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I. INTRODUCTION 

The available experimental data1- 3 on dielectron production in proton-proton 

or proton-nucleus or nucleus-nucleus collisions at 1-5 GeV·A bombarding energies 

have stimulated a series of theoretical investigations4~-JJ of the elementary produc

tion process. The reasons for this interest are obvious. Dielectrons arc thought to 

represent one of the promising signals which can directly probe the dense and hot 

nuclear matter produced in heavy-ion collisionf) at intermediate energies. The re

liable description of various elementary reaction channels for dielectron production 

serve as an input to theoretical models and event generators for simulating heavy-ion 

collisions. These simulations are needed to unfold dielectron spectra and to get the 

wanted information about the compressed and heated nuclear matter. Also via the 

diclectron decay channel of vector mesons one can probe the behavior of such mesons 

in an excited nuclear environment. The second-generation precision spectrometers 

are devoted to these investigations. 

The mentioned theoretical investigations of the elementary production mecha

nisms of diclectrons in pN reactions have step-wise improved the understanding of 

the relevant basis processes4- 14 . These investigations have their own right, also with 

respect to new hadron facilities (e.g., COSY in Jiilich), which are devoted to deeper 

insight into hadron structure, hadronic reactions, and photon-hadron interactions. 

Concerning the diclectron production, the models, with appropriate parametrization, 

are in satisfactory agreement with available experimental data3 which are still with 

low statistics. New data with high statistics are expected in the near future. Then, 

theoretical estimates and underlying assumptions can be tested better since they 

depend on certain model parameters which are difficult to fix without experimental 

~ data. For example, in dielcctron processes the off-shell behavior of the strong inter

action 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 time-like (half 

off-shell) form factor of the nucleon is still unknown in the region where the trans

fer momentum is near the vector meson masses. Details of certain channels, e.g., 

pn ----} TJX, are rather unsettled and reliable data do not yet exist. The latter fact 

is partially related to the difficulty in geting reliable information on pn reactions, in 

general, via light nuclei by subtracting masking many-body effects. 

The aim of the present paper is to re-estimate dielectron production cross sections 

in elementary nucleon-nucleon subprocesses and to apply them in pp and pd reactions 

at 1, 2 and 5 Ge V. We rely here on the vector dominance model (VD M} that has 

proven to be a useful guiding principle for hadron-photon interactions15 • The VDM 
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form factor has been implemented, e.g., in Re£.14 and it has been found to give 

reasonable results only if nuclear matter corrections are taken properly into account. 

However, in the pp, and 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 

subprocesses12 of dielectron production in nucleon-nucleon collisions. 

Remember that at 1 to 5 GeV, the main dilepton sources are the following: 1!'+1!'

annihilation, 1r0 , L\, ry,w Dalitz decays, pN bremsstrahlung, and direct vector meson 

decays. For pp and pd reactions, when focusing on dileptons with invariant masses 

in the range of 0.15- 1.2 GeV, only L\,ry,w Dalitz decays, pN bremsstrahlung and 

direct vector meson decays are essential. 

The L\ Dalitz decay is one of the strongest dilepton channel. In Refs. 5
'
6

'
13

,
1

\ 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 independent of the momentum transfer 

to the target nucleon, which is related to the L\ mass directly. Experimental data17
,
18 

and theoretical models19 , however, show such a dependence: the L\ production cross 

section decreases with increasing values of the momentum transfer. The maximum 

of the dilepton invariant mass depends directly on the L\ mass and therefore, one 

can expect some dynamical suppression of dileptons at large invariant masses. We 

find that, in spite of this suppression, it is almost compensated by the VDM form 

factor enhancement; the form of the spectra changes, and they obtain a resonance

like behavior at invariant masses near the rho-meson mass. In principle, such a 

resonance-like behavior at the initial energy of 5 GeV has been found in Refs. 5
,
13 

but in those calculations a too large value for the 6 production cross section was 

used; therefore, a re-estimate of the delta production and delta decay mechanisms 

is needed. 

The analysis of the pN bremsstrahlung contribution in most previous papers 

is practically based on the so-called soft photon approximation. The soft photon 

approximation includes several approximations. A few of them are acceptable (e.g., 

keeping only the electric part of the hadron current and neglecting radiating from the 

virtual propagators and vertices), while others (e.g. integration over unobservable 

phase space kinematical region) result in an overestimation of the cross section. This 

overestimation is sometimes corrected by a phase space volume reduction factor5
. 

Here, we improve this approach by correct phase space integration. 

A further problem concerns the pp bremsstrahlung contribution. It is usually as

sumed that, because of destructive interference of direct and exchanged amplitudes 
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of the electric part of the bremsstrahlung matrix clement, the amplitudes compen

sate each other. But that is not correct exactly, especially for high energy. The 

calculation of pp bremsstrahlung at 4.9 GeV in the soft photon approximation of 

Re£.1 3 shows that it may overestimate the pn bremsstrahlung. So one expects only 

partial compensation of the electric part and both the pn and pp contribution should 

be taken into account. This conclusion is confirmed also in the recent paper 16 where 

both the proton nucleon bremsstrahlung and the delta Dalitz decay are considered 

simultaneously within effective one boson exchange model. 

Another strong source of dileptons is the 7J Dalitz decay. Most interesting here 

is the dilepton production near 1 Ge V. The threshold energy for fJ production is 

about 1.26 GcV, 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 

subthreshold fJ production. 

These are the main items we are going to analyze in some detail. Our paper 

is organized as follows. In Sec. 2, we analyze the Dalitz L\ decay rate. In Sec. 3, 

we discuss pn and pp bremsstrahlung contributions in pd reactions within the soft 

photon approximation for the electromagnetic hadron current but with exact multiple 

integration of the resulting matrix element squared. In Sec. 4 and 5, we discuss, 

respectively, the contribution of the 7], w Dalitz decays and p, w direct decays. In 

Sec. 6, we present the calculated cross sections of various reaction channels and 

compare the dilepton production in pp and pd interactions. A summary is given in 

Sec. 7. 

II. DALITZ DELTA DECAY 

The cross section of the delta Dalitz decay is represented as follows: 

da t::.--.e+e~N 

dM' 

where 

2 A + -N (y's-mN) } dr ,_._,.e e 

J dMJ,. iic,(s,Mo.) D(Mo.) r,dM2 

(mN+m,-)2 

tm".r{MLI.) 

D-c,(s,Mo.)=,"-~'~·, ,, J dtiTo.(s,t,Mo.)l' 

tmin(MLI.) 

{2.1) 

{2.2) 

and Mt::. and f t::. are the mass and total width of an intermediate delta; Tt::. stands 

for the delta production matrix element, t denotes, as usual, the momentum transfer 
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squared at the NN -----t !J.N' vertex, and (dfjdM2 )f::.._,.~+~-N describes the differen

tial width of the delta decay into a dilepton with invariant mass M. The "weight 

function" D(Mt:..) is proportional to the /J.-propagator squared which leads to the 

relativistic Breit-Wigner form 

I M"f" 
D(M") =;;: (Ml- Mlo)2 + Mlf;', (2.3) 

with the mean value of< M" > = M"0 = 1.232 GeV /c2
• 

The simplest form of the !J.N 1f vertex is described by the interaction Lagrangian 

L"N• ~ -;J;N(Pn)1/J~(P")k.rp(k), (2.4) 

where 1/JN(Pn), l,b~(Pt:..), ~(k) are the nucleon, delta and pion wave functions, respec

tively, and k~ denotes the pion four momentum. Direct evaluation of the decay 

matrix element leads to a mass dependence of the /J. width in Eq. (2.3), 

f"(M") = C(M" + rnN)
2

- m
2 

M 2 'lkl' 
" 

(2.5) 

Here k denotes the c.m. momentum in the rr N-channel, and the constant C is 

determined by the condition r"(Mc.o) = llO MeV. The dependence f"(Mc.o) in 

Eqs. (2.3), (2.5) differs from the corresponding ones used in Ref. 6 ; however, both of 

them coincide at a few per cent level. 

The /J.-decay probability (dfjdM2 )f::..__.~+~-N is calculated on the basis of the 

!J.N J-intcract.ion Lagrangian 

2 ,. f3 
C"N' = eF,(M ),P"ro .. .PNA", (2.6) 

where A~ denotes the electromagnetic four-potential, and Fy(m2 ) is the vector dom

inance time-like electromagnetic form factor. For baryons this form factor in the 

kinematical region is still unknown. Following the vector dominance 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 TCTC"f VDM form factor. The physical meaning 

of this is quite clear: the virtual photon interacts with the pion cloud surrounding 

the nucleons and deltas. We employ the experimentally established paramctrization4 

2 2 m! 
F, (M ) = (M2 - m~2)' + (m,r~) 2 ' (2. 7) 

with m~ = 761 MeV, r~ = 118 MeV; the vertex function r 13,. (2.6} is taken from 

Ref. 20 . The result of a direct calculation may be written as 
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1 df t:..--e+~-N 
- -·· " " f" dM2 = 3trM2B, (M")R~(M",M), 

r"~o'N(M R~(M", M) = "' M) 
r"~oN(M", 0) 

(2.8) 

Here B~(Mt:..) stands for the branching ratio of the electromagnetic width to the 

total delta decay width [B,;'(M" = 1.232 GeV) "' 0.6 · 10- 2
] and R.;' is the ratio of 

the electromagnetic delta decay widths for virtual to real photons, 

"(M M) _ M"M2 + 5M"q5- 3M2
mN- 3M2qo- 3mNq5- 3q5 

R "' - 2 ) X ' q0 (5M" - 3mN - 3qo 

( ( 2 2 2) ( 2 2 ))1/2 .\ Mt:..,rnN,M j>.. Mt:..,mN,O , (2.9) 

and q0 = (Ml + M 2 - m"!v )/(2M"), .\(x, y, z) = x2 + y2 + z 2
- 2(xy + yz + xz). 

For the calculation of the t-integrated cross section &t:..(.5,Mt:..) in Eq.-(2.2), we 

adopt the one-pion exchange model. By straightforward calculation we find the /J. 

production matrix element in the form 

-" -T" =a (,P"T..1/JN, k")(,PN,Is"Y"i,!/>N,k") 
k2 - m; 

A'fvN - m2 

A;;N"rr- k; 
A~N - m2 . . 
AiNrr- k2' 

(2.10) 

where m,.. = 140 MeV /c, and k,. is the four momentum of the exchanged pion. The 

constant a is determined by the normalization condition 

(.,.fi-mN)2 

j dMl O""(s,M,.)D(M") = """(.s). (2.11) 

(mN+m,.)2 

In the above formula O"t:..(s) stands for the /J. production cross section which we take 

as a product of the well--known analytical parametrization of the /J. production cross 

section of Ver West and Arndt 21 , a~-A, and the ~'high energy" correction factor 

O(E-Eo) 
V-A , 

"""(s)=""" l+A(E-Eo) 
(2.12) 

where Eo= 1.3 GeV, A= 0.5 Gev-I, and E is the projectile kinetic energy in the 

laboratory system. The correction factor in Eq. (2.12) is introduced to ensure the 

reproduction of experimental data above E0 : 

The t-integrated /J. production cross section Gt:.. in Eq. (2.1) at fixed at:..(s) de

pends on the cut-off parameters ANNrr:, At:..Nx in Eq. (2.10), which should be fitted to 

the differential cross section of the delta production. Fig. 1 shows the result of the 
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fitting procedure for the pp -----~o n~ ++ reaction at initial kinetic energies 1.084 and 

2.948 GeV. The solid lines correspond to the exclusive delta production cross section 

with the T matrix of Eq. {2.10) with ANN• = ANtu = 0.7 GeV. We calculate the spin 

averaged matrix element squared using 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 with taking into account the short-range correlations and 

cut-off parameters ANNrr = ANt::.rr = 0.545 GeV (set D of Re£.19
). A similar result 

comes from the T matrix of Eq. (2.10) with the same cut-off 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 bigh-t region they differ from the 

calculation with the cut-off parameters A~ 0.7 GeV. This difference is also seen in 

the delta Dalitz decay rate in pp interactions at 1 and 2 GeV shown in Fig. 2. The 

short dashed lines represent the calculation with a constant t-we:ighted ~ produc

tion cross section in Eq. (2.1) while the other lines correspond to the different ~ 

production T matrix (with the same notation as in Fig. 1). One can see that at 1 

GeV the M.c:. dependence of the t-weighted cross section in Eq. (2.2) suppresses the 

delta Dalit7. decay rate by a factor of 2 at Af ,.._, 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 ..._, mp. The difference between different models 

for the T -matrix may amount up to a factor of 2. Therefore, for a clear under

standing of the ~ Dalitz decay rate, and more detailed data on the differential delta 

production cross section at large momentum transfer are necessary. In the subse

quent calculations we will use the delta production T--matrix as in Eq. (2.10) with 

ANNrr = ANt::.1r = 0.7 GeV, which seems to be preferable to reproduce the known 

experimental data on the delta production cross section. 

III. BREMSSTRAHLUNG DILEPTON PRODUCTION 

Dilepton radiation via pn bremsstrahlung has been extensively studied, cf. 

Refs. 4 •
5

•
10

•
11

•22 . Explicit diagrammatic calculations of the pn bremsstrahlung are per

formed on the basis of the one-boson exchange modeP0 •16•
22

•
23 where four mesons 

(1r,a,w,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 parameters 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 calculations of dilepton pro

duction in nucleus-nucleus collisions. As has been mentioned in the introduction, 
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to avoid these difficulties, a method based on the soft .photon approximation5 has 

been used in Refs. 6•7, 14 . One should have 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 from the internal charged 

meson exchange lines and the nucleon-nucleon-meson vertices, and (iii) contains an 

approximate integration over unobservable kinematic variables, where the momen

turn, energy and invariant mass of the virtual photon 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 calculation10 '
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 factor has been introduced in Re£. 5
, which is· aimed 

to reduce the remaining phase-space volume for the colliding hadrons· in their final 

state. VVe must stress that this factor cannot be extracted explicitly from a multidi

mensional integral, and one should be careful in interpreting the final result within 

this mode], especially at large invariant dilepton masses. For all these reasons, in the 

present paper we use a model that employs the first two approximations (i, ii) of the 

soft photon approximation, however, takes into account exact kinematic relations. 

The net result reads 

d ab---+e+e-a'b' 2 

" " I J dM = 16'"4 M'y s(s - 4m),) }::( M) dy dq',_ dE; d<p 1~1 J" J" P"", (3.1) 

where P'H' = -~(gi-l"q2 - q'Jq") is a projector, and]~-" is the hadron current. The 

upper and lower limits of the integral over dE~ are defined from the condition 

I 0 I I 
s - 2ysq0 + M' - 2( ,fS- q0 )E; I 

COS I= <1 
q,p, 2lqiiP;I - . (3.2) 

Let us first discuss the structure of the hadron current. For the pn bremsstrahlung 

in the soft photon approximation it has the usual form 

" '" 
J:n =- ( Po)' T(s', t, (p.- q) 2

) + ( ~" )' T(s, t, (p; + q) 2
) 

Paq Paq 

(3.3) 

which is gauge invariant in the on-shell limit 

T(s',t,p2
) = T(s,t,rn'fv), (3.4) 

with 

IT(s,t,m'fv)l' = !61r s(s -4m),) 
da ab--+a'b' 

dt (s, t) (3.5) 
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where Pa and p~ are the four momenta of the initial and outgoing protons; T is 

the strong interaction two-body 1' matrix; t = (Pb - p1,)2 = 2mF.r- - 2EaEb + 

2PaPb( cos Oq,pa cos Oq,p~ +sin Oq,pa sin Oq,p~ cos 't'), s = (Pa + Pb)2, s' = (Pa + Pb- q)2. 

(dajdttb--+a'b' (s, t) denotes the elastic ab-+ a'b' 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 

r,: /1. f IJ. I /1. 

J;, = --( ")2 T(s', t)- { p,)' T(s', t') + { ~· )' T(s, t) + {~' )' T(s, t'). {3.6) 
Pa.q Pbq Pa.q Pbq 

Here Pa 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:P (3.6) does not vanish at finite 

values of q0 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. {3.3), (3.6) are far off shell with l: mi 'f 
m~, where mi, 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 exchange 

T matrix, we have to introduce vertex form factors, which, for the on-shell case, 

depend only on the momentum transfer squared t. For the "one half" on-shell T 

matrix, we have in the bremsstrahlung also effective vertex functions that must 

depend on an additional invariant variable. The momentum squared p2 of the off

shell nucleon may be chosen as this variable. For a qualitative analysis we can use 

also the dimensionl-ess off-shell variable ~ ::::: pl-ipp.fmh where mN is the nucleon mass 

and pl-i denotes the four momentum of the virtual off-shell proton after or before 

photon radiation. A kinematic analysis shows that, for large values of invariant 

masses as well as for high energies and mom~nta of the virtual photon, < is far from 

its on-shell value<= 1. A phenomenological analysis of the off-shell correction to the 

effective one boson exchange 1' matrix is performed in Re£. 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 cut-off 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 1' 

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.{3.3), {3.6) t' = t and s1 = s which are expected to give an upper estimate of the 

bremsstrahlung contribution. The procedure of including the off-shell dependence 

into the electromagnetic form factors and two body T-matrices discussed in16 . But 
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the concrete calculation in 16 is performed with the on-shell form factors and the 

final results of Re£.16, and in our approach are very close to each other. 

Fig. 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 result of calculation of the pn 

bremsstrahlung within the traditional soft photon approximation5
: 

.:!::!_pn---.e+e-p'n' _ -~ J 2 (~) dapn--.p';' t R 2 (s') 
dM - 61r 2M dy dqL dt m)vqa dt ( ' ) R,(s)' {3. 7) 

where R2 is the Lorentz invariant two-body phase-space integral of the final two 

nucleons of the energy ..jS. In calculation of Eq. (3.7) the expression for the pn 

elastic cross section is taken the same as in Eq. (3.3). One can see that the soft 

photon approximation with a phase-space correction results in a twice larger cross 

section than taking into account the explicit conservation law in calculations. 

In all our calculations we use an energy dependent parametrization for the elastic 

pp and pn cross sections. These cross sections 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 contributions are summed coherently. 

IV. MESONS DALITZ DECAY 

The contribution of the Tf Dalitz decay takes the form 

da YJ__.e+e-')' 2a (.\(m2 M2 m2))3/2 
dM' = "'d-,x(s) JJrM' o.39 r-:;(M) ,~(,;:;,o,;,5) mo = 0, ( 4.1) 

where the number 0.39 is the branching ratio for the Tf -+ 11 decay24
. When calcu

lating the Tf production in the pd scattering, we use a realistic deuteron wave function 

¢d obtained within the Paris potential model 25 

"'d-,x(s) = j n 1",,-m(s'(k)) + "'"-"'"(s'{k))JI,Mkll' dk, {4.2) 

where k is the relative nucleon momentum in the deuteron, and 'R denotes the flux 

factor. The internal nucleon motion in the deuteron is important near and below 

the TJ threshold. We also include short range correlations describing a simultaneous 

interaction of the proton with a correlated two-nucleon cluster in the deuteron wave 

function with a 5% probability as in Ref. 26 . Such an effect has been found important 
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for scattering processes near thresholds and at large angles26--28 • In the present 

calculation, the TJ production cross section is taken in the form: 

<r,,~,x(s) = (1- a)<r;~l_,,x(s) + "";~l_,,x(s), (4.3) 

where a is the correlation probability (a = 0.05), a(t) is determined by Eq. ( 4.2), 

while aa(
2

) is the contribution of the correlated two-nucleon cluster, which we will 

discuss latter. 

The cross section for the T} production in pp collisions via the intermediate 

N"'(1535) resonance has been studied within the one boson exchange model in 

Rcfs. 29
•
30

. The results of those calculations depend on the input parameters and 

are different in two papers just near the threshold. The assumption that the thresh

old behavior of the T} production cross section in the collision of particles a and b is 

mainly determined by the phase space integral results 

a ab--+'f/ab { S) "" momb(mo + mb)m, (· _ ff...o.) 2 

'( 2 2 2) I As ,ma,mb s 
So= (mo + mb + m,)'- (4.4) 

In our calculation, we use an analytical parametrization of aPP--+1/PP(s) motivated by 

Eq.(1.4) and given by 

(1-x)
2 

( [17 ]")-
1 

""~,,(s) =A l + -(1- x) 
,_j:.(s m 2 m 2 ) x 

' P' p 

0o 2 2 
x=y-;' A=4·10 mb·CeV, 't=l.8. (4.5) 

This parametrization gives an average of Rcfs. 29 •30 estimation for the cross section 

and numerically coincides with the prediction of Ref. 31
. 

The 7]-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. O"pn--+r)pn = K app-+rrpp· The possible 

increasing of O" pn·-»Jpn reflects the dynamics of the eta production which is beyond 

our "kinematical" consideration given by Eqs. (4.4.,4.5). But if we introduce the 

enhancement factor"' into O"pn-+r)pn, then approximately the same factor('"" (1 + K)) 

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 K "" 3. Estimation of "' 

within a statistical string modeP2
•33 gives K ,..... 1 in a wide energy range, starting 

from the threshold. An attempt of a direct extraction of ,., from experiment ncar 
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the threshold indicates a large value34 
K ,..... 8-9. Unfortunately, we have no real 

information on the cross section O"pn-1Jpn· On the one hand, the energy dependent 

OBE model parameters of Refs. 29•30 are not fixed from independent experiments. On 

the other hand, extracting apn-+npn from 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 effect increases the total cross section ncar 

the threshold strongly (about one order of magnitude), and this increasing may be 

described phenomenologically as increasing of K. Taking into account this indirect 

knowledge on O"pn--+r)pn we adopt for the later the same expression as for the pp case, 

Eq. (4.5) with A= 3 ·103 mb· CeV2
, b = 33 and-y= 2.1. The contribution of the 

two-nucleon correlation becomes completely negligible at bombarding energy E 2 

1.3 CeV. Eqs. (4.4) and (4.5) give prescription for O"l~L"',(s) in Eq. (4.3). This 

expression has the same form {} (crPP + O"pn) with substitution: A(s, m;, m;) ---J. 

A(2s + m;, 4m;, m;). 
At 1 GeV, .the 1]-production cross section with taking into account only the 

internal nucleon motion is about 2.6-1.0-1 mb, while with the two-nucleon correlation 

we obtain O"pd--+17 ( s) ';;j 5.1-10-3 mb. This strong effect of the subthrcsold ry-produdion 

is seen in the dilepton distributions at initial energy 1 GeV at large invariant masses 

near the kinematical limit. In this case, the contribution of the 7]-Dalitz decay is 

comparable with the contribution of the .6.-Dalitz decay and pd bremsstrahlung, 

and is seen but is not dominant. So, we find that the total dilepton 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-colhsion ncar the threshold. For higher 

energies ( ""'5 GeV), we have to take into account the total inclusive eta production 

cross section that is larger than the exclusive cross section discussed above. At 4.9 

GeV, we usc the upper limit for the eta production cross section13
: 0.5 mb with 

O"PP = avn• our choice of "' = 1 corresponds to the prediction which is in agreement 

with the statistical string model32
. 

Estimates of thew Dalitz decay may be performed on the basis of Eq. ('1.1) with 

the substitutions a 17 --+ aw, mrr --+ mw, mo --+ m1r, 2a ---J. a and 0.39 --+ 0.08. Using 

the known experimental data on thew production cross section35
, we find that the 

contribution of the w Dalitz decay to the dilepton production is several orders of 

magnitudes 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 .'S mlr not investigated here. 
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V. DIRECT DECAY OF THE VECTOR MESONS 

In principle, it is difficult to distinguish between the "pure" bremsstrahlung dis
cussed in Sect. 3 with the intermediate p meson formation and the contribution of 
the direct vector meson decay to the lepton pair with the same final states. But 
as has been discussed above, because of the energy dependence of the two-body 
T matrix (or nucleon-nucleon elastic scattering cross section) the contribution of 
pure bremsstrahlung decreases with increasing kinetic energy while the p, w produc
tion cross sections increase. To avoid a double counting problem, we use a sim
ple recipe that at low energy E S 3 GeV only the pure bremsstrahlung, defined 
in Sec. 3, contributes while for energies larger than the p, w production threshold 
the bremsstrahlung is considered only as a subprocess of the direct decay of vector 
mesons. To be correct, this mechanism and the Dalitz delta decay channel should 
be summed coherently. An exact solution of this complicated problem on the basis 
of microscopic decomposition of the subprocesses without double counting is beyond 
the scope of the present consideration. Instead, we put the strong interaction part 
in a vector meson production cross section and consider its decay into the diclectron 
channel. This is an analog to the handling of the delta Dalitz decay contribution in 
Sec. 2 which is commonly used 8

•
9

•
36

. 

The cross section of the vector meson decay into an electron pair may be written 
in the following form: 

d v-,+,- 1 f·( ·) 3 u '\' ( ) rn; , rn, (m') dM2 = L.., uv; s rr (M 2 - mlJ 2 + (m;f;(M))2 B; M ' (5·1) 
1=p,w 

where C(M) is the mass-dependent total width of the ith vector meson decay, B; 
is the known electromagnetic decay branching ratio2

\ the cross section av;( s) is the 
total vector meson production cross section. For the narrow w-resonance, one can 
take fw(M) ~ I'w(mw). An interaction Lagrangian for the p1r+1r--vertex 

£.prr+rr "'9Pt•1r+1r-(krr+ - krr- )1
' (5.2) 

leads to the mass-dependent p-decay width r p ~ rp--+7r7r 

M[ 4 2 4']3/2 f,(M) = r,(m,)- (1- Mm;J/(1- m,') . 
m,., rn,., 

(5.3) 

Dileptons with invariant masses M < 2mrr are "produced" by the virtual p-mesons 
with zero width. The cross section for the p, w production near the threshold has 

12 

) 

J 

l 
j 

been studied within the Nambu-Jona-Lasinio model in Ref. 37
. In our calculation, 

we use the predicted value ap,w(E = 4.9GeV)"" 0.09 mb which is in agreement with 
available experimental data35 . 

VI. RESULTS 

In Figs. 4-7 we display our results. Invariant mass spectra for the pd reactions 
without and with an experimental filter are displayed in Figs. 4, 5. The acceptance 
Dilepton Spectrometer Collaboration (DLS) filter we have used Version 2.0. The 
filter suppresses the dilepton yield at all invariant masses, and the resulting suppres
sion 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 collaboration3 for the p 9Be interaction scaled by a factor A;;ff3

. 

If we assume that the absorption of an initial proton in a nucleus is proportional 
to A-t, then the A-dependence should be A213

. The result of calculation in Re£. 39 

shows that the absorption factor for Beryllium numerically coincides with A -I. This 
means that one can expect that the dielectron production cross section for the p 9Be 
interaction, scaled by a factor of A - 213 , may be considered approximately as dilep
ton production in a p---isoscalar nucleon interaction. Other medium effects (excluding 
internal motion) in the light Beryllium nucleus are expected to be negligible. There
fore, one must consider the scaled Beryllium data as some rough guide of what 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 contribution in pd reac
tions, we also take into account the internal motion of nucleons in the deuteron, as 
in Eq. (4.2). The integrations in Eqs. (2.1, 3.1, 4.2) are performed by a Monte Carlo 
method. The cross section of the elastic scattering in Eq. (3.1) 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 paper 12 , where the above-mentioned off-shell suppression has 
been used. A small difference is explained by different parametrization of the "}
production cross section (in Ref. 12 the prediction of Ref. 29 was used) and taking into 
account in Re£.1 2 the phenomenological off-shell correction in the two-body T matrix 
in the bremsstrahlung channel. In Re£. 12

, antisymmerization in the pd collision 
was 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, 
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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. 

ln Figs. 4 and 5 we present the result of calculation without and with the DLS 

acceptance filter. As a matter of fact, our study shows that the influence of the 

DLS filter is much stronger than the off-shell corrections discussed in Ref.12 and it 

is strictly necessary to take the filter into account for a correct comparison with 

experimental data. 

At 1 GeV, we find the bremsstrahlung contribution nearly as _strong as the .6. 

Dalitz decay. There is also a contribution of the 7J Dalitz.decay. Near the threshold 

the 7J decay gives the same (or even) larger contribution than the .6. Dalitz decay 

and bremsstrahlung. Subthreshold effects are responsible for -larger invariant mass 

tails of the .6. and bremsstrahlung contributions in the pd reactions. The vector 

dominance effects (i.e., the form factor) are not important. 

On the contrary, at 2.1 GeV the VDM effect is important. However, the strong 

enhancement of the .6. 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 Re£. 6 , but in Ref. 6 

there is no shoulder behavior in the p region. In the intermediate invariant mass 

region 0.2 :S M :S 0.4 GeV the 7J Dalit:,-; decay gives the main contribution. The 

contribution of the w Dalitz decay is very small and is not displayed here. 

At 4.9 GeV, the available data of the dielectron production in the pd collision2 

are shown by open circles. One can see that even a peak appears at the p, w position 

which coincides with the predictions of Refs.8 '9 '39 . Contrary to other investigations 

(e.g}) we get also a prominent delta decay contribution due to the vector dominance 

form factor which determines the broad peak width while the p, w contributions 

give a sharp peak on the delta bump. This broad peak has been predicted also 

in Re£. 13 within a more simplified model for the .6. Dalitz decay channel though 

with a too large value for the delta production cross section. For more detailed 

comparison with the data at 4.9 GeV, one has to take into account also other sources 

of diclectrons: bremsstrahlung with the multiplan final states, pion annihilation 

etc. 13 . A similar analysis of the dilepton production in the proton nucleons collision 

with taking into account proton nucleon bremsstrahlung and the effect of propagating 

the 6.. resonance (.6. Dalitz decay) has been performed in 16
. The principal results 

14 

of those channels in Ref. 16 and in our study coincide, i.e., the main contribution to 

the dilepton spectrum comes from the .6. decay. But there is some difference in the 

-interpretation of the pdjpp ratio. In Ref. 16 , some enhancement of the ratio at lower 

energies may be explained by (i) different values of the .6. production cross section 

(in Ref.e6
) this difference is of the factor 2-3) and (ii) relatively large distructive 

interference between bremsstrahlung and the .6. decay channel in pp as compared to 

the pn collisions. In our model, the first effect exists but its contribution is smaller. 

The difference between the .6. production cross section is controlled by the Ver West

Arndt parametrisation and it is of a factor of '""-'1.7 at E=1.2 GeV. The second effect 

is dropped here, however, we take into account the 17 decay contribution. 

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

dcr'' /dM 
R = dcrPij dM' ( 6.1) 

which is displayed in Fig. 6 for three energies. The experimental data arc taken 

from Ref. 2• The difference between pp and pd interactions consists in (i) taking into 

account the internal nucleon motion in a deuteron, (ii) different expressions for the 

.6. production cross section which follow from the Ver West-Arndt parametrization 

in Eq. (2.12), and (iii) absence of the 7J decay contribution in the pp case above 

the threshold. If the bremsstrahlung contribution in the pp and pd collision were 

switched off and the eta production cross section in the pn reaction is taken equal to 

the cross section in the pp collision, the ratio would be energy-independent 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 limitations in the pp reactions. 

Except for this boundary behavior, the ratio decreases towards 2 with increasing 

initial energy, which reflects decreasing of"" = apn_, 11 japn--+1J towards 1 and relative 

decreasing of the short range correlation effect responsible for the subthreshold Tf 

production elastic N N-scattering cross section. At 1.26 GcV, the result is sensitive 

to the subthreshold Tf production mechanism. One can see that in spite of qualitative 

agreement with data, the theoretical prediction is twice smaller at M ""' 0.2 - 0.3 

GeV than the data. Our analysis shows that for the pp--collision at l GeV only 

the .6. Dalitz and pp bremsstrahlung contribute. Theoretical uncertainties in the 

pp interaction are minimal because the total and differential LJ.-production cross 

section at 1 Ge V are well known, as well as the elastic pp cross section operating 

in bremsstrahlung. So, the calculated dielectron production cross section for the 

pp- collision being multiplied by an experimentally measured quantity R results in 

an estimation for dielectron yield in the pd--co1lision at 1 GeV (cf. Eq. (6.1)). The 
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corresponding points are shown in Fig. 5 (open circles). 

The Fig. 7 shows the ratio of the integrals 

Mmaz 

f (duP'/dM)dM 
R. _ o'"'.!C.:G""'._v ____ _ 

tnt- -··M.,.a., (6.2) 

f (duPP/dM)dM 
0.1 GeV 

as a function on the initial energy E with the DLS filter. One can see some enhance

ment of the ratio at E < 1.4 GeV because of the large sub-(and near-) threshold 77 

Dalitz decay contribution in the pd collisions and pn bremsstrahlung contribution. 

Again, one can see the difference 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 collision becomes the same. 

VII. SUMMARY 

In summary, we present a detailed analysis of dielectron production in the pp and 

pd reaction at 1--5 GeV and find qualitative agreement with available experimental 

data. Our model relies on vector dominance, improves the soft photon approxima

tion, and uses the correct 6. production cross section. 

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 6.,7J,W Dalitz and direct p,w decays depends on the knowledge of the unstable 

hadron production mechanisms. So, new precision measurements in the Bevalac, 

SIS, COSY energy region are needed. Also an independent verification of the two

body T matrix off-shell behavior and time-like nucleon form factor is needed. Only a 

clear understanding of the dilepton production in N N interaction can give a reliable 

possibility to use dileptons as an accurate probe for a more complex nuclear collision. 
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FIG. 1. Elastic D.-production cross section for the pp---> D,++n reaction at bombard

ing energies 1.084 and 2.948 GeV. Experimental data at 1.084 (thringles) are taken from 

Ref.17 , while data at 2.948 GeV (squars) are from Re£.1 8
. The solid lines correspond to 

calculations with T-matrix (2.10) and ANN1r::::: ANcu:::::: 0.7 GeV. The curves represent

ing calculations at 2.948 GeV correspond to the usage of the T-matrix from Ref. 19 with 

ANN1r :::::: AND.1r ::::: 0.545 GeV (long dashes) and to the exploiting of the T-matrix (2.10) 

with ANN1r:::::: ANtl.1r:::::: 0.545 GeV (dashes). At 1.084 GeV both latter curves practically 

coincide (long long dashes). 
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"ry", "b." and "w" denote the corresponding Dalitz decay contributions, "pjw" is the direct 

rho-omega decay, "E" is the sum of all contributions. The line rJb at 1 GeV represents the 

subthreshold ry decay contribution with taking into account the internal nucleon motion in 

a deuteron; the line 1Ja shows calculations with the two-nucleon short-range correlation. 
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Tmon A.M., K3Mn¢ep E., EpaTKOBCKa51 E.JL 
06pa30BaHHe ,[IHJiellTOHOB B !1pOTOH-rlpOTOHHbTX H npOTOH-,a:di:TpOHHbiX 

B3aHMO,[ICJ1CTBH51X npH 3HCprHSIX 1-5 1'38 

E2-94-57 

Pacc4HTaHhi ceqemtll BhJXo,a:a J{HJTcnronon s pN- w pd-s3aHMO!);eHcrswYx. AHa.'IH3 npone,a:eH 

1-la OCHOBC MO):lCJIH BeKT0pHOJ1:):10Ml1H8HTH0CTH,IIJISl HCCX a));pOH-aj(pOH-QlOTOHHblX BCpUli111. 11Cil0Jlh-

30Bal!HC MeXaHH3MOB j:IJ·UiaMH'IeCKOTO llO}:IaBJieHI-HI (y<teT 3aBMCMMOCHf BepOSITHOCTM o6pa30BaHHSI 

~-H306aphl OT Ce MaCChi, KOppeKTHblH y4eT 3Heprent<:reCKOH 3aBHCMMOCTH .r:IBYX4aCTM<:rHOH T -MaT

pHU:hl) ilpHBO}:IHT K Ka4eCTBeHHOMY COI'JtaCI110 C 3KCnepMMeHTOM. )l;OMMHHpyJOIU:HMH HCT04HHKaMH 

}:IHJiellTOHOB SIBJISIJOTCSI JJ;aJIMTU:eRCKHe paC03Jl:hl ~-H3o6ap, 1J-Me30HOB M TOpM03HOe l13Jiy4eHHe. 

BKJI3):1 TOpM03HOI'O H3Jiy4eHH>I paCC4HTbiBaeTCSI na OCHOBe npH6JIM)l(eHMSI "MSITKHX" Q>OTOHOB, 

KOTOpOe npHMeHSieTCSI TaK)l(e K pp-B3aHMO)J;C?iCTBMJO. II pH BhiCOKHX 3HeprHSIX TOpM03HOe H3Jiyqe

HHe SIBJHieTOI "llO)..IKJiaCCOM" npSIMOTO pacnaJ(a BeKTOpHhiX Me30HOB. C HCll0Jib30BaHHeM pCaJIMCTH-

4CCKOH BOJIIIOBOH clJynKqHH J(CHTpOHa 6hiJia paCC4H'TaHa :meprent4eCKaSI33BHCMMOCTh OTHOIIIeHHSI 
BhlXQ}:Ia }:ll.fJiellTOHOB B pd- H pp-B3aHMO]:(e?iCTfU1:SIX, ):10CTH11-IYT0 XOpornee COrJiaCI.fe C 3KCnepMMeHTOM. 

Pa6ora nhiiiOJIHeHa n Jia6oparopm1 reopeTMIIecKoH ¢H3HKM HM.H.H.Eoromo6ona OM.siW. 

IlpenpHHT Qfh,e]:(HHeHHOTO HHCTHTyTa SI]:(epHbiX HCCJie):IOBaHHH. ,IJ;y6Ha, 1994 

Titov A.I., K[mpfer B., Bratkovskaya E.L. E2-94-57 
Dielectron Production in Proton-Proton and Proton-Deuteron Collisions at l-5 GeV 

Estimates of elementary cross sections for diclectron production in pN-and pd-rcactions are 

presented. We usc throughout the vector dominance model for all hadron-hadron-photon vertices. 

Dynamical suppression mechanisms (e.g., mass dependent~ production rate, and the correct energy 

dependence of the two-body T matrix) bring the elementary rate near to experimental data and 

previous estimates which do not use vector meson dominance. The ~.q Dalitz decays and 

bremsstrahlung appear as dominant sources of dielectrons. Bremsstrahlung is dealt within an improved 

soft photon approximation which also applies for the pp-collisions. At higher energies the 

bremsstrahlung contribution is only a subclass of direct vector meson decays. Relying on a realistic 
deuteron wave function we also estimate the energy dependence of the ratio of dielectron yields in pd
to pp...reactions and find good agreement with new experimental results. 

The investigation has been performed at the Bogoliubov Laboratory of Theoretical Physics, 

JI'JR. 

Preprint of the Joint lnstitute for Nuclear Research. Dubna, 1994 


