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Dilepton production from pion annihilation in a realistic delta-hole model 

Johan Helgesson and J0rgen Randrup 
Nuclear Science Division, Lawrence Berkeley Laboratory, University of California, Berkeley, California 94720 

(April 14, 1995) 

Dilepton production from ll'+ ll'- annihilation in nuclear 
matter is calculated in a simple two-level delta-hole model 
and a more realistic model including both real pions and 
nucleon-hole and delta-hole excitations. Substantial enhance
ment of the dilepton yield is found in the invariant mass region 
M < 250 MeV fc2 due to annihilation of non-collective low
energy high-momentum nucleon-hole modes having a (very) 
small pion component. The inclusion of a finite temperature 
in the dispersion relation does not affect the total dilepton 
yield much, although it causes significant redistribution of the 
contributions from the various combinations of pionic modes. 

PACS numbers: 25.70.-z, 25.75.+r 

Dilepton production is a promising tool for studying 
the hot and dense nuclear medium, since final-state in
teractions are very weak, as first pointed out by Gale 
and Kapusta [1 ;2). In a schematic model of nuclear mat
ter, they considered dileptons arising from different pro
cesses, using relativistic kinetic theory. The production 
of dileptons from 1r+ 1r- annihilation was found to depend 
sensitively on the dispersion relation of the pionic mode. 
The treatment was later improved in ref. [3] by deriving 
the dispersion relations of the pionic modes in a simple 
two-level D..N- 1 model consisting of a pion and a D..N- 1 

state. Additional improvements were subsequently made, 
such as investigating the effect of the imaginary part of 
the pion self energy [4) and including vertex corrections 
to the electromagnetic interaction [5,6). 

Part of these results have, with a varying degree of so
phistication, been used in both fireball [3) and transport 
[7-10) models to describe dilepton production in heavy
ion collisions. However, a simple two-level D..N- 1 model 
has been used throughout to obtain the dispersion re
lation of the pionic modes. In this note we reconsider 
dilepton production from 1r+ 1r- annihilation in nuclear 
matter, employing a more realistic model that includes 
both N N- 1 and D..N- 1 excitations as well as pions. 

Transport simulations of heavy-ion collisions predict 
the production of dileptons from a variety of processes 
[7-10). At low invariant mass (M~200-400 MeV) the 
dominant channels are 1J and D. Dalitz decay and pn 
bremsstrahlung [10). The contribution from 1r+1r- anni
hilation starts to be important only at invariant masses 
around M ~ 500 MeV, but it becomes the dominant 
process for larger invariant masses. Since the 1r+1r- con
tribution to the dilepton yield at M~600-900 MeV is 
mainly determined by the pion electromagnetic form fac
tor, it may then be difficult to extract information about 
the in-medium pion properties from dilepton production 
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in heavy-ion collisions. However, the dilepton produc
tion processes used in the semi-classical transport simu
lations have been based mainly on vacuum properties and 
so the predictions are correspondingly uncertain. More
over, the previous investigations of dilepton production 
from 1r+1r- annihilation used either the free pion disper
sion relation or the simple two-level D..N- 1 model, which 
neglects the continuum of N N- 1 states and compresses 
the continuum of D..N- 1 states to a single state. 

The pionic (or spin-isospin) modes can be calculated 
within the RPA approximation including 1r, N N-1 , and 
D.N- 1 degrees of freedom. The resulting mode5 gener
ally contain components of all these states and, conse
quently, when two such modes annihilate into a dilep
ton pair there are different processes involved, depending 
on which component in the spin-isospin mode is realized 
(1r + 1r, 1r + N N- 1 , 1r + D..N- 1 , etc.), and the appro
priate electromagnetic vertex should be used, together 
with the squared amplitude of the corresponding compo
nent of the spin-isospin mode. The first investigations 
of dilepton production from annihilation of pionic modes 
considered only the 1r + 1r contributions [3,4). Subsequent 
studies including also the 1r + D.N- 1 contributions [5,6] 
found that these vertex corrections reduce the dilepton 
yield. But the effect is rather small when the D. width 
is included self-consistently [6). Since the 1r + 1r com
ponen~ give the dominant contribution to the dilepton 
production from annihilation of spin-isospin modes, we 
will concentrate ·on comparing the contribution to the 
dilepton production from the 1r + 1r components using 
the simple two-level D..N- 1 model and a more realistic 
1r + N N- 1 + D.N- 1 model [11]. • 

Following ref. [11], we calculate the dispersion relation 
in a non-relativistic RPA formalism, treating interactions 
between pions, nucleon-hole, and D.-hole states. The in
teractions contain a standard p-wave interaction and a 
short-range g'-type interaction. This yields the energies 
of all the eigenmodes and their expansion amplitudes on 
the various elementary excitations. 

The dispersion relation is shown in fig. 1 for normal nu
clear density, p=po, and at zero temperature, T=O. Our 
choice of parameter values was discussed in detail in ref. 
[11] and is summarized in table I. There are two collec-

mN = 940 MeV /c2 

m.o. ='1230 MeV/c2 

m,. = 140 MeV /c2 

mp- 770 MeV /c2 

p0 = 0.153 fm 3 

g'rm = 0.9 fJIN = 1.0 
Ylv.o. = o.38 !'N.c. = 2.2 
9~.o. = 0.35 fl..o. = 0 
Ag = 1.5 GeV A .. = 1.0 GeV 
miv- mN/[1 + 0.4049(p/po)] 

TABLE I. Parameter values employed in the calculations. 



tive modes, corresponding to those of the simple two-level 
model. They are often referred to as the pion and .!:l.N-1 
branch, respectively. Since they are both pion-like we 
will refer to them as i1 (lower) and 7r2 (upper) [11] .. 

BOO -p = Po / --/ -. 
T = 0 -- . 

600 / --

400 

0~~~~~~~~~ 

0 200 400 600 
¥omentum q (Y.eV/c) 

FIG. 1. The spin-longitudinal spin-isospin modes in nu
clear matter at normal density and zero temperature, as 
obtained with the l!' + N N-1 + AN-1 model. The non
collective modes are shown by solid curves, while collective 
modes are represented by either a dot-dashed curve {if!), a 
dot-dot-dashed curve ( if2), or a dot-dot-dot-dashed curve (for 
other modes with some collective strength). The free pion 
dispersion relation is shown as the dotted curve. 

In addition we obtain a number of N N -l or ll.N -l like 
modes. These modes are mainly non-collective, each be
ing dominated by a single N N-1 or .!:l.N- 1 component. 
The appearance of non-collective modes in the formal
ism requires special attention. Although non-collective 
in character, thes~ modes will aquire a small pion com
ponent in the wave function (usually <1%). The annihi
lation of the pionic component in a non-collective mode 
will thus contribute to the dilepton yield. 

. The collective modes are well described by Bose
Emstein statistics, since their strength is spread over 
a large number of elementary excitations, so the mean 
number of collective modes ni is given by nj(w, T) :::::: 
[exp(w/T) -I]-1. By contrast, the non-collective modes 
are dominated by a single baryon-hole exciton which is 
thereby exhausted. Therefore, the mean number of non
collective modes in the state j is given by n·(w, T) :::::: 
[exp(w /T) + 1]-1. This is an important featur~, because 
those non-colleCtive N N- 1 modes that have very small 
Wj ( q) f?r finite momenta q would be drastically overpop
ulated 1f Bose-Einstein statistics were used (even to the 
extent of diverging in the limit Wj ... 0). 

In infinite nuclear matter at temperature T and density 
p we calculate the dilepton production ·rate from 1r+ 7r

annihilation according to [1 ,3), 
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where we take 

· I · 1 
s;(w,q) = -- P~(w,q) Im ( ) .0 (2) 

1r W- Wj q + t 

with Pt(w, q) being the squared amplitude of the pion 
component along the mode j. Note that S{(w, q) is re
lated to the pion spectral function S,..(w, q) and the pion 
propagator D,..(w, q), by 

S,..(w, q) = _ _!_ Im D,..(w, q) = --
1 "'S~(w, q) . (3) 

1r 2w ~ 
j 

The factor Ifw,..(q) = [m; + q2]-! originates from the 
normalization of the elementary pion fields. 

In fig. 2 we present the calculated total dilepton pro
duction rate at. different nuclear densities, for T=100 
MeV. In fig. 2a we have used the dispersion relations 
from the simple two-level model used in previous works, 
while in 2b the more realistic 1r + N N- 1 + .!:l.N- 1 model 
of ref. [11] has been used. In both calculations, r 6 and 
T were taken ,to be zero in the dispersion relations, al
though, for numerical reasons, a small but finite value 
was employed for the imaginary part 6 in eqs. (2) and 
(3). This also removes any singularities in the dilepton 
yield arising from a possible minimum in the dispersion 
relation. Such singularities are also regularized when the 
ll. width is included self-consistently in the dispersion re
lations [4] and we have found that the results in fig. 2 are 
rather unaffected by this refinement. 

We see that while the dilepton production rate ap
proaches zero at invariant masses smaller than approxi
mately 250 MeV in fig. 2a, there is a substantial contri
bution in fig. 2b. The latter originates from annihilation 
of one or two of the non-collective N N- 1 states. Even 
though the pion component of these modes is very small, 
about 0.2% at normal density, they give a large contri
bution since they contribute at high momenta q and the 
dilepton yield in eq. ( 1) is enhanced by the factor q4

. The 
effect increases with density because the pion component 
in the N N- 1 states is enhanced. This effect is naturally 
absent in fig. 2a where theN N- 1 states not are included. 
As the nuclear density is increased the pionic mode 7r1 

is softened. This causes the mode to enter the N N- 1 

continuum (before the .!:l.N- 1 continuum) at a lower en
ergy and smaller momentum than at lower densities. The 
non-collective N N- 1 modes will then have larger pionic 
admixtures. As the density is increased further, the sys
tem approaches pion condensation and low-energy acous
tic modes with a relatively large pion component appear. 
Annihilation of such low-energy modes give a large con
tribution to the dilepton yield at low invariant mass, as 
seen in fig. 2b. With our choice of parameters, the on
set. of pion condensation appears around p :::::: 2po, and is 
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fully developed at p ~ 3po. The effect can be pushed up 
in density by increasing the values of g/v 6 and g~6 , for. 
example by making them density dependent. 
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FIG. 2. Total dilepton production rate at calculated at 
T=lOO MeV with the simple two-level f:)..N- 1 model (a) and 
the more realistic "Tr+f:).N-1+N N-1 model (b) at the densities 
p=O (dotted), p=po (solid), p=l.5po (long-dashed), p=2po 
(short-dashed), and p=3po (dot-dashed). (The dispersion re
lations have been calculated using T=O.) 

We have also investigated the effect of calculating the 
dispersion relations at T=lOO MeV. Although our model 
[11] contains the assumption that the Fermi and Bose oc
cupation factors n6 and n,.. are small, we can still obtain 
a first estimate of the temperature effect on the dilep
ton production rate. Relative to T=O, there are natu
rally many more N N-t and fl.N-t modes. Moreover, 
the collective modes it and i 2 are changed somewhat: 
the upper collective mode i 2 is lowered in energy, while 
the mode it loses its collective strength somewhat earlier 
(smaller q). The total dilepton rate is not affected much, 
but the contribution from specific combinations of basic 
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modes is redistributed relative to T=O. 
Figure 3 shows the dilepton rate at normal density to

gether with the contributions from specific combinations 
of annihilated modes. The dispersion relations have been 
calculated using T=lOO MeV. In the two-level model (fig. 
3a) there are only the two modes it and ir2, so there are 
only three possible combinations: i1 + it, it + i2, and 
i2 + i2. Of these, it + it is the dominant one (long
dashed curve), but also the ii"t + i2 combination (dot
dashed curve) gives a substantial contribution around 
invariant masses M~700-900 MeV jc2 . 
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FIG. 3. Contribution to the total dilepton rate calcu
lated at p=po and T=lOO MeV with the simple two-level 
model (a) and the more realistic model (b). The total rate 
(solid curve) is shown together with specific contributions 
from different combinations of spin-isospin modes: ih + 1i"1 

(long-dashed), i"1 + ii-2 (dot-dashed), i2 + ii-2 (short-dashed), 
ii-1 + j (dot-dot-dashed), i"2 + j (dot-dot-dot-dashed), and j + j 
{dotted), with j representing any mode other than ih or ii-2. 

In the 1r + N N-t + !::l.N- 1 model (fig. 3b) there are 
many more combinations possible. To keep the figure 



somewhat readable we restrict ourselves to combinations 
of 7r1, i2 and j, where j :f. ?r1, i2. At low invariant mass, 

' M <250 MeV lc2 , the main contribution comes from the 
combinations j + j (dotted curve) and j + 7f1 (dot-dot
dashed). As discussed above, it is the non-collective 
N N-1 modes that give the contribution to the j-modes 
at this low invariant mass region. In agreement with fig. 
3a, the 7f1 + i1 combination starts to contribute sub
stantially around M ~280 MeV I c2

• This contribution 
is also of similar magnitude as in fig. 3a. However, as 
seen in fig. 3b, the i1 + i1 combination ceases to give 
a substantial contribution around M ~400-600 MeV I c2 • 

This is because the mode 7r1 enters the t::..N- 1 contin
uum and gradually loses its collective character. The 
pionic strength is distributed among the non-collective 
t::..N- 1 modes, which at the invariant masses M~550-
800 MeV lc2 give the main contribution to the j-modes 
(dotted curve). The dot-dot-dot-dashedcurve represents 

. the combination i 2 + j. At lower invariant mass this is 
mainly i 2 ·+ N N-1 , while at larger masses it becom~ 
mainly 7f2 + t::..N- 1 • Finally, the 7f1 + ?r2 combination 
(dot-dashed curve) gives a similar contribution as in fig. 
3a, but some of the strength of ;r1 + 7r2 is taken over by 
the 7r2 + t::..N- 1 combination (dot-dot-dot-dashed). 

Nuclear collisions generate a range of densities and 
excitations and many different processes contribute to 
the dilepton yield. Transport simulations indicate 
that the dilepton yield at M ~200-400 MeV I c2 arises 
nearly exclusively from f] and !::.. Dalitz decay and pn 
bremsstrahlung [10]. However, since these processes oc
cur in a medium and are correspondingly uncertain, it 
cannot be excluded that there is also some contribution 
from annihilation of N N-1 modes with a small pionic 
component. Whether such processes are in fact visible 
in actual heavy-ion collisions remains to be determined. 
This question is best addressed by means of dynamical 
simulations, but the implementation of these processes in 
the transport treatment is not a trivial task. 

In summary, we have calculated the dilepton produc
tion arising from 7r+7r- annihilation in equilibrated nu
clear matter. The results of a simple two-level t::..N- 1 

model used in previous works have been compared with 
the results of using a more realistic dispersion relation 

,. including 1r, N N-1 , and t::..N- 1 excitations. We have 
found a substantial enhancement of the dilepton yield 
for invariant masses in the region M <250 MeV I c2 , aris
ing from the annihilation of non-collective low-energy 
high-momentum N N-1 modes having a (very) small pion 
component. We have ignored the vertex corrections [5,6] 
which may reduce the dilepton yield somewhat. The 
evaluation of the dispersion relation at a temperature of 
T=100 MeV, rather than at zero temperature, does not 
affect the total dilepton yield much, but causes a signif
icant degree of redistribution of the contributions from 
the different types of annihilation process. 
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