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The proton-proton bremsstrahlung is investigated within a coupled-channel model with the A
degree of freedom. The model is consistent with the NN scattering up to 1 GeV and the DNA
vertex determined in the study of pion photoproduction reaction. It is found that the 4 excitation
can significantly improve the agreements with the pp —+ pgry at E& b

——280 MeV. Predictions at
E~ b ——550 and 800 MeV are presented for future experimental tests.
PACS number(s): 13.75.Cs, 24.10.Eq, 25.40.Ve, 25.40.Ep

I. INTRODUCTION

The nucleon-nucleon bremsstrahlung (IV' Np) reaction
has long been considered. as a tool to investigate the ofF-

shell behavior of the NN interaction. With the availabil-
ity of new experimental data of the pp ~ ppp reaction
[1,2], theoretical interest has been revived recently [3—9].
As a start, it is sufEcient to consider only the one-nucleon
current to investigate this reaction since the leading in-
teraction current due to one-pion exchange vanishes iden-
tically in the ppp reaction. In a calculation taking into
account the relativistic features of the one-nucleon cur-
rent [4, 5], the sensitivity of the pp ~ ppp spin observ-
ables to the NN ofF-shell dynamics was demonstrated.
Although the calculated analyzing powers are in general
in good agreement with the data, the cross-section re-
sults are mare controversial. In Ref. [1] a normalization
factor of 2j3 was proposed to account for the major dis-
crepancy with the data. However, this discrepancy might
also indicate the importance of new mechanisms not in-
cluded in the calculations, thus omitting the need of this
rather arbitrary normahzation factor. In Ref. [10], we
have explored qualitatively the mechanisms due to the
4 degree of freedom. The main objective of this work is
to present a consistent approach to quantify our investi-
gation. This is accomplished by extending the coupled. —

channel formulation of NN scattering developed by Lee
and Matsuyama [ll, 12] to include the electromagnetic
interactions introduced by de Jong et al. [10].

The efFect of the A excitation on NNp has been inves-
tigated in the past using very crude models. Bohannon,
Heller, and Thompson [13]derived the one-pion-exchange
4 current by taking the static nucleon limit of the pion
photoprod. uction amplitude. The L width was neglected
and hence their model is limited to low energies. They
found that the L efFect is negligibly small in the np
bremsstrahlung. No calculation of the pp bremsstrahlung
based on their A current has been reported. In contrast
to the npp process, where the effect of the L isobar is
greatly reduced by cancellations between the different di-

agrams involved due to isospin factors, the A effects may
be significant in ppp reactions. Tiator et aL [14] eval-
uate the contributions of the radiative 4 decay in the
Born approximation and add these incoherently to the
nucleonic contributions which were calculated using the
soft photon approximation (SPA). Although Szyjewicz
and Kamal [15] evaluated all one-pion-exchange A con-
tributions and add. them coherently, their ppp calculation
was carried out using only the Born approximation. In
our previous work [10], we added the single-scattering
4-decay diagrams coherently to a state of the art cal-
culation of the nucleonic current contribution and found
a significant effect. In the present paper we go beyond
this in two respects. First, we use ofF-shell T-matrix ele-
ments that are generated from a meson-exchange coupled
NN NA mNN model which is constrained by the NN
scattering up to 1 GeV. The quality of the phase-shift G.t
of this T matrix is superior to the 6t of the T matrix used
in Ref. [10]. Second, we also include the rescattering di-
agrams induced by the presence of 4 degrees of freedom.
We follow the approach of Ref. [4] to account for the rel-
ativistic features of the N and 4 currents. We will show
that, even at energies below the pion threshold, the in-
fluence of the 4 on the ppp reaction is considerable and
cannot be neglected in a quantitative comparison with
the data.

In addition to giving a more complete description of
NNp reaction at low energies, our approach is appro-
priate for making predictions in the intermediate energy
region where the pion production through the L exci-
tation becomes crucial. A good understanding of the
NNp reaction at intermediate energies is needed to de-
scribe the production of hard photons in intermediate
energy heavy-ion collisions [16, 17]. In these complicated
processes the photon provides a clean probe of the reac-
tion dynamics. Furthermore, recent studies of dilepton
production in proton-nucleus collisions have shown that
virtual NN bremsstrahlung and L decay are the domi-
nant reaction mechanisms [18, 19]. The model presented
in this paper can be used as the starting point of a mi-
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croscopic approach to investigate both the photon and 6
productions in relativistic heavy-ion collisions.

In Sec. II, a coupled-channel formulation for NNp re-
action will be presented. The results are presented in
Sec. III. Section IV is devoted to discussions of future
developments.

II. THE HAMILTONIAN MODEL OF NN
AND NNp INTERACTIONS

To investigate the effect of the 4 on the NNp reaction,
it is more transparent to employ a formulation including
the L degree of freedom explicitly. In the first part of
this section, we will describe such an approach based on
an extension of the Hamiltonian model developed by I ee
and Matsuyama [11, 12] to include the electromagnetic
couplings introduced by de Jong et al. [10]. We then
describe how the procedures introduced in Refs. [5, 10]
are used to include the "minimum relativity" in the NNp
calculation.

The objective of the formulation of Refs. [11,12] was
to obtain a consistent description of NN scattering from
the low energy region (E& b ( 400 MeV) to the interme-
diate energy region where the pion production through
the 4 excitation becomes important. In contrast with
the other 7rNN models [20], the formulation of Refs. [11,
12] was designed to have a smooth transition to the usual
nonrelativistic potential model of NN interaction. This
was achieved by using a substraction procedure to de-
fine the NN potential in the coupled NN NL vrNN
space from a chosen NN potential which fits the low

energy NN data. The resulting model not only main-
tains the good fit to the low energy NN phase shifts,
but can also describe the NN data up to about 1 GeV.
Note however that the reproduction of the data is not
perfect. Specifically, the description of the polarization
cross sections is not ideal. Starting with such a coupled-
channel model will make the present study significantly
different from all of the previous studies of the L effect
on the NNp reaction. In particular, we will be able to
make realistic predictions in the intermediate energy re-
gion where extensive data will soon become available at
COSY, the proton-cooler ring at the Forschungszentrum
Juelich (Germany).

In the formulation of Refs. [11,12], it is assumed that
the Hamiltonian for NN scattering can be written in
terms of three degrees of &eedom: N, ~, and L. In this
work, we further assume that the NNp reaction can be
described by adding to this Hamiltonian the electromag-
netic interaction V, introduced in Ref. [10]. The model
Hamiltonian then takes the form

H = Hp+H;„t+ V,

where Hp is the sum of relativistic free energy opera-
tors, e.g. , A@2 + m2 for the o. = N, 6, and m degrees of
freedom. We will neglect the nonresonant pionic inter-
actions (H2 of Eq. (1.2) of Ref. [12]) which are found in
Ref. [12] to be unimportant in describing NN scattering.
The NE direct interaction is also neglected in Refs. [11,
12] for simplicity. The considered hadronic interaction is
then of the following form:

2 2

H,„t ——) [h iv &(i) + h& iv(i)] + —) [Viviv &iv(i, z) + Viviv iv&(i, Z) + Viv& &iv(i, z)]. (2)

The derivation of the NN scattering equation from the
hadronic Hamiltonian Hp + H;„t can be found in Ref.
[21] and was summarized in Ref. [12]. For our present
purpose, we will neglect the much weaker efFects due to
the NA scattering (induced by the vertex interaction
h iv++~) and the coupling to the 7rd channel. The re-
sulting scattering T matrix in the coupled NN NL
space then takes the following form:

PNN
+NN, NN (E) = +NN, NN (E) + VNN, NN (E)E —Hp+ xe

X TN N, NN (E) ~

l( +NN
Tive, mr(E) = Vive, iviv

~

1+ . Tive, iviv(E)
~E+Ho+ie ' ) '

(4)

( aviv
TNN, Nh(E) =

~

1 + TivN, ivN(E) .
~

VivN, NA~E —Hp+ ie)

where the effective NN potential is

Viviv, iviv (E) = Viviv, iv iv + U~iv aviv (E),(1)

with

(1) PNA
Uiviv iviv(E) = VNN Nh ~

)
Nh Niv.E —Hp —E~ (E

In the above equations, PNN and PN~ are, respectively,
the projection operators for the NN and NL channels.
The 4 self-energy Z~ is determined by the 6 N++~ vertex
interaction in the presence of a spectator nucleon

2

Z~(E) = ) h~ iv(i) . h iv~(i),E —Hp +i~i=1

where P NN is the projection operator for the mNN
state. The vertex interaction 6 N~~ was determined
from fitting the mN P33 phase shifts. The transition po-
tential VNN++N~ was taken from the one-pion-exchange
model of Niephaus et al. [22] with a monopole form fac-
tor (A —m )/(q + A ) (q denotes the three-momentum
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transfer). The NN interaction is defined by a subtrac-
tion of any NN potential which Gts the NN phase shifts
below the pion production threshold. In this work we
consider the Paris potential [23] and hence the NN in-
teraction in Eq. (6) is defined by

aviv aviv
——Vp „,—U ' (E = E,), (9)

where the substraction energy E, is a parameter. The
above definition of the NN interaction amounts to re-
moving phenomenologically the two-pion exchange with
an intermediate NL state from the Paris potential, in
order to avoid the double counting of the NL eKect. In
Refs. [11,12], it was found that by choosing A = 650
(MeV/c) and E, = 10 MeV (the laboratory energy of the
incident nucleon) the solution of Eq. (3) can best repro-
duce the phase shifts calculated from the Paris potential
at energies below about 300 MeV, and can also describe
the NN phase shifts reasonably well up to about 1 GeV.

The numerical method for solving the above coupled-
channel equations (3)—(9) in the momentum-space rep-
resentation was well developed in Refs. [11, 12]. The
calculated plane-wave matrix elements of T~~ iviv(E),
Tiv~ iv~(E), and T~~ ivy(E) are the input to the study
of the NNp reaction. The formalism presented above
yields T matrices which are a solution of the nonrela-
tivistic Schrodinger equation. Thus the expression for
the NN cross section calculated with these T matrices is

operator introduced in Ref. [10] is defined by the matrix
elements of the Feynman amplitudes calculated from an
effective Lagrangian. In this way we include the impor-
tant relativistic spin correction into our model. The ma-
trix element of the electromagnetic transition potential
is then given by

(p', kAiV, ip) =

where (p' k, A~V, ~p) denotes the Lorentz-invariant ma-
trix element and E„= gp2 + m2. For the N ++ Np
vertex this is (k+ p~= p)

where A denotes a photon state with polarization e„. We
follow the conventions of Bjorken and Drell [25]. The
nucleon Dirac spinor is denoted as u(p), normalized as
u(p)u(p) = 1. The charge and anomalous magnetic mo-
ment of the ith nucleon are denoted, respectively, by e;
and p,, Similarly, the matrix elements of the N ~ pL
and 4 ~ pN vertex interactions are, respectively,

]&~re,ajv (E)~, (io)

where IN denotes the nucleon mass.
The coupled-channel NN NA vrNN model de-

scribed briefiy above is undoubtedly not fully relativistic.
Unfortunately, this deficiency cannot be easily removed
because of the complexities of the NN interactions in the
L excitation region. It also contains some model depen-
dences which were investigated in some detail in Ref. [11].
In particular, the choice of the starting low energy poten-
tial and the parametrization of the NN ++ NL potential
is not unique. Similar to all of the low energy NN poten-
tials, this is an unavoidable phenomenology. The choice
can only be determined by finding out which combina-
tion can best reproduce all of the NN data. It turned out
that the use of the Paris potential and the NN ++ NL
potential of Niephaus et at. [22] gave the best NN re-
sults. Furthermore, the use of the 4 self-energy, de6ned
in Eq. (8), is crucial in obtaining a good fit to the NN
phase shifts, as emphasized in Ref. [11]. As seen in Ref.
[12], the use of other low energy potentials did not yield
better NN results. For our present purposes, we there-
fore use the model of Ref. [11] as described above. It
remains to be seen whether this model can account for a
unified description of both the NN scattering and NN
bremsstrahlung process.

Before we proceed further, it is necessary to define
the electromagnetic interaction V of Eq. (1). For the
pp —+ ppp reaction, it is sufBcient to only consider the
one-baryon currents since the leading term of the two-
body current is absent in the ppp reaction. Similar to
the approach developed in. Ref. [24] to study the elec-
tromagnetic production of pions, the one-baryon current

(p, k AiV, ip ) = u(p)I'„~g" (p ), (14)

with

K„= i,eGi()Ve„g%„)p—T„—
K„= ieG2(e„P. k ——e. Pk„)p T, .

(16)

For the decay of a 4 in a nucleon and photon we have

pANp ~1 + ~2
P P P

In the above expressions k~ = p„'" —p„" is the photon
momentum (defined to be outgoing from the vertex) and
P =

z (p& +p~ ). &, is the third component of the isospin
transition matrix for coupling an isospin 3/2 to an isospin
1/2 particle.

The coupling constants Gi and G2 in Eqs. (16) and
(17) are conventionally determined by fitting to the Ml+
and El+ multipole data on the photoproduction of pions
from nucleons [24, 26—29]. The values obtained depend
on the treatment of the nonresonant background contri-
butions. Although this leads to some uncertainty in the
values, the parameters found in the literature are not too
far apart. It has also been shown [28, 29] that in order
to accurately reproduce the Ml+ multipole data on the
pion photoproduction around the resonance energy, one
needs energy-dependent couplings Gi and G2. However,

where @"(p~) is the Rarita-Schwinger spinor with nor-
malization Q" (p) g„(p) = —1. We follow Jones and
Scadron [26] to write the gauge-invariant vertex functions

pNAp ~1 + ~2
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given the uncertainty in the coupling constants we ig-
nore this dependence. Bearing in mind that the vertex
K„gives the dominant contribution, we can classify the
various sets of coupling constants by the magnitude of
Gq. The lowest value is found by Nozawa et al. [24]:
Gq ——2.024 (GeV ) and G2 ———0.851 (GeV ). High-
est values are given by Jones and Scadron [26]: Gz ——2.68
(GeV ) and G2 ———1.84 (GeV 2) and by Davidson et
aL [27]: Gq ——2.556 (GeV ) and G2 ———1.62 (GeV ).
Note that the authors of Ref. [27] have a slightly dif-
ferent definition of K2. An alternative way to extract
the NLp coupling parameters is to assume vector-meson
dominance. On the NLp vertex only the isospin-1 vector
meson contributes and the coupling strengths are deter-
mined by the ratio of gp~~ and gpss& Using the cou-
pling constants of Ref. [30] this procedure gives Gq ——2.0
(GeV ) and G2 ——0 (GeV 2), comparable with the val-
ues from pion photoproduction.

The above parametrization of the pN ++ 4 vertex is
for the case that both the nucleon and the 4 are on their
mass shell; i.e., po

——gm2+ p2 and only the positive-
energy spinors are retained. We then have the Rarita-
Schwinger condition p"@„(p) = 0 and the off-shell pa-
rameters discussed in Refs. [31—33] will not occur. This
simplification is consistent with our Hamitonian formu-
lation defined in this section. The extension of our ap-
proach to include the off-mass-shell dependence requires
a reconstruction of the coupled-channel NNNLmNN
model. This is beyond the scope of this work. It is cer-
tainly a possible improvement for future investigations.

In the description of NN bremsstrahlung reactions,
where the calculations are based on NN-potential mod-
els, one makes use of the Lorentz-invariant nature of the
various NNp transition amplitudes describing different

bremsstrahlung processes. It is then important to be able
to obtain such invariant amplitudes from potential mod-
els that are based on nonrelativistic approaches, which
yield Galilean invariant amplitudes. This is the case of
the present model given by Eqs. (1)—(9). ln Ref. [5]
a procedure is described to construct Lorentz-invariant
amplitudes &om nonrelativistic amplitudes. Following
this prescription we construct an amplitude that trans-
forms covariantly by including the proper E/m factors
and using the proper relativistic kinematics. This proce-
dure is similar to the introduction of "minimal relativity"
in earlier studies of relativistic effects on nuclear bound
states [34]. However, although the procedure provides
us with matrix elements that transform covariantly, our
formulation is not fully relativistic. It suffers Rom the
inconsistency commonly encountered in constructing re-
alistic meson-exchange NN models. This deficiency is
unavoidable in practice since we do not have a reliable
relativistic theory for describing the short-range interac-
tions which are clearly beyond the meson-exchange de-
scription. We also point out that our formalism is equiv-
alent to what one obtains when starting out from a field-
theoretic point of view and (a) approximates all propa-
gators by their positive energy content, and (b) applies
a three-dimensional Thompson-like reduction to all inte-
grations over the four-momentum.

With the "minimal relativity" prescription, and in
first order of the electromagnetic coupling, the Lorentz-
invariant amplitude of the pp ~ @pe reaction defined by
the model Hamiltonian Eq. (1) is

(»~IM(E) I») = 9»IM "'I») + (»~IM"-I»),

where the external, or single-scattering, term is

(»~IM "'I») = ) . 9»l&-l~)G-(E)(~l&~-.~~(E')I»)
cx=N, A

+ ). (»I&~~,~-(E —E~)l~)G-(E' —E~)(&~I& I»).
cx=N, A

E~ is the photon energy and we have introduced the N and 5 propagators (E+ = A@2 + m&2, etc.)

(20)

(21)

(22)

where po ——R' —E„,, the energy available for propagation in the presence of the spectator particle, which has
momentum pq. T~~ ~ denotes the Lorentz-invariant scattering amplitude, constructed from T~~ ~ by [5]

(E~) (EN ) (E~')'~'
(p'I&e'er, x Ip& =

mN Wpg m
(23)

The rescattering term is

(»&IM"-I») = ). (»I&~~,~p(E —E )l~&)G~p(E —E )(~~I&-l~)G-p(E)(~&l&-p, ~~(E)I»)
n)P, S=N, A
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with

m+7
J gN'

p

Gyp(E —E~)G p(E) = R„,R~, R„,

RA mA EN EN' Eb, EA m& gA( 0 —
)p g~~ J p ~ p J

p p
(24)

In the above equations m& ——1.23 GeV is the physi-
cal mass of the 4, and m~ is the bare mass of the A.

Also E * = p +m& and E„= gp +m&. The
L propagator we use is consistent with the relativistic
extension of the A propagator used in Ref. [30]. The
specific form of Z+(p&, p~) determines the value of the
bare 4 mass due to the requirement that the L prop-
agator is resonant at the physical resonance position,
p&

——m&. The form of Z~ is restricted by the P33 phase
shift. However, one finds satisfactory reproductions of
the P33 phase shift with rather different forms of Z
For example, the Bransden-Moorhouse parametrization
only has an imaginary part of the self-energy, implying
mo~ ——m&. In the approach of ter Haar and Majfliet [30]
one gets m& ——1.46 GeV. Lee [11] reports an accurate
reproduction of the P33 phase shift over a large energy
range for a value m& ——1.28 GeV. As we will show later,
the form of Z+ has a definite inHuence on the magnitude
of the L decay diagrams.

In the calculation of Eq. (24) we neglect the terms
where more than one of the intermediate particles is a
A. Thus we do not include diagrams with a two-4 prop-
agator which is expected to be small due to the mass dif-
ference. The diagrams with a ALp coupling are also not
included in this work, mainly because the experimental
information of AAp coupling is stijl limited (only from
the analysis of very limited data of a complex experiment
on AN —+ vrNp; see, for example, the work by Heller
et al. [35]). This will minimize the model dependence
of our predictions. It is in fact one of our hopes that
the differences between the results from our approach
and the forthcoming data can provide some information
about the AAp coupling which can be used to test vari-
ous @CD-inspired models of the A. This however cannot
be meaningfully explored unless our approach is further
improved to account for the deficiencies mentioned be-
fore.

The various processes contributing to the NNp reac-
tion defined by Eqs. (20)—(24) are illustrated in Fig. 1.
They can be classifled as (1) the contributions from the
nucleon current [Figs. 1(a) and 1(b)], (2) the contribu-
tions from the direct b, decay [Fig. 1(c)], and (3) the
contributions f'rom the NA rescattering [Fig. 1(d)]. Note
that the NN and NL T matrix in each diagram is de-
termined by different collision energies since the outgoing
photon shares the total energy available to the system.
This complicates the calculation if we follow the conven-
tional approach based on the partial-wave decomposition.
Instead, we directly carry out the calculation of the di-
agrams with a NLp vertex in a plane-wave basis. The
plane-wave T matrices are constructed from the partial-

TNN-HH

NN —NN

NH —NH

+ + (1 &2)

TN g—NN

+ (1: &2)

]. P,

(c)

HN-NN

1

Na —NN

TNN-HH

Nii —NN

+

FIG. 1. Diagrams included in the calculation (a single
line denotes a nucleon, a double line a b, intermediate state):
single-scattering diagrams with T~iv ~~ (a), rescattering di-
agrams with T~~ ~~ (b), single-scattering diagrams with
T~~ ~~ (c), and rescattering diagrams with T~~ ~o (d).

wave solutions of Eqs. (3)—(9) by including partial waves
up to J = 9. Calculating in the plane-wave basis allows
an exact treatment of the relativistic features such as
that of the vertex interactions defined by Eqs. (12)—(18).

With the "minimal relativity" prescription described
previously, all matrix elements of the ppp process dis-
played in Fig. 1 are Lorentz invariant. We therefore
are allowed to calculate each of them in any convenient
kame. The calculation of the contributions Rom the nu-
cleon current [Figs. 1(a) and l(b)] is identical to that of
Ref. [5], except that the NN T matrix is now generated
from the coupled-channel equations (3)—(9). By setting
the coupling term U( ) in Eqs. (3) and (9) to zero, we re-
produce the results of Ref. [5]. For the single-scattering
4-decay diagrams [Fig. 1(c)], it is most convenient to do
the calculation in the c.m. frame of the initial NN state.
Explicitly, from Eq. (20) we have for this diagram
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with

(25)

In these equations r denotes the spin index of the respective spinor, I'„~ is defined in Eq. (18), the momenta p,p'
and p~' are determined by the external kinematics. A similar expression is found for the second diagram of Fig. 1(c)
where the photon is emitted before the strong interaction.

The expressions for the rescattering diagrams with 6 s are evaluated in the same fashion. We see from Eq. (24)
that the calculation involves an integration over the intermediate state. Again we use the Lorentz invariance of the
ppp amplitude and evaluate the diagram in a suitable frame. We find for the rescattering diagram where a nucleon is
excited into a 4 and a real photon

(EN + EN )
2 k2] uk vt — vn-

( m'„m*
i Eiv, 'E'i* „) ~2Eiv —2E„"„~ 2E~ —ko —E~, —E+;

q
—~™~~ Z~(p~+, p" —k) )

pp =E„—kp.N (26)

In this expression k is the photon momentum. The no-
tation is similar to Eq. (25); we specified explicitly all
the momenta of the LN T matrix which is not in its
c.m. frame. Due to the presence of the (complex) 6 self-

energy the denominator with Z+ has no zero in the region
of integration. The other denominator does have a zero,
evaluating the diagram in the c.m. frame of the NN T
matrix allows the pole to be treated with a simple sub-
traction method. The other rescattering diagrams with a
L intermediate state are calculated in the same manner.

Finally we point out that the rescattering diagram
where the L is the spectator has an intermediate state
which separates in a proton-A+ and a neutron-4++
state. The photon couples to the nucleon, hence this
diagram has a contribution depending on the magnetic
moment of the neutron. This contribution is gauge in-
variant, however the contribution of the proton-proton-
photon vertex is not. Also, since the introduction of 4
intermediate states allows for the exchange of charged
mesons in the proton-proton T matrix, meson-exchange
currents (MEC's) will be nonzero. This all shows that
the inclusion of L intermediate states has implications on
the gauge invariance of the model. The present model is
gauge invariant only in the soft-photon approximation, as
are all existing potential model calculations (even those
which do not consider the subnucleonic degrees of free-
dom). In order to fulfill the gauge-invariance condition
of the existing potential model calculations in general,

and the present calculation in particular, one needs to
take into account contributions of the effective two-body
current, especially those processes involving antiparticle
propagations (pair diagrams). This is beyond the scope
of the present work.

III. RESULTS

In this section, we will first present results in the low
energy region where the experimental data at E~ b

——280
MeV are available. We then present our predictions at
E~ b

——550 MeV for the forthcoming experimental test at
COSY. We wiH also consider the kinematic region where
the 4 dynamics can be best studied.

Compared with the previous works in the low energy
region (E~ b & about 300 Mev), an important feature of
our approach is that we calculate the T matrices T~~ ~~
and T~~++~~ from a coupled. -channel model which was
obtained by extending the Paris potential to include the
coupling with the NA and mNN states. As shown in
Refs. [11,12] and briefiy discussed in Sec. II, the con-
structed coupled-channel model is as good as the Paris
potential in describing the NN data in the low energy re-
gion below the pion production threshold. In order to il-
lustrate the on- and off-shell differences between the NN
interaction based on the Paris potential and our coupled-
channel approach, we decompose the NN T matrix in its
spin-isospin compenents [36]:
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(p~[TNN, NN~@) —,~1Ps=o + ~2Ps=l + &~3(01 + o2) ' 11 + c14~12(g) + o'5~12(Q) + ~6~12(Q Q)jPT (27)

where

1

lp —p'I
'

1
Ps=o = —(1 —o 1 .

4
~12 (p) 30 1 7&2

~12(P', 8) = -(~i.
2

p+p „pxp
p+ p'I' Ip x p'

0.2),
1

Ps=i = —(3+oi o2),
~ p Oy 02&

P o'2 ' P + 01 H 2 P ) —P ' Po'1 ' &2.

(28)

The first two terms in Eq. (27), proportional to the spin
projection operator Pg 0 and Ps q, are the central spin-
single (S = 0) and spin-triple (S = 1) components, re-
spectively. The third term is the spin-orbit component,
the fourth and fifth terms are the usual tensor compo-
nents. The last term in Eq. (27) is the off-shell tensor
component which vanishes identically on shell as a con-
sequence of time-reversal invariance. PT in Eq. (27) de-
notes the total isospin projection operator. For proton-
proton scattering, it projects out onto the total isospin
T = 1 subspace. In Fig. 2 we compare the NN on-shell
interaction. Here, following Ref. [37], we show the angle-
averaged magnitude of each spin-isospin compenent with
total isospin T = 1. The dashed curves are the results
for the Paris potential while the solid curves stand for
the coupled-channel model results. The only notable dif-
ferences are in the Pg q channel. The small differences
seen in Fig. 2 are expected since the subtraction method
defined by Eq. (9) yields a correction U( }(E)—U( }(E,)
to the Paris potential, which is very small at low ener-
gies and becomes significant only as the collision energy
approaches the pion production threshold.

The main difference between the Paris potential and

the coupled-channel model is in the off-shell T matri-
ces which describe the wave functions in the interaction
region. As an example, we compare in Fig. 3 the half-
off-shell T matrices calculated &om these two models at
E~ b

——280 MeV as a function of the off-shell momentum
p' = ]p'~. Significant diff'erences can be observed in most
of the channels, especially at higher off-shell momenta.
However, the ppp reaction at this low energy only probes
the low momentum region (p' ( 0.36 GeV/c) in which the
differences between the two half-off-shell T matrices are
much smaller. Moreover, the ppp reaction is insensitive
to the central Ps ocha—nnel [38], which shows the largest
difference in Fig. 3. %e compare in Fig. 4 the NNp an-
alyzing powers predicted by the Paris potential (dashed
curve) and the coupled-channel model (solid curve), for
proton angles of 12.4 and 14.0 at EL, ——280 MeV. To
emphasize the farthest off-shell region, we did not include
the rescattering mechanisms [Figs. 1(b) and 1(d)] in this
calculation. Obviously, the off-shell differences shown in
Fig. 3 do not lead to any dramatic effects on the NNp
reaction at low energies. %'e mention that the analyzing
power is most sensitive to the tensor and central spin-
triple components of the NN interaction [37].

We now turn to analyzing the effect due to the 4
mechanism which was found in Ref. [10] to be signiff-
cant already at El. ——280 MeV. At certain kinematic
conditions, the 4 mechanism can increase the cross sec-
tion up to 30%%up. But it can decrease, less substantially,
the cross section at other kinematic conditions. Clearly
there is a very large interference effect due to the pres-
ence of the 4 excitation. The 4 current, which is almost
exclusively magnetic, interferes very effectively with the
magnetic part of the nuclear current. The latter gives
the dominant contribution at this energy. To see how
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FIG. 2. Magnitude of the spin-isospin components of the
on-shell interaction, averaged over the scattering angle as a
function of the laboratory energy. The solid line stands for
the T matrix including A intermediate states, the dashed line
represents the Paris T matrix.

FIG. 3. Magnitude of the spin-isospin components of the
half-ofI-'shell interaction, averaged over the scattering angle as
a function of the ofF-shell momentum at a beam energy R~ b
= 280 MeV. The solid line stands for the T matrix including
A intermediate states, the dashed line represents the Paris T
matrix.
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FIG. 4. Coplanar analyzing power for proton-scattering
angles Hi ——12.4 and 02 ——14.0 as a function of the photon
angle, Ei b = 280 MeV. The solid line is the result [including
the nucleon single-scattering diagram, Fig. 1(a)] calculated
with the T matrix with A intermediate states, the dashed
line is obtained using the Paris T matrix.

this arises within our model, we present in Fig. 5 the
results at Ei b ——280 MeV calculated from various com-
binations of single-scattering mechanisms [Figs. 1(a) and
1(c)]. We first observe that at this low energy the con-
tribution from the A excitation alone (dot-dot-dashed
curve) is less than 10% of the contribution from the nu-
cleon current (dot-dashed curve). The 4 contribution
depends only very weakly on the photon angle, while the
nucleonic contribution shows a large variation. Second,
we note that the A contribution [Fig. 1(c)] consists of
two diB'erent amplitudes: (1) the preemission amplitude
due to the emission of the proton before the strong inter-
action takes place, (2) the postemission amplitude due to
the emission of the photon after the NN collision. The
difference between these two amplitudes is mainly in the
pNL vertex. The preemission amplitude is determined

by the vertex I'~ +, and the postemission amplitude byI'~+~. From expressions (15) and (18), we see that the
dominant K„ term of the preemission vertex I'~+ has
a minus sign relative to that of the postemission vertex
I'~ . Consequently, the preemission and postemission
amplitudes tend to have opposite efFects in interfering
with the nucleonic contribution. This is also illustrated
in Fig. 5. It is seen that when the premission amplitude is
added to the nucleonic amplitude, the interference effect
is destructive at all angles and yields the dashed curve
in Fig. 5. On the other hand, the interference due to the
postemission of L is constructive. By further adding this
amplitude to the calculation, the result is shifted from the
dashed curve to the solid curve. This sensitive interfer-
ence between the nucleonic and 4 contribution provides
an opportunity to test our model of the 4 excitation.

In calculating the L contributions to the NNp reac-
tion it is crucial to use a A propagator which is consistent
with the T matrices used. As discussed in Sec. II, there
are other forms of the L self-energy found in the litera-
ture. All are constrained by 6tting the vrN phase shifts in
the P33 channel, but results from different formulations
of 7t N scattering. To use these different parametrizations
of the L self-energy, it is necessary to readjust the other
parts of the considered coupled-channel model such that
the good Gt to the NN phase shifts is maintained. This is
a nontrivial task, but is an important model dependence
we should address in the future. To get some insight into
the sensitivity of our predictions to this phenomenolog-
ical part of the model, we show in Fig. 6 a result from
our calculation (dashed curve) using Eq. (8) to determine
the A self-energy and a result (solid curve) using the self-
energy of ter Haar and Malfiiet [30]. The contributions
of the nucleonic current are represented by the dotted
curve. In all calculations the same T matrices based on
the Paris potential including L intermediate states were
used. Although both propagators fit the P33 phase shift,
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FIG. 5. The various contributions to the total cross sec-
tion, in a coplanar geometry with proton-emission angles 8& ——

27.8 and 82 ——28.0, Ei b ——280 MeV. No rescattering contri-
butions were included. The dash-dotted line is the result with
only the nucleon contributions [Fig. 1(a)], the solid line stands
for the full model [Figs. 1(a) and 1(c)] taking the high NDp
coupling set [Gi ——2.68 (GeV ), Gs ———1.84 (GeV )]. The
dashed line stands for the nucleonic contributions plus the
preemission diagrams. The dot-dot-dashed line is the result
with only A-decay diagrams [Fig. 1(c)].

FIG. 6. The effect of the choice of the A propagator, in
a coplanar geometry with proton-emission angles 8& ——27.8
and 82 ——28.0, E'i b ——280 MeV. The dotted line is the result
with only the nucleon contributions [Fig. 1(a)], the solid line
is the result, including all diagrams, calculated with the A
self-energy of ter Haar and Maliliet [30], the dashed line is
the same calculation but using the A self-energy of Eq. (8).
In these calculations we took Gi = 2.0 (GeV ) and G2 ——0
(GeV ).
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the rather large difference between the results show the
need to use a consistent L propagator. The observed
difference is not diKcult to understand. Because the
self-energy is an analytic function, the energy-dependent
imaginary part is accompanied by an energy dependence
of the real part. At the energies under consideration
(Ei b = 280 MeV) the invariant mass of the intermediate
4 is much smaller than the on-shell value of 1.23 GeV.
At these values, the A self-energy is much smaller than
the value at resonance. This enlarges the denominator of
the 4 propagator, resulting in an additonial quenching
of the 4 propagator. However, the effect is different for
both self-energies considered above. The self-energy of
ter Haar changes from an on-shell value of —230 MeV to
—100 MeV far off shell; the respective numbers for the
self-energy of Lee are —50 MeV and —20 MeV. Conse-
quently, the 4 propagator is more quenched when using
the self-energy of ter Haar. In view of this, all of the
results presented hereafter are obtained using the self-
energy of Eq. (8) in calculating the 4 propagator Eq.
(22).

The inclusion of the A rescattering diagrams [Fig. 1(d)]
is one of the main new features of this work. It provides
an additional contribution due to the 4 excitation. In
Fig. 7, we illustrate its effects at various laboratory ener-
gies in changing the calculated differential cross sections
and analyzing powers. The contribution from the nucle-
onic currents alone is denoted by the dotted curves. By
adding the 4 single-scattering mechanism [Fig. 1(c)], we
obtain the dashed curves. The solid curves are obtained
when the A rescattering mechanisms [Fig. 1(d)] are also
included. At lower energies the effect of the L rescatter-
ing on the analyzing power is comparable to that of the
4 single-scattering mechanism. The contribution of the
4 rescattering to the cross section is about one-half of
the single-scattering mechanism. At higher energies the
rescattering diagrams are less significant. We have found
that the largest 4 effect is due to the rescattering dia-
gram where the 4 is a spectator [the rightmost diagram
in Fig. 1(d)]. The calculation of this mechanism involves
an integration over two half-ofF-shell T~~++~~ matrices

and hence is most sensitive to the short-range behavior
of the transition potential V~~++N~ used in solving the
coupled equations (3)—(9). In the construction of Refs.
[11,12], the model of V~iv++iv~ derived by Niephaus et
al. [22] is used. Because of the use of a different regular-
ization of the short-range part of the one-pion exchange,
this model is rather different from the model employed in
the NNp calculation of Ref. [10]. Consequently, the re-
sulting effect of L rescattering is rather different. The 4
rescattering effect calculated using the T~~+ ~~ matri-
ces employed in Ref. [10] is much smaller in changing the
differential cross sections. This is also the reason why the
structure of the 4 contributions to the analyzing power
at 280 MeV in the present work differs from the results
found in Ref. [10]. We hope that the new high-precisian
measurements scheduled at the CELSIUS facility in Up-
psala (Sweden) and the COSY ring in Juelich (Germany)
will shed more light on this issue.

In Figs. 8 and 9, we compare our results with the ex-
perimental data at E~ b

——280 MeV. All mechanisms in
Fig. 1 are included in the calculations. The scattering
T matrices and the L self-energy needed in evaluating
the pNN amplitudes defined by Eqs. (19)—(22) are gen-
erated from the model of Refs. [11,12], as discussed in
Sec. II. Since there are still some uncertainties in deter-
mining from the pion photoproduction reaction the val-
ues of Gq and G2 of the pNL vertex, we performed cal-
culations for two sets of coupling constants. The dashed
curves are calculated Rom using the highest value of
Gi ——2.68 (GeV ) and G2 ———1.84 (GeV ) as deter-
mined by Jones and Scadron [26]. As for their applica-
tion in ppp calculations these values are very close to the
ones found in a recent analysis of Lee, who finds slightly
higher values [39]: Gi ——2.89 (GeV ) and G2 ———2.18
(GeV ). The solid curves are from using the lowest
value of Gi ——2.0 (GeV ), G2 ——0.0 (GeV ) as pre-
dicted by the vector dominance model. As a reference we
also include the results (dotted curves) calculated from
only the nucleonic contributions [Figs. 1(a) and 1(b)].
As can be seen in Fig. 8, the 4 excitation mechanisms
increase the cross section in most of the range of kine-
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matics considered. The 4-decay diagrams [Fig. 1(c)] are
responsible for the largest part of the increase. However,
the nucleonic contributions are still dominant at this low
energy and the difFerences due to the use of two different
sets of pNL coupling constants are not particularly large.
Nevertheless, the A efFects clearly significantly bring the
theoretical values closer to the data of the differential
cross sections.

The A efFects also improve the agreements with the
data of the analyzing powers, as seen in Fig. 9. The agree-
ment with the data is very good in most of the kinematic
regions considered. Again, the differences between the
results using two difFerent sets of Gi and G2 are rather
small. Clearly, it is necessary to consider the higher en-

ergy regions in order to have a critical test of our model
of the 4 excitation and, in particular, to narrow down
the values of Gq and G2 of the pNL vertex.

To illustrate the increasing importance of the A mecha-
nisms as energy increases, we show in Fig. 10 the inclusive
photon production cross section as a function of photon
energy at photon angle 0 = 90 and Ei b ——280, 550, and
800 MeV. At EI b ——280 MeV we find a general increase
in the inclusive cross section, which has its maximum
around photon energies of 90 MeV. At that point the
increase is slightly more than the maximum increase we
find in the results for the exclusive cop].anar cross sec-
tions. At higher laboratory energies we clearly see the
A: dependence of the L-decay contributions, resulting in
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peaks at the high end of the kinematically allowed photon
energies. The cross section near the L peak is doubled by
the 4 mechanisms at EI I, ——550 MeV, and by a factor
of about 5 at E~ g ——800 MeV. The large enhancement
of the L peak is mainly due to the resonant behavior
of the A propagator, Eq. (22), and the dependence on
the photon momentum of the vertex equations (15) and
(18). This is in contrast to the results at Ei b = 280
where the eKect is due to strong interference of a small
4 contribution with the much larger nucleonic current
contribution.

In the 6gure for E) t,
——800 MeV we also plot the

cumulative contributions of the partial waves for J & 1
to J & 4. The largest contributions are from the J = 3
partial wave ( Es). It is interesting to point out that the
same large contribution from the J = 3 partial wave is
also found in the study of pp ~ pn7r+ reaction (Tables
I and III of Ref. [40]). To have a unified description
of both the pionic and electromagnetic excitation in pp
scattering, it will be interesting to also have the NKp
data at 800 MeV.

For future experimental tests of our model of the 4

excitation, we present our predictions of the exclusive
cross sections and analyzing powers at E~ g

——550 MeV
(Fig. 11) and 800 MeV (Fig. 12). The calculations are
identical to those of Figs. 8 and 9. The dotted curves
are from calculations including only the nucleonic contri-
butions. The solid and dashed curves are, respectively,
calculated by using the p%L coupling constants of vec-
tor dominance and Jones and Scadron [26]. As seen in
both Figs. 11 and 12, including the L contributions dras-
tically changes the difFerential cross sections. Hopefully,
the forthcoming COSY experiment will have enough ac-
curacy to distinguish the solid and dashed curves. This
will help narrow down the values of Gq and G2 of the
pNL vertex, provided the other model-dependent parts
of the present calculation, as discussed previously, are
relatively small. Rather surprisingly, the inclusion of the
L-decay diagrams has much less eKect on the calculated
analyzing powers. This suggests that the L-decay dia-
grams have at these energies and kinematics a similar
spin structure (to the extent this is measured by the an-
alyzing power) as the nucleonic contributions.

Finally, in regard to ppp experiments at high ener-
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gies we should mention the efforts of the authors of
Ref. [41]. These authors performed a ppp experiment
at E~ b

——730 MeV. However, due to the experimental
setup they probe a kinematical region which has rela-
tively low photon energies. In the coplanar geometries
for which we presented our calculations the photon en-
ergy in the initial NN c.m. frame ranges from 200 to
350 MeV. In the experiment of Ref. [41], the photon en-
ergy is below 150 MeV. The data from Ref. [41] show a
rise at the high energy end of the kinematically reach-
able photon energies, possibly indicating an onset of the
4 effect. However, as can be seen from Fig. 10, the 4 ef-
fect reaches its maximum at much larger photon energies.
Together with the large errors this makes the experiment
less than optimal for studying the role of the 4 isobar in
NN bremsstrahlung reactions. Also note that the efFect
of the b, contributions found by the authors of Ref. [42]
is not large enough to reconcile their calculation with the
data.

IV. SUMMARY AND DISCUSSION

In this work we have developed an approach to inves-
tigate the pp bremsstralung at both low and interme-
diate energies. It is based on an extension of the cou-
pled NN Nb. 7rNN model of Refs. [11,12] to include
the electromagnetic coupling with the N and 4 currents.
The hadronic part of the model is consistent with NN
scattering up to 1 GeV. The pNL coupling is determined
in the study of pion photoproduction in the P33 channel.
The relativistic features of the one-baryon current matrix
elements are treated exactly by performing the calcula-
tion directly in momentum space. In addition, the 4
rescattering contribution [Fig. 1(d)] is evaluated in this
field.

%'e have shown that the L contribution can interfere
strongly with the nucleonic contribution. As seen in Figs.
8 and 9, the L contribution can significantly improve
the agreement with the data even at low energies below
pion production threshold. Given the uncertainty in the
normalization of the data, it remains to be seen if the
remaining discrepancies with the data are due to these

normalization problems or that higher-order interaction
currents such as those due to the p ~ m p and ~ m vr p
couplings (decay diagrams) and NNp (pair diagrams)
can account for these discrepancies. A recent qualita-
tive study which included decay diagrams in conjunction
with the A effects (all in the Born approximation) found
that these decay diagrams tended to reduce the effect of
the A contributions [42]. It remains to be seen however,
whether a calculation of these effects employing a full T
matrix would substantiate these findings.

At intermediate energies, the A excitation dominates
the pp ~ ppp cross sections, as displayed in Figs. 10—
12. Our predictions should be reasonable in guiding the
experimental efforts. However, the employed coupled-
channel model was constructed by fitting the NN phase
shift data back in 1981 [43]. This has to be improved
since the phase-shift data have been changed signifi-
cantly recently [44]. Another important step is to ex-
tend the present approach to include the effective two-
body current within the coupled-channel model. In par-
ticular, the NNp couplings should be taken into ac-
count to fully restore the gauge-invariance condition of
the model. However, a consistent inclusion of antipar-
ticles in both the strong and electromagnetic interac-
tions requires a reliable relativistic many-body theory.
The present approach may also be extended for study-
ing np bremsstralung at intermediate energies. This also
requires the inclusion of (two-body) exchange currents
within the coupled-channel model. Our effort in this di-
rection will be published elsewhere.
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