ON THE NUCLBON

Nucleon resonance excitation is the dominant reaction process in (7,1/)- ' " contrast to
pions which will excite A(T = 3/2) as well as N*(T = 1/2) resonances, the r/ meson will
only appear in the decay of N" resonances with T = 1/2. In the low-energy region this is
domiuantly the Sn(1535) state that decays in 45-55% into r//V, the only nucleon resonance
with such a strong branching ratio in the r) channel. This result is even more surprising as a
near-by resonance of similar structure, the 5'u( 1650) has a branching ratio of only 1.5%. The
other resonances that play roles in the low energy region are the /Jn(1440) and £)|;t(1520).

Most attempts to describe eta photoproduction on the rmdeou [25,26] have involved
Breit-Wigner functions for the resonances and either phenomenology or an effective La-
grangian approach to model the background. These models which contain a large number of
free parameters were then adjusted to reproduce the few available data. In a very different
approach, Ref. [27] derived a dynamical model which employs nN —> nN,nN —+ TTTTN and
TT~P —• r/n to fix the hadronic vertex as well as the propagators and the 7/V -> nN to
construct the electromagnetic vertex. This calculation represents a prediction rather than
a fit to the 7/V —> r/N reaction. The model was later extended to include the background
from s,u-chanuel nucleon Born terms and p,ui exchange in the {-channel [28]. Due to the
fact that r; is an isoscalar meson, two coupling schemes are possible at the i/A'A' vertex:
pseudovector(PV) and pseudoscalar(PS). The latter one is not ruled out by LIST as in the
case of (7, n). Since the resonance sector is fixed in the approach and also the vector meson
couplings can be obtained from independent sources, one can use this model to determine
the nature of J/NN coupling: both the coupling scheme and the coupling constant.

In contrast to the 7r/V-interaction, little is known about the r//V-iiiteraction and, conse-
quently, about the T//V/V vertex. The uncertainty regarding the structure of the i/N N vertex
extends to the magnitude of the coupling constant. This coupling constant </jJW/v//'7r varies
between 0 and 7 with the large couplings arising from fits of one boson exchange poten-
tials [29]. From SU(3) flavor symmetry all coupling constants between the meson octet and
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the baryon octet are determined by one free parameter «, giving

I_ if. _
4TT

(1)

resulting in values for the coupling cotistaut between 0.8 and 1.9 for commonly used values
of <* between 0.6 — 0.65, depending on the F and D strengths chosen as the two types of
SU(3) octet meson-baryon couplings. Other determinations of the i/NN coupling employ
reactions involving the eta, such as ir~p —> r/u, and range from 0.6 - 1.7 [30], Smaller values
are supported by NN forward dispersion relations [31] with </^fl//'in + U^NN/^ — 10-
There is some rather indirect evidence that also favors a small value for g,,NN- I" ltef. [32],
Piekarewicz calculated the 7T-7/ mixing amplitude in the hadronic model where the mixing
Wits generated by NN loops and thus driven by the proton-neutron mass difference. To
be in agreement with results from chirai perturbation theory the rjNN coupling had to be
constrained to the range 0.32 - 0.53. In a very different approach, Matsuda [33] evaluated
the proton matrix clement of the flavor singlet axial current in the large Nc chiral dynamics
with an effective! Lagrangian that included the UA(1) anomaly. In this framework, the EMC
data on the polarized proton structure function (which have been used to determine the
"strangeness content" of the proton) can be related to the rfNN and the j/NN coupling
constants. Again, his analysis prefers small values for both coupling constants. Nevertheless,
from the above discussion it seems clear that the i/N N coupling constant is much smaller
compared to the corresponding irNN value of around 14.

In Fig. 1, we show the sensitivity of the total cross section close to threshold when varying
the coupling constant from 0 to 3 for the PS and from 0 to 10 for the PV form. There is
a large variation of more than a factor of 2 at 750 MeV for the PS case while changing the
value with PV structure modifies the cross section only by a relatively small amount.

Here the very precise results of the new Mainz experiment can clearly distinguish between
the different models preferring a pseudoscalar coupling scheme with a best-fit coupling con-
stant of </i5/\//v/47r=0.4. This is further supported by comparing with the differential cross
section as shown in Fig. 2. There is a clear distinction in the forward-backward asym-
metry of the angular distribution between the PS- and PV-model, and PS coupling with
(/7^w/v/47r=0.4 is strongly supported. The variation in the angular distributions is due to
the p-wave multipoles. In particular, the Afi_ multipole changes sign between PS and PV
coupling.

Fig. 3 shows the complete view of the differential cross section and the photon asymmetry
of r/ photoproduction on the proton from threshold up to 800 MeV for PS coupling with
!l'fNN/4ir=0.4. The resonance dominance near threshold is clearly seen in the cross section.
The angular distribution is relatively flat in the cross section but peaked in the photon
asymmetry.

III. DWIA MODEL FOR r, PHOTOPRODUCTION FROM NUCLEI

A. Kinematics

In this section we define our coordinate system and discuss some kinematic aspects of
the exclusive reaction (7.7//V) and the inclusive reaction (7,';) on nuclei. In the laboratory



frame, the four-momenta of the incoming photon is k" = (Ey,k) while the outgoing eta
and imclcon have four-momenta of <f = (/:,'„,q) and p" = (£/v,p) respectively. The target
nucleus is at rest with mass M{ and the recoiling residual nucleus of mass M/ has momentum

Q=k-q-p (2)

and kinetic energy Tq = ^ - . The momentum transfer Q is sometimes also called the
missing momentum. Overall energy conservation requires

= £„ 7'g (3)

As shown in Fig. 4, the z-axis is defined by the photon direction k, and we choose the
azimuthal angle of the eta, <£„ = 0, by defining y = k x q and x = y x z.

We assume that the reaction takes place on a single bound nucleon with four -momentum
p**; = (Ei,pi) and that energy and momentum are conserved at this vertex (i.e., the impulse
approximation). Thus p< = —Q and Ei = E^ + En — Ey. If Q does not vanish, the struck
imcleon is off its mass shell. For exclusive reactions this is the only reasonable olf-shell choice
since the photon, the eta, the outgoing nucleon, and the recoiling nucleus are all external
lines and must be on their respective mass shells. For the inclusive reaction we make the
same choice.

The magnitude of the momentum transfer to the recoiling nucleus has a wide range,
including zero, depending on the directions of the outgoing eta and iiiicleon with respect
to the incident photon beam. However, since the reaction amplitude is proportional to the
Fourier transform of the bound state single particle wavefunction, it becomes quite small for
momentum transfers greater than about 300 MeV/c. Thus for all but the lightest nuclei we
can safely neglect the nuclear recoil velocity and generate optical potentials for the outgoing
particles in the laboratory frame. As noted in [15], reactions of the form (-y,'iN} on nuclei
offer great kinematic flexibility and by appropriate choices one can investigate the production
operator, the bound state wavefunction, or the final state interaction of the outgoing meson
and nucleon.

B. The DWIA cross sections

In this section we give the DWIA formalism for calculating the quasifree eta photopro-
duction from nuclei. Following standard procedure, the differential cross section is given
by

where ]T means sums over final spins and average over initial spins. The ^-function ensures
overall energy-momentum conservation. In impulse approximation, the many-body matrix
element can be written as a sum over single particle states a = {nljrn}

rnj\a,,\Ji,mi){t); N!<-,,,|a;7) (5)

where au is a destruction operator and tyv the eta photoproductioti on-hody operator. The
overlap .S'(, = (Jf,m/\aa\J,,}iti)'2 is conventionally called the spectroscopic factor which can
be determined from electron scattering. After integrating over </Q and performing the sums,
one arrives at the differential cross section

tt'a Sa

where the single particle matrix element T = (?/; A/\t^n\a;f) is given by

7'K A,m.) = j>Pr ¥<+>(r, -p) 4+>(r, -q) ^(A,k,p,,q, p) #ft(r) etkr. (7)

In this equation A is the photon polarization, m3 the spin projection of the outgoing nucleon,
'J'J,*' and 4>lf) the distorted wavefu net ions with outgoing boundary condition, and 'I',, the
bound nncleon wavefunction.

Another observable, called photon asymmetry, can be introduced by

where _L and || denote the perpendicular and parallel photon polarizations relative to the pro-
duction plane (x-z plane). We have used the .short-hand notation dso = d

C. The nucleon single particle wavefunction

As discussed in the section on kinematics, we are primarily interested in cases of low
momentum transfer to the recoiling nucleus. Thus our choice of single particle wavefunc-
tions for the bound state is not so critical as long as the basic size of the orbital is described
correctly. For convenience we will use harmonic oscillator wavefunctions which have the
advantage that their Fourier transforms are simply obtained. For each nucleus under con-
sideration, we adjust the harmonic oscillator range parameter until the rms radius of the
ground state charge distribution agrees with the experimentally determined values.

For the continuum nucleon wavefunctions we solve the Schrodiuger equation with an
optical potential present whenever the particle is to be detected. Further, we use the ex-
perimentally determined separation energies for a given orbital in order to fix the value of
the mass of the recoiling nucleus Mj. When we are studying the inclusive (7,7;) reaction we
allow for all possible final stales by using a plane wave for the proton and taking the mass
of the recoiling nucleus to be equal to the ground state of the A-l system. In previous work
OII(K,«/) reactions from nuclei in the quasi-elastic region [M] we found that an assumption
similar to this described the experimental results very well.

Many optical models for the outgoing nucleon are available. We use a non-relativistic
reduction of the global optical model in Kef. [35]. This model has the advantage that it fits
nuclcou scattering over a wide range of energy and A values, and hence is very useful for
making surveys of a wide range of possible experimental situations. Once experimental data
is available for the exclusive reaction, an optical model specific to the nucleus and energy
range of the outgoing uiu Iron can be substituted.

(i



D. The ); optical potential

In order to reduce the ?/-nucleus many body problem to an equivalent potential scattering
problem, we construct a simple optical potential. Distorted r/ wavefunctions can be obtained
by solving the Klein-Cordon equation

where fi is the r) reduced mass and wn its total energy. We choose a simple tp approximation
to construct the potential

= hp(r) (10)

where p is the nuclear local density. This approach is justified in the low energy regime since
S-waves dominate via the 6'n(1535) state and P-wave and D-wavc contributions are very
small. The parameter b is related to the i)N -¥ r//V scattering amplitude by

Pc.
(11)

where 0 is the cm. angle and

</," = [(W2 - (m + m,)J)(Wa - (m - m ^ ^

The partial wave scattering amplitudes are given by

where p denotes the r/N two body momentum in the respective frame. Here we consider two
models for the r)N scattering amplitude.

The lirst model is from the coupled channel approach in Ref. [27]. We can extract the
r/N t-matrix (in the r/N cm. frame) by

(12)

(13)

(H)

where D(W) is the resonance propagator (see Eq. 2 in Ref. [28]) and Pj is related to the r/
self-energy (see Eq. 3 in Ref. [28]) by Pj, = —2ItnE!,. We call the optical potential based on
this amplitude DW1.

The second model is given in Ref. [36]. In this analysis the nN —> i/N and »//V —> i/N t-
matrices are obtained in a unitary, coupled, three-channel approach with the third channel
nnN being an effective two body channel which represents all remaining processes. The
nN elastic phase shifts and the weighted data base of the nN —> ;//V total and differential
cross sections are chosen as the input for the fitting procedure. The resulting t/N t-matrix
describes the data fairly well. For numerical calculations, one can use the following scattering
length and effective range expansion [37] which accurately represents the original dominant
S\i amplitude:

c (15)

where ; j o n is in MoV/c and

a,, = (0.8759 + i 0.273!)) fm, r , = (-1.6823 - i 0.1389) fm. (16)

We call tlie optical potential based on this amplitude DW2.
We have performed the same expansion as in Eq. (15) for the amplitude in DW1 and

found

a,, = (0.2359 + iO.l 177) fm, r , = (-5.708 - i 0.3909) fm. (17)

Fig. 5 shows the energy dependence of the real and imaginary parts of parameter 6 for
the two models. We see that the real parts are roughly the same for energies larger than
50 MeV, but the imaginary parts , which determines the amount of absorptions, are quite
dilferi'iit. It is interesting to note that for small eta lab. energies Re6 is positive (more so
for DW2 than for DWl) which indicates an attractive potential (see Eq. (10)). This has led
to the suggestion that the 7/-uucleus system may form hadronic bound states [38-40].

IV. THE EXCLUSIVE REACTION A(i,itN)B

The exclusive reaction A(f,tiN)B where B is in some specific final state offers a wide
range of experimental possibilities. In order not to be overwhelmed with details, we will
concentrate on cases where the momentum transfer to the recoiling nucleus is allowed to
vary freely. This gives the widest kinematic phase space and facilitates discussions on the
energy and angular distributions. Within our model, the reaction occurs on a single nucleon
which is in some specified orbital in the nucleus. The uucleon can be either a proton or
a neutron and it has some momentum distribution given by the Fourier transform of its
wavefuuetion. For simplicity, we consider the coplanar setup (i.e., <j>v — 0, <j>N = 180°)
which in general leads to larger cross sections than out-of-plane setups.

A. Effects of final-state interactions

In Fig. 6, the effects of final-state r/-nucleus and p-nucleus interactions from different
nuclei are shown for the exclusive cross section and the photon asymmetry. The results
correspond to knocking out a proton in the pa/2 orbital of the target nuclei whose momentum
distribution is largely responsible for the double peaks in the cross sections. We see more
r/ distortions at lower eta energies than higher eta energies, while the opposite is true for
proton distortions (For fixed photon energy, the proton energy decreases as eta energy
increases, see Kq. (3)). As expected, there are larger distortions in mCa than in 12C. It is
interesting to note that distortions have no effects on the photon asymmetry. Furthermore,
the photon asymmetry is almost independent of the target it is produced from. This makes
it a sensitive observable for studying the production process in the nuclear medium without
being obscured by distortion directs and overall normalizations.



In Fig. 7, the effects of >/-nucleus final-state interaction are shown for the two models
DW1 and DW2 previously discussed in Sec. Ill D. The plane wave results are not shown in
the figure. We see that DW2 gives more distortion in the cross section than I)W1 (solid line
vs. dash line), more so for low eta energies than high ones. This can be traced back to the
imaginary parts of the two potentials as shown via the parameter b in Fig. 5. Also shown
in Fig. 7 are the effects of the real parts of the potentials by turning them off in DWI and
DW2 (dot-dash line vs. dot line). We see that the cross section is only weakly dependent
on the real parts of the potentials. This feature can be used to distinguish the imaginary
parts of different »j-iiucleus potentials. Of course, all of these have no effects on the photon
asymmetry as evidenced in Fig. 7 and as discussed above.

B. Effects of medium modifications

In Fig. 8 we show the sensitivity to possible medium modifications in the cross section
and photon asymmetry for uC(-ytr)p)11 Bg.,. resulting from creating an eta from a p3/2 proton
orbital. The results are presented as a function of photon energy at fixed eta energy and lixed
eta and proton angles. Under the situation, the proton energy increases and the momentum
transfer decreases as photon energy increases. Since we interested in the relative changes,
the results were calculated using plane waves. The solid line is the standard calculation,
while the dashed and dotted line have the mass of the 3'n( 1535) increased and decreased
by 3%, respectively. We see large effects in the cross section and some effects in the photon
asymmetry.

Fig. 9 shows the effects by varying the mass of the Dn resonance. We see large effects in
the photon asymmetry while almost no effects in the cross section. In particular, the photon
asymmetry shows a large sensitivity in the decrease in the mass of the D\j. We also found
that the Pn resonance is not sensitive to such changes in the mass.

V. THE INCLUSIVE REACTION A(j,i))X

Recently, new and good quality data have been obtained at Mainz for the inclusive:
reaction on nuclear targets 12C, *°Ca [13]. In this section we will compare our model with
the data.

In the inclusive reaction the final nucleon is not observed, thus leading to all possible final
nuclear states. In our quasifree model of the reaction, the inclusive reaction cross section is
obtained by integrating out the nucleon solid angle dilfj in Eq. ((>) and .summing over all
nucleon states in the target

d2a
d-l\di\

(18)

Note here that the eta production amplitude is different on the proton and the neutron. In
performing the sum over neutron states, we use the ratio au/ap = 2/3 extracted from the
Mainz data for eta photoproduction on the deuteron [41].

A. Integrated cross section

The kinematics in this case can be solved by specifying the photon energy /£,, the eta
kinetic energy 7',, and the eta angle 0,r Fig. 10 shows a typical 3-dimeustoual distribution
of the cross section at #-,=750 MeV. The results correspond to producing an eta from a
I'.i/z proton orbital. We see that most of the cross sections are concentrated in the forward
direction and around 7^=100 MeV with magnitudes around 0.2 fib/ Me.Vsr*. The etas are
produced mostly in the forward direction mainly due to the relative largeness of the eta mass
as compared to the pion mass. At larger angles, cross sections are quickly killed off because
of the large momentum transfer involved. Also etas with energies higher than certain value
(depending on the target) are kincmatically forbidden.

Fig. 11 shows the effects of the final-state r/-nucleus interaction as a function of eta energy
at lixeel photon energy and eta angle. Fig. 12 shows the effects of the final-state >y-nuclcus
interaction as a function of eta angle at fixed photon energy and eta energy.

B. Integrated cross section da/dTn

The cross section is obtained after a further integration over the eta solid angle dilv in
l£q. (18). The kinematics are solved by specifying two variables: E~, and T,. Fig. 13 shows
the comparison of our calculations with the Mainz data on l2C and 4uCa as a function of
I he ela energy at fixed photon energy. The plane wave calculation clearly over-predicts the
data, the distorted wave calculation using DWI agrees with the data reasonably well, and
the distorted wave calculation using DW2 underestimates data by about 20 to 30 %. The
.shape of the distribution is reproduced well. These observations hold better for I2C than
for ""("«.

C. Integrated cross section da/d0,t

The cross section is obtained by integrating over the eta energy t/T, in Kq. (18) and mul-
tiplying the angular factor 27rsin0. The kinematics are solved by specifying two variables:
H~, and #„. Fig. 14 shows the angular dependence at fixed photon energy for the comparison
of our calculations with the Mainz data on l2C and 4uCa.

D. Total cross section

To obtain the total cross section in our model for the quasifree eta photoprodiiction
from nuclei, we need to perform extensive integrations which are 4-fold altogether (the d<f>v

integration gives 2n due to the azimuthal symmetry after dil^ is performed). These inte-
grations are done numerically using Gauss's method. The cross sections are concentrated
in a limited region of phase space, outside of which they are suppressed due to large mo-
mentum transfers. We adjusted the integration limits, the number of integration points,
and the number of partial waves, until convergence in the total cross section is achieved.
We arranged the program in such a way that the differential cross sections discussed above
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il,,, dcr/dT,,, da/dO,n are saved as intermediate results in the same run for the total
cross section. We calculated at three photon energies £,=700 MeV, 750 MeV, 780 M«:V
and interpolated to other energies since the total cross section is expected to be a smooth
function of B~,. The results are shown in Fig. 15 along with experimental data from Mainz.
We see that the model does a good job in reproducing the data. The distortion of etas in
the final state is clearly important to bring the agreement. Different models for r;-iiuclcus
interaction can be distinguished. Here the data seem to favor DWl over DW2.

VI. CONCLUSION

We have developed a DWIA model for quasifree eta pholoproduction on nuclei
A(-y,rjN)B. The key ingredients of the model are the single particle wave functions and
spectroscopic factors; the elementary eta photoproductiou amplitudes; and the final state
interactions. All of these ingredients enter the calculation in a physically transparent way
so that one can use different models for each ingredient from independent studies.

We have compared the model with recent data from Mainz and found good agreement.
We found that the model can distinguish different »y-nucleus potentials. The exclusive reac-
tion can be used to study medium modifications of the N' resonances which an; particularly
sensitive in the photon asymmetry.
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APPENDIX A: TRANSFORMATION OF CGLN AMPLITUDES TO AN
ARBITRARY REFERENCE FRAME

Consider a general process of meson photoproductiou on the nucleon in which the final
baryon mass m2 can be different from the initial mass m\. Knergy-momentum conservation
gives A," + j»i = '/ + Ki- The kinematics can be described by the Loreulz-invariant Mandelstam
variables s = (k + pij2, t = (k — qj2, it = (k — p?)2 with the constraint s-ft + u — mj + mjj + mj,
or by the invariant mass W = y/s and the scattering angle 0.

In the center-of-m;iss (CMS) frame we denote the four-momenta as k = (£?.,, k), ;>i —
(E\, —k), </ = (/£,,q), p-i — (E-i, — q). These CMS variables can be expressed in terms of W:
/.;, = (IV2 + rn'i)/(2W), ICj = (W1 + m2 - m;|)/('2iy), etc. The cross section in the CMS
frame can be written as

da/dil = {klq)\T,i\- (Al)

where we have used k = |k| and </ = |qj to denote the initial and final 3-momentum in the
system, respectively.

The transition matrix element can be expressed as

Tti = (x2\F\Xi) (A2j

where \ i , \z af*; Pauli spinors and

/•' = ia • t F\ + o • q a • (k x c) Ft 4- ia • k a • t F3 + icr • q q • t F4 (A3)

The F's are called the CGLN amplitudes [42]. The hat notations k and q are unit vectors.
Note that there is a factor jjt|?«j/(47rH/) absorbed in the F's under the normalization of
!•;<,. ( A i ) .

On the other hand, it can be expressed in the invariant form

(A4)

where u(2) and u(l) are Dirac spinors, A's the invariant amplitudes and M's the gauge and
Lorentz invariant matrices defined by

M2 = 27r,(f • ;), k • pz - <: • p2 k • p , )

M.> - 7 r , ( / / t • P i - I J f - p i )

Mi = 7r.( A" • /'2 - V1 • Pi)

(A5)

(AC)

(A7)

(A8)

The F's are only defined in the CMS frame, but the A's are valid in an arbitrary frame.
One can lind tin? relations between the F's and the A's by first expanding liq. (A4) in Pauli
space, then expressing the result in the CMS frame and putting it in the form of Kq. (A2).
Alter some algebra, we find
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«-£ -(At +
W +

2
W - m,

2

<:A4

cA3 -

u — m2

~ 2{W - r a , )

where c = yJ(Ex + Tn\){.&2 + «ia)/(4mim-,i).
Inverting these equations, we obtain

(A!))

(AID)

(All)

Substituting the A's back into Eq. (A4), we obtain a transition operator wliich is valid in
any reference frame and which is suitable for use in nuclear calculations. 1£<|. (A4) can be
further expanded into Pauli space and cast into the form of a spin non-Hip term plus a spin
Hip term

Tj, = L + i a • K. (A Hi)
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FIGURES

Fig. 1. Total cross section for the process (7,1;) on the proton calculated with PS and PV
Horn terms. The full curve contains no Horn terms, while the dashed lines are (from the
top down) obtained with g'*NN/4n=0.1, 0.5, 1.0, and 3.0 for PS-coupling, and y^jv/^^—1.0,
3.0, G.O and 10.0 for PV-coupling, respectively. The experimental data are from Mainz [12].

Fig. 2. Differential cross section for eta photoproduction at 766 MeV photon energy. The
solid and dashed lines are calculations in PS coupling with coupling constant 0.4 and in PV
coupling with 10, respectively. The data are from Mainz [12].

Fig. 3. Complete view of the differential cross section and the photon asymmetry of eta
photoproduction on the proton for PS coupling with g^nnl^ = 0-4.

Fig. 4. The coordinate! system for the quasifree reaction

Fig. ,r). The energy dependence of the r/ optical potential parameter b for two different
models of the 7/A' t-malrix. See Sec. Ill 1) for the discussion of DWl and DW2.

Fig. (i. Effects of distortions in the coincidence cross section and the photon asymmetry for
A(-y,i/p), p-j/2 at £^=750 MeV, 0ri - 20" and 0p = 15°. The dashed line is the plane wave
calculation, the solid line is with r/ distorted by the model DWl while the proton is kept as
plane wave, and the dot-dashed line is with p distorted while 77 is kept as plane wave.

Fig. 7. Elfects of the real parts of the //-nucleus potentials.

Fig. 8. Effects of medium modifications to the ,S'n(1535) resonance are shown by changing its
bare mass by 3%. The reaction is nC(lyin,)

u Bg.,. at Tn=100 MeV, 0v = 20° and 0p = 20°.

Fig. i). Same as in Fig. 8, except for Di3(l.r>20).

Fig. 10. Distribution of the inclusive cross section dl'aj'dl\d{\^ as a function of the eta
energy and angle on ViC at /'y'1=7.r)0 MeV.

Fig. 11. Eta energy dependence of the inclusive cross section d1a/dTv(lfl^ on nC and mCa
calculated in the plane wave (PW) and the two different j/-nucleus potentials DWl and
DW2.
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Fig. 12. Same as in Fig. 11, but for the eta angular dependence.

Fig. 13. Comparison of our calculations with the Mainz data for the inclusive cross section
do)<n\ on l2C and 4UC'a.

Fig. 14. Comparison of our calculations with the Mainz data for the inclusive cross section
da/dOn on "C and wCa.

Fig. 15. Comparison of our calculations with the Mainz data for the total cross section on
12C and 40Ca.
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