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Dielectron production in proton-proton and proton-deuteron collisions at 1-2 Gev
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Estimates of elementary cross sections for dielectron production in pN and pd reactions are
presented. Throughout, we use the vector dominance model for all hadron-hadron-photon vertices.
The A, g Dalitz decays and bremsstrahlung appear as dominant sources of dielectrons. We show
that the recently observed strong enhancement from 2 of the ratio of dielectron production from pd
to pp collision at low energy E 1.0—1.3 GeV may be understood by a different threshold behavior
of eta production in proton-proton and proton-neutron collisions. Relying on a realistic deuteron
wave function we estimate the energy dependence of the ratio and 6nd qualitative agreement with
new experimental results.

PACS number(s): 24.10.—i, 24.90.+d

I. INTRODUCTION

The available experimental data [1—3] on dielec-
tron production in proton-proton or proton-nucleus or
nucleus-nucleus collisions at 1—5 A GeV bombarding en-
ergies have stimulated a series of theoretical investiga-
tions [4—13] of the elementary production process. The
reasons for this interest are obvious. Dielectrons are
thought to represent one of the promising signals which
can directly probe the dense and hot nuclear matter pro-
duced in heavy-ion collisions at intermediate energies.
The reliable description of various elementary reaction
channels for dielectron production serves as an input to
theoretical models and event generators for simulating
heavy-ion collisions. These simulations are needed to un-
fold dielectron spectra and to get the wanted information
about compressed and heated nuclear matter. Also, via
the dielectron decay channel of vector mesons one can
probe the behavior of such mesons in an excited nuclear
environment. The second-generation precision spectrom-
eters are devoted to these investigations.

The theoretical investigations mentioned of the ele-
mentary production mechanisms of dielectrons in pN
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reactions have stepwise improved the understanding of
the relevant basis processes [4—14]. These investiga-
tions have interest in their own right also, with respect
to new hadron facilities (e.g. , COSY in Jiilich), which
are devoted to deeper insight into the hadron struc-
ture, hadronic reactions, and photon-hadron interactions.
Concerning dielectron production, the models, with ap-
propriate parametrization, are in satisfactory agreement
with available experimental data [3] which still have low
statistics. New data with high statistics are expected in
the near future. Then theoretical estimates and underly-
ing assumptions can be tested better since they depend
on certain model parameters which are difBcult to fix
without experimental data. For example, in dielectron
processes the oE-shell behavior of the strong interaction
part is probed in a wider kinematic regime than in the
case of real photon bremsstrahlung or elastic scattering
of hadrons or light nuclei. The timelike (half off-shell)
form factor of the nucleon is still unknown in the region
where the transfer momentum is near the vector meson
masses. Details of certain channels, e.g. , pn ~ gX, are
rather unsettled and reliable data do not yet exist. The
latter fact is partially related- to the diKculty in geting
reliable information on pn reactions, in general, via light
nuclei by subtracting masking many-body eEects.

The aim of the present paper is to reestimate dielectron
production cross sections in elementary nucleon-nucleon
subprocesses and to apply them in pp and pd reactions
at 1—2 GeV and explain the observed enhancement of
the ratio of dielectron production in pd and pp collision
at 1.0—1.3 GeV. We rely here on the vector dominance
model (VDM) that has proven to be a useful guiding prin-
ciple for hadron-photon interactions [15]. The VDM form
factor has been implemented, e.g. , in Ref. [14] and has
been found to give reasonable results only if nuclear mat-
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ter corrections are taken properly into account. However,
in the pp, pd, and p—light-nuclei reactions such a nuclear
correction is not operative, and one has to implement
the VDM form factor in an alternative way [16]. Here,
we present a detailed study of the underlying microscopy
in elementary subprocesses [12] of dielectron production
in nucleon-nucleon collisions.

Remember that at 1—2 GeV the main dilepton sources
are the following: m+vr annihilation, vr, 4, g, u Dalitz
decays, pN bremsstrahlung, and direct vector meson de-
cays. For pp and pd reactions, when focusing on dileptons
with invariant masses in the range of 0.15—0.9 GeV, only
4, g, w Dalitz decays and pN bremsstrahlung are impor-
tant.

The L Dalitz decay is one of the strongest dilepton
channels. In Refs. [5,6,13,14], it is used within a model
where the L-production cross section in pN collisions is
taken as a constant at fixed kinetic energy and is inde-
pendent of the momentum transfer to the target nucleon,
which is related to the 4 mass directly. Experimental
data [17,18] and theoretical models [19], however, show
such a dependence: the A-production cross section de-
creases with increasing values of the momentum transfer.
The maximum of the dilepton invariant mass depends
directly on the A mass and, therefore, one can expect
some dynamical suppression of dileptons at large invari-
ant masses. We find that, in spite of this suppression,
it is almost compensated by the VDM form factor en-
hancement; the form of the spectra changes, and they
obtain a resonancelike behavior at invariant masses near
the rho-meson mass.

The analysis of the pN bremsstrahlung contribution
in most previous papers is practically based on the so-
called soft photon approximation. The soft photon ap-
proximation includes several approximations. A few of
them are acceptable (e.g. , keeping only the electric part
of the hadron current and neglecting radiation from the
virtual propagators and vertices), while others (e.g. , in-
tegration over the unobservable phase space kinematical
region) result in an overestimation of the cross section.
This overestimation is sometimes corrected by a phase
space volume reduction factor [5]. Here, we improve this
approach by correct phase space integration.

A further problem concerns the pp bremsstrahlung con-
tribution. It is usually assumed that, because of destruc-
tive interference of direct and exchanged amplitudes of
the electric part of the bremsstrahlung matrix element,
the amplitudes compensate each other. But that is not
correct exactly, especially for high energy. The calcula-
tion of pp bremsstrahlung at 4.9 GeV in the soft photon
approximation of Ref. [13] shows that it may overesti-
mate the pn bremsstrahlung. So one expects only partial
compensation of the electric part and both the pn and pp
contributions should be taken into account. This conclu-
sion is confirmed also in a recent paper [16] where both
the proton-nucleon bremsstrahlung and the delta Dalitz
decay are considered simultaneously within an efFective
one-boson exchange model.

Another strong source of dileptons is the g Dalitz de-
cay. Most interesting here is the dilepton production near
1 GeV. The threshold energy for g production is about

1.26 GeV, and in pp collision this channel is suppressed
kinematically. For pd collisions, however, it is open, but
one has to deal carefully with the mechanisms of sub-
threshold g production.

These are the main items we are going to analyze in
some detail. Our paper is organized as follows. In Sec. II,
we analyze the Dalitz 4-decay rate. In Sec. III, we dis-
cuss pn and pp bremsstrahlung contributions in pd reac-
tions within the soft photon approximation for the elec-
tromagnetic hadron current but with exact multiple in-
tegration of the resulting squared matrix element. In
Sec. VI we discuss the contribution of the g, u Dalitz de-
cays. In Sec. V, we present the calculated cross sections of
various reaction channels and compare the dilepton pro-
duction in pp and pd interactions. A summary is given
in Sec. VI.

II. DALITZ DELTA DECAY

The cross section of the delta Dalitz decay is repre-
sented as follows:

where

o~(s, M~) =
16~s (s —4m~)

t „{M~)
dt ~Tr, (s, t, Mr, )~' (2)

and M~ and I'~ are the mass and total width of an
intermediate delta; T~ stands for the delta produc-
tion matrix element, t denotes, as usual, the squared
momentum transfer at the NN ~ LN' vertex, and

(dl'/dM~) describes the difFerential width of
the delta decay into a dilepton with invariant mass M.
The "weight function" D(Mr, ) is proportional to the
squared 6 propagator which leads to the relativistic
Breit-Wigner form

M~I'~
(M' —M' ) +M'I' (3)

with the mean value of (M~) = M~o ——1.232 GeV/c .
The simplest form of the LNm' vertex is described by

the interaction Lagrangian

Z~iv~ - Q~(p„)g~(P~)k„p(k),

where Q~(p ), @&(P~),p(k) are the nucleon, delta, and
pion wave functions, respectively, and k& denotes the
pion four-momentum. Direct evaluation of the decay ma-
trix element leads to a mass dependence of the 6 width
in Eq. (3),

Ame+ c N (~a —m~)
dM~ err, (s, M~)dM (m~+m~)~

N

x D(M~) i i, (1)r
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M +m 2 —m2
I (M)=C( (5)

Here k denotes the c.m. momentum in the mN chan-
nel, and the constant C is determined by the condi-
tion I'~(M~o) = 110 MeV. The dependence I'~(M~o)
in Eqs. (3) and (5) diff'ers from the corresponding ones
used in Ref. [6]; however, both of them coincide at the
few percent level.

The 4-decay probability (dl'/dM2) is calcu-
lated on the basis of the LNp-interaction Lagrangian

virtual photon interacts with the pion cloud surrounding
the nucleons and deltas. We employ the experimentally
established parametrization [4]

p(M)='Y~ ~ (M2 ml2)2+ (~ Iv )2'

with mp 761 MeV and I' = 118 MeV; the vertex
function I'p„(6) is taken from Ref. [20]. The result of a
direct calculation may be written as

Z~~~ = eF~(M )Qr, I'p„/~A", (6) I'~ dM 3VrM2
B (M~) R (M~, M),

where A~ denotes the electromagnetic four-potential, and
P~(m ) is the vector dominance timelike electromagnetic
form factor. For baryons this form factor in the kinemat-
ical region is still unknown. Following the vector dom-
inance principle we use the minimal way to incorporate
it: we assume that this form factor has a unique form
for all hadrons, that is, we use the 7tvrp VDM form fac-
tor. The physical meaning of this is quite clear: the

I

I' ~ (M~ M)
~ ( ™r& ~~(M, 0)

Here B (M~) stands for the branching ratio of the
electromagnetic width to the total delta decay width
[B (M~ = 1.232 GeV) 0.6 x 10 2], R+ is the ra-
tio of the electromagnetic delta-decay widths for virtual
to real photons,

M~M2 + 5M', qo2 3M2~N 3M2qo 3mNqo2 3qos

qo~ (5M~ —3m~ —3qo)

x A(M~, mN, M )/A(M~, m~, 0)j

and qo
——(M& + M2 —m~)/(2M~), A(x, y, z) = x +

y + z —2(xy + yz + xz).
For the calculation of the t-integrated cross section

o'~(s, M~) in Eq. (2), we adopt the one-pion exchange
model. By straightforward calculation we find the 4 pro-
duction matrix element in the form

(4„&if', k")(0~ ysy ~2&, k )

A~~ —m A~~ —m2 2 2 2

A~~ —k A~~ —A:

where m = 140 MeV/c, and Ic& is the four-momentum
of the exchanged pion. The constant a is determined by
the normalization condition

I

Eq. (1) at fixed o~(s) depends on the cutoff param-
eters A~~, A~N in Eq. (10), which should be fitted
to the difFerential cross section of the delta production.
The result is more sensitive to the model at lower ener-
gies (E 1—2 GeV) and large dielectron invariant masses
(near the threshold). Figure 1 shows the result of the
Gtting procedure for the pp —+ nL++ reaction at initial

10

f
(~8—m~ )

dM~ o~(s, Ma)D(Mr, ) = g~(s).
(m~+m )&

In the above formula o.~(s) stands for the b, -production
cross section which we take as a product of the well-
known analytical parametrization of the 4-production
cross section of Ver West and Amdt [21], a.&v, and the
"high energy" correction factor

v —A 0(@ @o)
1+A(E —Eo)2'

where Ep ——1.3 GeV, A = 0.5 GeV, and E is the
projectile kinetic energy in the laboratory system. The
correction factor in Eq. (12) is introduced to ensure the
reproduction of experimental data above Ep.

The t-integrated A-production cross section o~ in

0.0 0.5 1.0 1.5 2.0 P.5
—t. (cev')

FIG. 1. Elastic A-production cross section for the
pp ~ A++n reaction at bombarding energies 1.084 and 2.948
GeV. Experimental data at 1.084 (triangles) are taken from
Ref. [17],while data at 2.948 GeV (squares) are from Ref. [18].
The solid lines correspond to calculations with the T matrix
(10) and A~~~ = AN+~ = 0.7 GeV. The curves represent-
ing calculations at 2.948 GeV correspond to the usage of the
T matrix from Ref. [19] with A~~~ = A~~~ = 0.545 GeV
(long dashes) and to the exploiting of the T matrix (10) with
A~~~ = A~~~ = 0.545 GeV (dashes). At 1.084 GeV both
the latter curves practically coincide (very long dashes).
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kinetic energies 1.084 and 2.S48 GeV. The solid lines cor-
respond to the exclusive delta-production cross section
with the T matrix of Eq. (10) with Aiviv = AND = 0.7
GeV. We calculate the spin averaged squared matrix ele-
ment using the relativistic Rarita-Schwinger propagator
for spin 3/2 particles. The long dashed lines correspond
to the calculation with the T matrix taken from Ref. [19]
taking into account the short-range correlations and cut-
off parameters A~iv~ = Aiv~~ ——0.545 GeV (set D of
Ref. [19]). A similar result comes from the T matrix of
Eq. (10) with the same cutofF parameters (see the dashed
lines in Fig. 1). At higher energies, one can see that the
predictions for these two last models practically coincide,
while in the high-t region they difFer from the calculation
with the cutoff parameters A 0.7 GeV. This difference
is also seen in the delta Dalitz decay rate in pp interac-
tions at 1 and 2 GeV shown in Fig. 2. The short dashed
lines represent the calculation with a constant t-weighted
A-production cross section in Eq. (1) while the other
lines correspond to the different 4-production T matrices
(with the same notation as in Fig. 1). One can see that
at 1 GeV the M~ dependence of the t-weighted cross sec-
tion in Eq. (2) suppresses the delta Dalitz decay rate by
a factor of 2 at M 0.35 GeV. The differences coming
from difFerent T matrix parametrizations are below 50%.
At 2 GeV, the suppression is even larger, a factor of 7
at M m~. The difference between different models for
the T matrix may amount to a factor of 2. Therefore, for
a clear understanding of the L Dalitz decay rate, more
detailed data on the differential delta-production cross
section at large momentum transfer are necessary. In the
subsequent calculations we will use the delta-production
T-matrix as in Eq. (10) with A~~ = Aiv& = 0.7 GeV,
which seems to be preferable to reproduce the known ex-
perimental data on the delta-production cross section.

performed on the basis of the one-boson exchange model
[10,16,22,23] where four mesons (vr, o, ur, p) are used for
the description of the two-body pn T matrix. It is found
that the result depends on the two-body T matrix param-
eters which cannot be fixed uniquely only by fitting to the
pn elastic scattering. This method is too complicated to
be used as a convenient input in many-body kinetic cal-
culations of dilepton production in nucleus-nucleus col-
lisions. As has been mentioned in the Introduction, to
avoid these difhculties a method based on the soft photon
approxixnation [5] has been used in Refs. [6,7,14]. One
should keep in mind that the soft photon approxima-
tion contains at least three approximations: (i) it keeps
only the electric part of the electromagnetic current, (ii)
it neglects the radiation &om the internal charged me-
son exchange hnes and the nucleon-nucleon-meson ver-
tices, and (iii) it contains an approximate integration
over unobservable kinematic variables, where the mo-
mentum, energy, and invariant mass of the virtual pho-
ton are assumed to be negligible as compared to the other
variables (e.g. , the initial and momentum transfer, etc.).
The comparison with the exact diagrammatic calculation
[10,22,23] shows that the first two approximations change
the result not more than a few percent and really may be
approved. But the third approximation appears crude.
To improve the result, a phenomenological reduction fac-
tor has been introduced in Ref. [5], which is aimed to
reduce the remaining phase space volume for the collid-
ing hadrons in their final state. We must stress that this
factor cannot be extracted explicitly from a multidimen-
sional integral, and one should be careful in interpreting
the final result within this model, especially at large in-
variant dilepton masses. For all these reasons, in the
present paper we use a model that employs the first two
approximations (i) and (ii) of the soft photon approxi-
mation; however, it takes into account exact kinematic
relations. The net result reads

III. BREMSSTRAHLUNG DILEPTON
PRODUCTION

Dilepton radiation via pn bremsstrahlung has been ex-
tensively studied, cf. Refs. [4,5,10,11,22]. Explicit di-
agrammatic calculations of the pn bremsstrahlung are

ab —+e+ e a'b'

F (M) I' (M)Ms s (s —4m~2)

q

E=2. ]. GeV

0,2
I

0.3 0.4
I I

0.2 0.4
M (Gev)

I

0.6 0.8 1.0

FIG. 2. The Dalitz delta-
decay contribution to
the dielectron production at E'

1 and 2.1 GeV. The re-
sults of calculations with the
constant production cross sec-
tion o ~ (s, M~) in Eq. (1)
are represented by the lines
with short dashes while other
lines correspond to difFerent
A-production T matrices. No-
tation is the same as in Fig. 1.
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where 'P"" = —s(g""q2 —q"q") is a projector, and J" is
the hadron current. The upper and lower limits of the
integral over dEb are defined &om the condition

f
cos0~ p /

=f
s —2~aqo + M —2(~s —qp)Eb

7(', t, (p--q)')+, 7( t (p'. +q) )
paq p~q

which is gauge invariant in the on-shell limit

V(s', t, p') =T(s, t, mN), (16)

with

ab —+a'b'

~7 (s, t, mN)~ = 167rs(s —4mN) (s, t),

where p and p' are the four-momenta of the initial
and outgoing protons; 7 is the strong interaction two-
body T matrix; t = (pb —pb) = 2m~ —2E Eb +
2~P ~]P'b~(cos0~p cos0~p, +sin0&p sin0~p cosrP), s =
(p-+ pb)', and "= (p-+ pb —q)' («!«)' ' (s t)
denotes the elastic ab ~ a'6' scattering cross section; the
symbol a denotes a proton and b refers to a neutron.

The electric part of the hadron current in a pp collision
within the soft photon approximation takes the form

JP
pp

pP P
7 ( ', t) — ' &( ' t')

p.q
" p.q

I P sP
7 (s, t) + b 7 (s, t').

p~q pbq
(18)

Here P and pb are the four-momenta of the projectile
and target proton, and t' = (pb —pb —q)2. It is seen that
the hadron current J„"„(18)does not vanish at finite
values of qo and M.

One of the still open and interesting questions here
is the off-shell corrections to this process. Each of the
T matrices in Eqs. (15) and (18) are far ofF shell with
Pm2 P m2~, where m; (i = a, b, a', b') is the mass of
interacting particles. If we describe the nucleon-nucleon
interaction on the basis of the effective one-boson ex-
change T matrix, we have to introduce vertex form fac-
tors, which, for the on-shell case, depend only on the
squared moxnentum transfer t. For the "one half" on-
shell T matrix, we have in the bremsstrahlung process
also effective vertex functions that must depend on an
additional invariant variable. The squared moxnentum

p of the off-shell nucleon may be chosen as this vari-
able. For a qualitative analysis we can use also the di-
mensionless ofF-shell variable ( = p"p„/m2~, where m~
is the nucleon mass and p& denotes the four-momentum
of the virtual ofF-shell proton after or before photon radi-

(14)

Let us first discuss the structure of the hadron current.
For the pn bremsstrahlung in the soft photon approxi-
mation it has the usual form

Il (M) dydq~dt
~6vr2M (mivqo )

P1EMP A R (sI)
dt ( ' R2(s) ' (19)

where B2 is the Lorentz invariant two-body phase space
integral of the final two nucleons of energy v s. In calcu-
lation of Eq. (19) the expression for the pn elastic cross

10

~ 102

K=1.0 GeV

0.1
I

0.2 0.3
M (Gev)

0.4

FIG. 3. Contributions of the pn (curve 2) and pp
(curve 3) brernsstrahlung to the dielectron production at
1 GeV. The curve 1 represents a contribution of the pn
bremsstrahlung calculated within the soft photon approxima-
tion [see Eq. (19)].

ation. A kinematic analysis shows that, for large values
of invariant masses as well as for high energies and rno-

menta of the virtual photon, ( is far from its on-shell
value ( = l. A phenomenological analysis of the ofF-shell

correction to the effective one-boson exchange T matrix
is performed in Ref. [12] where some additional ofF-shell

suppression of the bremsstrahlung rate at higher energy
is introduced. This suppression depends on the value of
a dimensional cutoff parameter which should range on a
typical hadron scale 1—2 GeV. Unfortunately, till now we

have not at hand an appropriately well-founded generic
theoretical model for the off-shell T matrices and form
factors. In order to avoid in the present consideration
such an additional parameter, in our further calculations
we use the on-shell model and put in Eqs. (15) and (18)
t' = t and s' = s, which are expected to give an up-
per estimate of the bremsstrahlung contribution. The
procedure of including the off-shell dependence into the
electromagnetic form factors and two-body T matrices is
discussed in [16]. But the concrete calculation in [16] is
performed with the on-shell form factors, and the final
results of Ref. [16] and our approach are very close to
each other.

Figure 3 shows separately the contribution of the pp
and pn bremsstrahlung at 1 GeV. One can see that at
1 GeV the pp contribution is about 30—40% of the pn
bremsstrahlung. For comparison, we also present the re-
sult of calculation of the pn bremsstrahlung within the
traditional soft photon approximation [5):

pn —+e+ e p'n'
do
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section is taken the same as in Eq. (15). One can see that
the soft photon approximation with a phase space cor-
rection results in a twice larger cross section than taking
into account the explicit conservation law in calculations.

Another essential efFect is the interference of the
bremsstrahlung and delta Dalitz decay channels [16].
However, this efFect depends strongly on the model for
the two-body T matrix. If we use the one-boson exchange
model with the four mesons then we would require 12 en-

ergy dependent parameters which in principal cannot be
uniquely determined only from the elastic NN scatter-
ing. This is the main reason why we use the soft photon
approximation with efFective two-body T matrix, which
is proportional to the square root of the elastic NN scat-
tering cross section. We lose the phases and lose the
interference terms. This is the price for the. , inadequate
knowledge of the nucleon-meson dynamics in the GeV
region.

One more interesting efFect is the bremsstrahlung in
the pp ~ pE reaction. In Ref. [16] it is taken into account
simultaneously with the pN ~ pN channel; in our case
this channel should be investigated independently. We
plan to investigate this point in our future work.

In all our calculations we use an energy dependent
parametrization for the elastic pp and pn cross sections.
The corresponding parameters are found by standard Gt-

ting to the known experimental data. These cross sec-
tions decrease with increasing energy, which leads to a
decrease of the bremsstrahlung rate in the total dilepton
production. In the pd interaction the pn and pp contri-
butions are summed coherently.

the present calculation, the g-production cross section is
taken in the form

d~n~(s) = (1 —n)w d-+ Ã(s) + nu „~ x(s), (22)

where n is the correlation probability (n = 0.05) and
(r~i~ is determined by Eq. (21), while o(T~ ~ is the con-
tribution of the correlated two-nucleon cluster, which we
will discuss later.

The cross section for the g production in pp collisions
via the intermediate ¹(1535)resonance has been stud-
ied within the one-boson exchange model in Refs. [29,30].
The results of those calculations depend on the input pa-
rameters and are difFerent in the two papers just near the
threshold. The assumption that the threshold behavior
of the g-production cross section in the collision of par-
ticles a and 6 is mainly determined by the phase space
integral results in

m ms(m + m(, )m„ f' sp')

A(s~, m2, m~2) ( s )

Ji mi, (s) = A
(1 —~)' ( b-(1 —*)

A(s, m2, m2)

sp ——(m + mb + m„) . (23)

In our calculation, we use an analytical parametrization
of o„„~~„„(s)motivated by Eq. (23) and given by

IV. MESON DALITZ DECAY'
x= —,A=4x10 mbGeV, p=18, b=17. (24)

The contribution of the g Dalitz decay takes the form

g~e+ e
= cr„g~„~(s) 0.39 F (M)3~M2

(a(m„2, M', m,') ) "'
A(m„, 0, mp)

mp ——0,

(2o)

where the number 0.39 is the branching ratio for the g ~
pp decay [24]. When calculating the g production in pd
scattering, we use a realistic deuteron wave function Pg
obtained within the Paris potential model [25]

" .«( ) = J ( ---.( '("))+: n.-(~'(")))

(21)

where k is the relative nucleon momentum in the
deuteron, and 'R denotes the fIux factor. The internal
nucleon motion in the deuteron is important near and
below the g threshold. We also include short-range cor-
relations describing a simultaneous interaction of the pro-
ton with a correlated two-nucleon cluster in the deuteron
wave function with a 5%%uo probability, as in Ref. [26]. Such
an efFect has been found important for scattering pro-
cesses near thresholds and at large angles [26—28]. In

This parametrization gives an average of the estimations
of Refs. [29,30) for the cross section and numerically co-
incides with the prediction of Ref. [31].

The g-production cross section in pn collisions near
the threshold is a subject of some debate. Usually, it is
assumed that this cross section should be scaled when
comparing with the pp cross section, i.e., op ~„~
Ko'pp~gpp The possible increase of exp ~„p re6ects the
dynamics of eta production, which is beyond our "kine-
matical" consideration given by Eqs. (23) and (24). But
if we introduce the enhancement factor e into o„~gp
then approximately the same factor [ (1 + e)] should
be included into the cross section of interaction of the
proton with a correlated two-nucleon cluster.

The one-boson exchange model prediction of Ref. [29]
is ~ 3. Estimation of e within a statistical string
model [32,33] gives e 1 in a wide energy range, starting
Rom the threshold. An attempt at a direct extraction of
e &om experiment near the threshold indicates a large
value [34] K 8—9. Unfortunately, we have no real infor-
mation on the cross section o~~„p . On the one hand,
the energy dependent one-boson exchange model param-
eters of Refs. [29,30] are not fixed from independent ex-
periments. On the other hand, extracting harp ~„~ &om
the nuclear data one has to take carefully into account
both the internal motion of the nucleons and short-range
nucleon-nucleon correlations in nuclei. The latter ef-
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feet increases the total cross section near the threshold
strongly (about one order of magnitude), and this in-
crease may be described phenomenologically as an in-
crease of ~. Taking into account this indirect knowledge
0f 0p ~gp we adopt for the latter the same expression
as for the pp case, Eq. (24) with A = 3 x 10s mb GeV,
b = 33, and p = 2.1. The contribution of the two-nucleon
correlation becomes completely negligible at bombarding
energies E ) 1.3 GeV. Equations (23) and (24) give the

prescription for 0„& „„&(s)in Eq. (22). This expression

has the same form ~2 (cr„„+0.„„)with the substitution

At 1 GeV, the g-production cross section taking into
account only the internal nucleon motion is about 2.6 x
10 mb, while with the two-nucleon correlation we ob-
tain o'zg~„(s) 5.1 x 10 mb. This strong effect of the
subthresold g production is seen in the dilepton distri-
butions at initial energy 1 GeV at large invariant masses
near the kinematical limit. In this case, the contribution
of the g Dalitz decay is comparable with the contribu-
tion of the 4 Dalitz decay and pd bremsstrahlung, and is
seen but is not dominant. So we find that the total dilep-
ton invariant mass distribution in pd collisions at 1 GeV
is not very sensitive to the large uncertainty of the eta-
production cross section in pn collision, near the thresh-
old. For higher energies ( 5 GeV), we have to take into
account the total inclusive eta-production cross section,
which is larger than the exclusive cross section discussed
above. At 4.9 GeV, we use the upper limit for the eta-
production cross section [13]:0.5 mb with 0~„=o„„;our
choice of K, = 1 corresponds to a prediction which is in
agreement with the statistical string model [32].

Estimates of the u Dalitz decay may be performed on
the basis of Eq. (20) with the substitutions 0„~ 0
m„M m, mo M m, 2a M a, and 0.39 m 0.08. Us-
ing the known experimental data on the u production
cross section [35], we find that the contribution of the
u Dalitz decay to the dilepton production is several or-
ders of magnitude smaller than the contribution of other
subprocesses even at 5 GeV.

We do not consider the Dalitz decay of pions because
it contributes to the low invariant mass region M & m
not investigated here.

V. RESULTS

In Figs. 4—7 we display our results. Invariant mass
spectra for the pd reactions without and with an exper-
imental filter are displayed in Figs. 4 and 5. The accep-
tance Dilepton Spectrometer (DLS) Collaboration filter
we have used is version 2.0. The filter suppresses the
dilepton yield at all invariant masses, and the resulting
suppression is different for different subprocesses because
of different kinematic conditions and kinematical limits
in each channel. For comparison, we also display in Fig. 5
the results of the DLS Collaboration [3] for the p- Be in-

teraction scaled by a factor A~ . If we assume that—2/3

the absorption of an initial proton in a nucleus is propor-
tional to A, then the A dependence should be oc A /' .
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FIG. 4. Dielectron invariant mass spectra for the pN colli-
sion (pN = pd/2) at E = 1.0 and 2.1 GeV calculated without
the DLS filter. The pd labels bremsstrahlung, g, A, and cu

denote the corresponding Dalitz decay contributions, p/w is
the direct rho-omega decay, and Z is the sum of all contri-
butions. The line gg at 1 GeV represents the subthreshold
g-decay contribution taking into account the internal nucleon
motion in a deuteron; the line g shows calculations with the
two-nucleon short-range correlation.
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FIG. 5. Dielectron invariant mass spectra for the pN colli-

sion at E = 1.0 and 2.1 GeV calculated with the DLS filter.
Notations for the curves are the same as in Fig. 4. Experi-
mental data for p- Be collisions, scaled by the factor A
are taken from Ref. [3] (solid circles). Open circles at 1 GeV
represent the product of calculated dielectron yield in pp col-
lisions and the ratio of the pd to pp dielectron production (see
the text).

The result of calculation in Ref. [36] shows that the ab-
sorption factor for beryllium numerically coincides with
A . This means that one can expect that the dielectron-
production cross section for the p- Be interaction, scaled

by a factor of A ~, may be considered approximately
as dilepton production in a p-isoscalar nucleon interac-
tion. Other medium effects (excluding internal motion)
in the light beryllium nucleus are expected to be negli-

gible. Therefore one must consider the scaled beryllium
data as some rough guide of what is to be expected by
proper pd data at 1—2 GeV. We do not attempt a fine

tuning of our input to reproduce exactly the scaled data.
In calculating the L Dalitz decay and bremsstrahlung
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contribution in pd reactions, we also take into account
the internal motion of nucleons in the deuteron, as in
Eq. (21). The integrations in Eqs. (1), (13), and (21) are
performed by a Monte Carlo method. The cross section
of the elastic scattering in Eq. (13) is parametrized to
reproduce the experimental data at each initial energy
separately.

Our results for 1 and 2 GeV without the DLS filter
are close numerically to the results of our previous pa-
per [12], where the above-mentioned ofF-shell suppres-
sion has been used. A small difFerence is explained by
different parametrization of the g-production cross sec-
tion (in Ref. [12] the prediction of Ref. [29] was used)
and taking into account in Ref. [12] the phenomenolog-
ical off-shell correction in the two-body T matrix in the
bremsstrahlung channel. In Ref. [12], antisymmetriza-
tion in the pd collision was somehwat overestimated. At
2 GeV, the bremsstrahlung is not a dominant source of
the dileptons, and the ofF-shell effect is not seen in the
total cross section. At 1 GeV, the effect of the ofF-shell

correction is much smaller. So concerning the ofF-shell
effects our present result may be considered as an upper
limit for the bremsstrahlung contribution.

In Figs. 4 and 5 we present the results of calculation
without and with the DLS acceptance filter. As a matter
of fact, our study shows that the inQuence of the DLS
alter is much stronger than the ofF-shell corrections dis-
cussed in Ref. [12] and it is strictly necessary to take the
filter into account for a correct comparison with experi-
mental data.

At 1 GeV, we And the bremsstrahlung contribution
nearly as strong as the 4 Dalitz decay. There is also a
contribution of the g Dalitz decay. Near the threshold the
tl decay gives the same (or even) larger contribution than
the L Dalitz decay and bremsstrahlung. Subthreshold
effects are responsible for larger invariant mass tails of the
4 and bremsstrahlung contributions in the pd reactions.
The vector dominance efFects (i.e. , the form factor) are
not important.

In contrast, at 2.1 GeV the VDM efFect is important.
However, the strong enhancement of the 4 Dalitz decay
at the p peak is reduced by the t dependence of the delta-
production matrix element. The net result is a shoulder
in the sum of all contributions. This is not so clearly seen
in pp reactions due to the kinematic limit. However, in pd
reactions, due to subthreshold effects, it can be observed.
Our net results are of the same order of magnitude as
those obtained in Ref. [6], but in Ref. [6] there is no
shoulder behavior in the p region. In the intermediate
invariant mass region 0.2 & M & 0.4 GeV the g Dalitz
decay gives the main contribution. The contribution of
the u Dalitz decay is very small and is not displayed here.

A similar analysis of the dilepton production in the
proton-nucleon collision taking into account proton-
nucleon bremsstrahlung and the effect of propagating the
b, resonance (b, Dalitz decay) has been performed in [16].
The principal results of those two channels in Ref. [16]
and in our study coincide, i.e., the main contribution to
the dilepton spectrum comes from the 4 decay. But there
is some difference in the interpretation of the pd/pp ra-
tio. In Ref. [16], some enhancement of the ratio at lower
energies may be explained by (i) difFerent values of the b,-
production cross section (in Ref. [16] this difference is by
the factor 2—3) and (ii) a relatively large destructive inter-
ference between bremsstrahlung and the 4-decay channel
in pp as compared to the pn collisions. In our model, the
6rst efFect exists but its contribution is smaller. The dif-
ference between the 4-production cross sections is con-
trolled by the Ver West —Amdt parametrization and it is
by a factor of 1.7 at E = 1.2 GeV. The second effect is
dropped here; however, we take into account the g-decay
contribution.

Now let us consider the ratio of the cross section for
pd to pp reactions,

1
i I I I I I I I I I I I I I I I ~ f I I i ~ I I 1 I I I I

0 1 2 3 4 5 6
E (GeV)

do3' /dMB=
do.»/dM ' (25)

FIG. 7. Ratio of the integrated cross section for pd to pp re-
actions as function of the initial energy. Solid line corresponds
to the calculation with the DLS filter. The experimental data
are taken from Refs. [2,37].

which is displayed in Fig. 6 for three energies E = 1.26,
2.1, and 4.9 GeV. The experimental data are taken from
Ref. [2].
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fq i G"v (do &~/dM) dM

j~, ~"v(do.»/dM)dM
(26)

It should be pointed out that at 4.9 GeV we calcu-
lated do""/dM and da»/dM in Eq. (25) within the same
models as at lower energies. We did not take into ac-
count the following important channels with multipion
final states: bremsstrahlung, delta Dalitz decay, pion an-
nihilation, etc. , and as a result, we underestimated the
experimental cross section (Ref. [1])at M = 0.2 —0.7 GeV
by the factor of 2—4. But we expect that those additional
channels should be the same in pp and pd collisions and
their absence in our calculation does not change the ratio.

The difference between pp and pd interactions con-
sists in (i) taking into account the internal nucleon mo-
tion in a deuteron, (ii) different expressions for the A-
production cross section which follow &om the Ver West-
Arndt parametrization in Eq. (12), and (iii) the absence
of the g-decay contribution in the pp case above the
threshold. . If the bremsstrahlung contribution in the pp
and pd collisions were switched ofF and the eta-production
cross section in the pn reaction taken equal to the cross
section in the pp collision, the ratio would be energy in-
dependent and close to 2 except for the vicinity of the
kinematic pp threshold. It is seen that the ratio rises
towards the kinematic limits due to phase space limi-
tations in the pp reactions. Except for this boundary
behavior, the ratio decreases towards 2 with increasing
initial energy, which re8ects the decrease of the difFerence
between g Dalitz decay contribution in proton-proton
and proton-neutron collisions, and relative decrease of
the short-range correlation efFect responsible for the sub-
threshold g-production elastic N¹cattering cross sec-
tion. At 1.26 GeV, the result is very sensitive to the sub-
threshold g-production mechanism. The efFect of the sub-
threshold g production is illustrated by the short dashed
line in Fig. 6, which corresponds to the calculation with-
out eta-decay contribution in pd collision at E = 1.26
GeV. To summarize, we can conclude that at E = 1.26
GeV and M 0.2 —0.3 GeV, in spite of qualitative
agreement with data, the theoretical prediction with the
eta-decay channel is about twice smaller than the data.

Our analysis shows that for the pp collision at 1 GeV
only the 4 Dalitz and pp bremsstrahlung contribute.
Theoretical uncertainties in the pp interaction are mini-
mal because the total and differential L-production cross
sections at 1 GeV are well known, as well as the elas-
tic pp cross section operating in bremsstrahlung. So the
calculated dielectron-production cross section for the pp
collision being multiplied by an experimentally measured
quantity B results in an estimation for dielectron yield in
the pd collision at 1 GeV [cf. Eq. (25)]. The correspond-
ing points are shown in Fig. 5 (open circles).

Figure 7 shows the ratio of the integrals

as a function of the initial energy E with the DLS filter.
One can see some enhancement of the ratio at E ( 1.4
GeV because of the large sub- (and near-) threshold il
Dalitz decay contribution in the pd collisions and pn
bremsstrahlung contribution. Again, one can see the dif-
ference of the factor 2 between prediction and the data
and the origin of this difFerence is the same as in Fig. 6.
Then the ratio goes to 2 as the contribution of the main
channels in the pp and pn collisions becomes the same.
If we switch ofF the eta-decay channel than the bump in
this ratio disappears.

VI. SUMMARY

In summary, we present a detailed analysis of di-
electron production in the pp and pd reactions at 1—2
GeV. Our model relies on vector dominance, improves
the soft photon approximation, and uses the correct 4-
production cross section. We explain the observed strong
enhancement of the ratio of dielectron production in pd
and pp collisions at 1—1.3 GeV. We show that an addi-
tional and large enough contribution to the pp/pd ratio
at low energies comes &om the eta Dalitz decay, and we

show that the enhancement may be understood by differ-
ent threshold behavior of the eta production in proton-
proton and proton-neutron collisions.

We can conclude that the dilepton-production cross
section is sensitive to the very details of the elementary
subprocesses which have been analyzed. The accuracy
of the L, g, u Dalitz and direct p, u decays depends on
the knowledge of the unstable hadron production mech-
anisms. So new precision measurements in the Bevalac,
SIS, COSY energy region are needed. Also, an indepen-
dent verification of the two-body T matrix ofF-shell be-
havior and timelike nucleon form factor is needed. Only
a clear understanding of the dilepton production in NN
interaction can give a reliable possibility to use dileptons
as an accurate probe for a more complex nuclear collision.
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