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Dielectron production in proton-nucleus reactions is studied in the cascade model. In addition

to production from the proton-neutron bremsstrahlung and the decay of delta, we have also taken

into account the contribution from the pion-nucleon interaction. The calculated dielectron invari-

ant mass spectra are compared to the data obtained recently for proton-Be reactions at incident

energies of 1.05, 2.1, and 4.9 GeV.

Experiments' were carried out recently at the Bevalac
to measure dielectrons from the reaction of proton and
heavy ions with the nuclear target. These experiments are
very useful for probing the property of hot dense nuclear
matter which is expected to be created in the initial stage
of heavy-ion collisions. Although such a hot dense nu-

clear matter is unlikely to be produced in proton-nucleus
reactions, the study of dielectron production from these
reactions is essential for understanding the relative impor-
tance of the various processes which contribute to its pro-
duction. Theoretical work up to now has been concentrat-
ed on dielectron production from the proton-neutron
bremsstrahlung, 6' from the decay of delta, ' and from the
pion-pion annihilation. The annihilation of the sec-
ondary pions produced in the interaction on nucleons can
also produce dielectrons and has been overlooked so far.
In this paper, we shall include this contribution to dielect-
ron production in proton-nucleus reactions.

To describe the reaction of a proton with the nuclear
target, we use the cascade model' to take into account
the multiple collisions of the incident proton with the tar-
get nucleons, the production and decay of deltas, and also
the interaction of pions, which result from delta decays,
with nucleons. The cascade model should be reasonable
for reactions at incident energies below about 2 GeV. For
higher energies, multipion production in nucleon-nucleon
interaction becomes important and the normal cascade
model should be modified to include such a mechanism.
This has not been done in the present work. The contribu-
tion from two-pion annihilation is thus negligible and will

not be included. The dielectron production is then deter-
mined perturbatively as in photon" and kaon'2 produc-
tion. Its production probability at each impact parameter
is calculated by adding contributions from the proton-
neutron bremsstrahlung, the delta decay, and the pion-
nucleon interaction. The total dielectron production cross
section is then obtained by integrating the production
probability over the impact parameter.

The cross section for dielectron production from
proton-neutron interaction has been evaluated microscopi-
cally in Refs. 6 and 7, and in the soft-photon approxima-
tion with the phase-space correction in Ref. 8. For simpli-
city, we shall use in the present work the soft-photon ap-
proximation with the phase-space correction. In this ap-
proximation, the cross section for producing a dielectron
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where m, is the pion mass and q is its momentum in the 6
rest frame. According to Ref. 13, the use of a momentum
dependent width of Eq. (2) instead of the constant width
of 115 MeV in the original cascade model of Cugnon
et al. ' leads to a reduced pion yield in heavy-ion collisions
and is considered to be an improved modeling of delta pro-
duction.

The partial width of delta decaying into the dielectron

pair of invariant mass M and momentum p is given by
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In the above, a is the fine-structure constant and c7(s) is
the momentum-transfer weighted proton-neutron elastic
cross section at a center-of-mass energy Js. The func-
tion R2(Js) is the Lorentz invariant two-body phase-
space integral of the final two nucleons of energy s. The
energy of the two nucleons after emitting a dielectron with

energy E is denoted by s2. In Ref. 7, the soft-photon ap-
proximation with the phase-space correction gives a small-
er contribution than that of the explicit diagrammatical
calculations. But the approximation of using only the
pion exchange in Ref. 7 may not be adequate. In Ref. 6,
comparisons have been made between the soft-photon ap-
proximation without the phase-space correction with the
explicit evaluation of the bremsstrahlung diagrams in-
cluding the exchange of other mesons besides the pion.
Although the former is seen to lead to a larger contribu-
tion than that from the latter, the inclusion of the phase-
space correction, however, improves the agreement be-
tween them.

Deltas are produced in the cascade model from
nucleon-nucleon inelastic scatterings with their masses be-
ing determined according to the following probability dis-
tribution
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with invariant mass M can be evaluated according to the
diagram in Fig. 1. In our calculation, the yNA transition
vertex is taken from Ref. 14 and contains contributions
from magnetic dipole, electric quadrupole, and Coulomb
quadrupole interactions. Keeping only the dominated
magnetic dipole term, we have evaluated analytically the
diagram in Fig. 1. Details of the calculation will be pub-
lished elsewhere. ' The magnetic dipole form factor at
the yNh vertex has been extracted in Ref. 14 for spacelike
photon and has a value of = 3 for real photon. For time-
like photon as in the delta decay into the dielectron pair,
no experimental information is known. In Ref. 8, the
form factor is taken to be the same as that for pion-pion
annihilation into the dielectron and is dominated by the
rho meson. Since no such form factor has been used in the
proton-neutron bremsstrahlung, ' we do not see the
reason for using it in the delta decay. To account for the
structure of the vertex, we introduce instead the following
form factor, A~/(At+q ), where q is the photon three
momentum. To reproduce the experimental branching ra-
tio of 0.6% for a delta of mass m& 1232 MeV decaying
into a photon requires a cutoff parameter A~ =0.725
GeV. The probability that a delta decays into a dielectron
pair with invariant mass M is thus given by the ratio of
this partial width to the delta total width which is essen-
tially given by Eq. (3). Our treatment of the delta contri-
bution to dielectron production is different from that of
Ref. 8 in which not only a different form factor but also
the soft-photon approximation has been used. Leaving
out the form factor, we find that for a delta of given mass
the dielectron yield obtained with the soft-photon approxi-
mation is larger than that from the exact calculations.
The difference is about 50% at small dielectron invariant
masses but increases to an order of magnitude at larger
invariant masses.

In the cascade model, pions are created from the decay
of deltas. Although the interaction of a pion with the nu-

cleon is most likely to form a delta again, it is possible that
the total center-of-mass energy of the pion and the nu-

cleon is such that the delta formation cross section is

negligible. In this case, we need to take into account the
contribution to dielectron production from the pion-
nucleon interaction. Energetically, we expect that dielect-
ron production from the pion-nucleon bremsstrahlung is
less important than that from pion annihilation on nucleon
and is thus neglected in the present work. The contribu-

tion from pion annihilation on nucleon is calculated in the
present work. The contribution from pion annihilation on
nucleon is calculated according to the diagrams in Fig. 2.
Diagram (d), which contains a four particle vertex, is a
result of the gauge invariance as we used the pseudovector
coupling for the pion-nucleon interaction. In diagrams
(b) and (c), we do not allow delta in the intermediate
state as it is treated explicitly in the cascade model and its
contribution to dielectron production has already been in-

cluded. These diagrams are evaluated numerically. De-
tails of this calculation will also be published in Ref. 15.
To take into account the complicated structure of the
strong interaction vertex and also to preserve the gauge
invariance, an overall form factor of the dipole type is in-

troduced, i.e., F(q 2) A22/(A2+ q ), where q is the
three-momentum transfer of the nucleon and A2 is the
cutoff parameter. Such a form factor with Aq= 0.6 GeV
has been successfully used in studying the photopion pro-
duction, ' which is a similar process as the dielectron pro-
duction. We have also included the pion electromagnetic
form factor of the form used in Ref. 3 at the yes vertex of
diagram (a). Another way of preserving the gauge invari-
ance in the presence of the strong interaction form factor
is to introduce additional diagrams in which the virtual
photon is emitted from a heavy meson of mass A2 as in

Ref. 7. As can be shown easily, the latter method is, how-

ever, not applicable to the present case as the additional
diagrams will simply cancel the effect from the strong in-

teraction form factor.
The calculated total dielectron invariant mass spectra

are shown in Figs. 3-5 by the solid curves for the reaction
of a proton with the Be target at three incident energies of
1.05, 2. 1, and 4.9 GeV. In order to compare to the experi-
mental data' shown by the solid squares, the theoretical
results have been corrected for the detector acceptance
filter which requires that we also determine the momen-
tum distribution of the dielectron pairs. This reduces sub-

stantially the dielectron yield at small invariant masses.
The theoretical results are seen to have the right magni-

(a) (b)

FIG. 1. Feynman diagram for delta decay into the dielectron.

(c)
FIG. 2. Feynman diagrams for dielectron production from

pion annihilation on the nucleon.
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FIG. 3. Dielectron invariant mass spectra for p+ Be reaction
at 1.05 GeV. The experimental data of Refs. 1 and 2 are given

by the solid squares, while the theoretical total yield is given by
the solid curve. The contributions from the proton-neutron
bremsstrahlung, the delta decay, and the pion-nucleon interac-
tion are given by the long-dashed, short-dashed, and dotted
curves, respectively.

tude. To understand the results more closely, we have also
shown in Figs. 3-5 the contributions to dielectron produc-
tion from the three dilI'erent processes. The contribution
from the proton-neutron bremsstrahlung is given by t e
long-dashed curves and is the dominant one at all three
energies. The contribution from the delta decay is denot-
ed by the short-dashed curves and is seen to be unimpor-
tant. The dotted curves are from the pion-nucleon in-

FIG. 5. Same as Fig. 3 for p+ Be reaction at 4.9 GeV.

teraction which also has negligible contribution except or
dielectron pairs with invariant masses around the rho
mass m~ due to the rho-meson dominance of the pion elec-
tromagnetic form factor. It is noteworthy to point out
that the contributions from both the delta decay an the

ion-nucleon interaction will be larger if we o not intro-
duce the form factors in evaluating the diagrams in Figs.
and 2. The small contribution from the delta decay and
th 'on-nucleon interaction at 4.9 GeV explains why wee pion-
still get reasonable agreement with the data even thoug
our treatment of delta and pion production in the cascade
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FIG. 4. Same as Fig. 3 for p+ Be reaction at 2. 1 GeV.
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FIG. 6. Total integrated dielectron cross section for invariant

masses 0.2 e cG V/ (M (0.7 GeV/e as a function of the avail-

able nucleon-nucleon center-of-mass energy Q.
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model is crude at this energy .We note that about half the
contribution from the proton-neutron bremsstrahlung is
due to the first chance collisions. Our calculation does not
show the peaks which appear at about 2m, and m~ in the
data. According to Ref. 9, the inclusion of pion-pion an-
nihilation from multipion production in nucleon-nucleon
collision can lead to the peak at m~. Whether the medium
modification of the pion dispersion relation can explain
the peak at 2m, as suggested in Refs. 3-5 needs further
study.

In Fig. 6, we show the total integrated dielectron pro-
duction cross section for invariant masses 0.2 GeV/c
& M & 0.7 GeV/c as a function of the available

nucleon-nucleon center-of-mass energy Q. The solid
squares are the data from Refs. 1 and 2. Our theoretical
results including all contributions are shown by the solid
curve and are comparable to the data at 1.05 GeV but are
slightly smaller at 2 and 4.9 GeV. The contributions from
the three different processes are also shown in Fig. 6. As
expected, the contribution from the proton-neutron
bremsstrahlung increases strongly with the energy of the
incident proton. Because the delta production cross sec-
tion from nucleon-nucleon interaction levels off at higher
energies. Its contribution shows a similar energy depen-

dence. The contribution from the pion-nucleon interac-
tion, on the other hand, decreases at higher energies.

In summary, we have carried out a cascade calculation
of dielectron production in proton-nucleus reactions. In-
cluding contributions from proton-neutron bremsstrah-
lungs, delta decays, and pion-nucleon interactions, we
have obtained results which agree fairly with the mea-
sured data on p+Be reactions in view of the large experi-
mental uncertainties. We find that dielectron production
from the proton-neutron bremsstrahlung is the most im-
portant and requires thus careful study both experimen-
tally and theoretically. Although both delta decay and
the pion-nucleon interaction are unimportant for proton-
nucleus reactions, their contributions in nucleus-nucleus
collisions remains to be investigated. '5
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