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Contribution of p0 and h Dalitz decays to the dilepton invariant-mass spectrum
in 1A GeV heavy-ion collisions
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The Dalitz-decay contributions ofp0 andh mesons to the di-electron invariant-mass spectrum at 1A GeV
have been obtained from a systematics of inclusive meson production cross sections measured for the collision
systems12C1natC and40Ar, 40Ca1natCa in the bombarding-energy range of 0.8–2.0A GeV. These results are
compared with the recently published di-electron mass spectra of the DLS collaboration. Systematic errors and
angular-distribution effects are discussed. We conclude that the low-mass part of the DLS data cannot be
explained by the Dalitz decays of light neutral mesons only.@S0556-2813~97!50612-1#
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Particle production is generally considered to be a se
tive probe of the dynamics of relativistic and ultrarelativis
heavy-ion collisions, as well as of the properties of the
and compressed nuclear matter produced in such reac
@1–3#. Although most experimental effort has concentra
so far on the study of meson emission, it has nonethe
early been realized that interaction-free probes like bre
strahlung photons and dileptons offer potentially a more
rect and cleaner view of the relevant phenomena. Exp
ments of this kind have indeed been performed at CERN
the HELIOS-3, CERES, and NA50 collaborations, and s
prisingly large dilepton yields have been reported@4–6#, fos-
tering intensive theoretical investigations. In the few-G
regime, pioneering work has been done by the Dilep
Spectrometer~DLS! collaboration @7# at the BEVALAC,
who has investigated di-electron emission in a series of
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periments, both on light-ion and heavy-ion collisions for
range of bombarding energies@8–13#.

In a recent publication@13# the DLS group reports on
their latest results obtained for Ca1Ca, C1C, a1Ca, and
d1Ca collisions at a beam energy close to 1A GeV. In their
paper they present inclusive di-electron invariant-mass sp
tra in the mass range of 0.05–0.9 GeV/c2 and compare them
in the case of the Ca1Ca system, with the contribution
expected from the Dalitz decay of neutral pions andh me-
sons produced in the collision. In order to estimate th
contributions, they make use of inclusivep0 and h cross
sections published by the Two Arm Photon Spectrome
~TAPS! Collaboration@14,15#. However, the TAPS collabo
ration has meanwhile greatly improved and extended th
data base ofp0 andh production cross sections, and cons
quently such a comparison can now be put on a much fir
footing. Hence, in the following we present an evaluation
the Dalitz contributions to the di-electron mass spectra
Ca1Ca and C1C collisions, based on our most recent
measured meson-production cross sections, as well as
mates fora1Ca andd1Ca collisions, obtained from scale
meson yields.

We have investigated neutral-meson production in rela
istic heavy-ion collisions in two series of experiments at t
heavy-ion synchrotron SIS at GSI, Darmstadt. In our exp
ments,p0 andh mesons have been detected with the aid
the TAPS BaF2 scintillator array via their strong 2-photo
decay branch. Photons have been discriminated from m
sive particles by pulse-shape analysis, time of flight, and
use of plastic-scintillator charged-particle veto counters; n
tral mesons have been identified in an invariant-mass an
sis of 2-photon events. The response of the detector, as
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as its acceptance, centered at midrapidity, have been e
sively simulated with the tracking code GEANT 3.21. A d
tailed description of the device can be found in Ref.@16#, and
of our experimental methods and analyses in Refs.@17,18#.

In this paper we concentrate on our results on inclus
p0 andh production in light reaction systems, i.e., releva
for a direct comparison with the DLS data of Ref.@13#. In the
first series of experiments, we had obtained data
40Ar1natCa at 1.0 and 1.5A GeV @14,15# and in a more
recent second series of measurements we studied ne
meson emission in12C1natCat 0.8, 1.0, and 2.0A GeV @17#,
as well as in40Ar1natCa at 0.8A GeV @18#, and, finally, in
40Ca1natCa at 2.0A GeV @19#. The Ar1Ca system being a
close approximation of Ca1Ca we use both in our compar
son.

The measuredp0 cross sections are plotted in Fig. 1 as
function of bombarding energy for the C1C and Ar~Ca!1Ca
systems. The error bars shown include contributions fr
statistical errors on the meson peak in the 2-photon invari
mass spectrum, from errors on the subtraction of the un
lying combinatorial background, as well as from the unc
tainty on the extrapolation from the TAPS acceptance to
full 4p solid angle. This extrapolation has been done w
the simplifying assumption of a thermal, isotropic source

FIG. 1. Inclusive p0and h production cross sections in th
Aproj1Atarg512112 and 40140 systems as function of the bom
barding energy. Symbols are data, solid lines are log–log poly
mial fits to the data, with interpolation errors indicated as sha

regions. The dashed curve corresponds to thes inc
p2

parameterization
of Nagamiyaet al. ~Ref. @20#!.
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cated at midrapidity ~see, e.g., Ref.@17# for details!.
Charged-pion data obtained previously for 0.8–1.8A GeV
Ar1KCl at the BEVALAC @20,21# show indeed a forward-
backward peaking, which, if applied to ourp0 data, would
raise the extracted inclusive production cross section
15%–25%. Below we will demonstrate that the inclusion
such pion anisotropies has negligible impact on the pres
discussion. Additional confidence in our experimental a
data-analysis procedures, and hence in the deduced c
sections, is gained from the comparison of ourp0 data with
a parameterization given by Nagamiyaet al. for p2 produc-
tion in Ne1NaF and Ar1KCl collisions ~using Eq.~17! of
Ref. @20#!: once the isospin factor of 1.10 expected in A
1KCl for the ratio ofp2/p0 yields is taken into account, we
obtain indeed excellent agreement~see Fig. 1!.

Our cross sections for inclusiveh-meson production are
also shown in Fig. 1, again for both the C1C and Ar~Ca!
1Ca systems, as function of the beam energy. Because o
overall smaller yields, the statistics in theh invariant-mass
peak is reduced and correspondingly the peak/backgro
ratio becomes smaller, resulting in larger uncertainties
compared to the pion data. Systematic errors are howe
bound to be of similar magnitude, as in our experiments
h mesons have been measured concurrently with the ne
pions, albeit with different trigger conditions@17#. In addi-
tion the yields of both meson species have been extra
from the data with rigorously identical analysis procedur
Again, theh cross sections have been obtained by an
trapolation of the measured midrapidity yields to the f
solid angle, assuming a thermal, isotropic source. As to d
no experimental information onh angular distributions is
available, we have used a theoretical estimate, done in
framework of the BUU model@22#, to gauge the effect on
our inclusive cross sections: predictedh anisotropies of the
form ds/dV}(110.9cos2u)@23# would result only in an
18% increase with respect to the assumed isotropic sour

Between measured data points, the cross sections
been extrapolated with log–log polynomial fitting function
shown as curves in Fig. 1. Under the reasonable assump
that meson production follows a smooth trend with bomba
ing energy, one can see that the uncertainty of the interp
tion will be small in the energy range of interest. Making u
of the available data set, we have now been able to obtain
inclusive p0and h production cross sections at the nomin
beam energy employed in the DLS experiment, namely 1
A GeV, with overall uncertainties estimated to be<15– 25%
~see Table I!. Furthermore, a fit to the cross sections of t
form s inc}(Aproj•Atarg)

a yields at this bombarding energ
a50.7260.05 for p0 and a50.9160.10 for h production.

o-
d

ponents.
the scaling
TABLE I. Interpolated meson production cross sections and temperatures used in the calculation of the di-electron Dalitz com
Errors listed are those propagated in the interpolation procedure and, for the asymmetric systems, estimated systematic errors of

method. Anisotropy effects result in an additional systematic error of130% ons inc
p0

and120% ons inc
h ~see text for a detailed discussion!.

Collision system s inc
p0

~mb! Tp0 ~MeV! s inc
h ~mb! Th ~MeV!

1.04A GeV Ca1Ca 17576173 6562 17.563.0 6562
1.04A GeV C1C 306622 5563 1.9360.36 4665
1.04A GeV a1Ca 361626 ~620%! 5565 2.360.4 ~630%! 4665
1.06A GeV d1Ca 221618 ~630%! 5565 1.560.3 ~650%! 4665
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These values are in perfect agreement with fits obtaine
our corrected@24# data from the heavy systems Kr1Zr and
Au1Au @14,15# are included, and are also consistent w
charged-pion data of the FOPI@24# and KaoS@25# collabo-
rations.

In order to obtain thep0andh Dalitz contributions to the
di-electron mass spectrum, we have done a Monte-Carlo
culation with the following steps:

~1! Neutral pions andh mesons have been emitted from
thermal source moving along the beam axis with half
beam rapidity, i.e.,y1/250.691. The temperature of th
source has been taken from fits to our measured transv
mass distributions at 1A GeV @14,17# ~see also Table I!.

~2! The mesons were assumed to decay in vacuum,
well outside of the nuclear environment, intog e1e2 with
branching ratios@26# of 1.198% for thep0 and 0.49% for the
h, respectively. The phase-space population of the th
body decay products was governed by a transition form
tor inspired by the vector-dominance model@27#.

~3! The momentum vectors of both decay leptons w
transformed into the laboratory frame and di-electr
invariant-mass distributionsds/dMe1e2 weighted with the
adequate meson production cross sections were genera

~4! Finally, the mass distributions were filtered with th
three-dimensional DLS detector acceptanceA(M ,y,pt)@28#,
whereM , y, and pt are the pair mass, rapidity, and tran
verse momentum, respectively; in addition a mass cut oM
>0.05 GeV/c2 was applied.

The resulting distributions are compared in the upper p
of Fig. 2 with the latest DLS data@13# for 1.04 A GeV
Ca1Ca and C1C collisions. Our calculations differ to som

FIG. 2. Evaluatedp0and h Dalitz contributions to the di-
electron invariant-mass distributions~histograms!, compared with
the DLS data~Ref. @13#! ~symbols!. The Dalitz decays have bee
computed assuming isotropic midrapidity meson sources and
been filtered with the DLS response; the shaded bands encom
statistical and systematic errors. Results for Ca1Ca and C1C have
been obtained from directly measured meson production cross
tions, estimates fora1Ca andd1Ca are from scaled cross se
tions. For Ca1Ca, the calculation made with an angular distributi
ds/dV}(110.9 cos2u)is also shown~dashed lines!.
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extent from those of Ref.@13# where different meson-
production cross sections have been used, as well as a
form factor for the Dalitz decay of theh @29#. The coverage
of the DLS apparatus is peaked at forward angles, co
sponding to projectile rapidity, whereas the TAPS detec
covers the midrapidity region. Consequently, in our calcu
tion the effects of neglecting possible meson anisotropies
amplified, but we estimate that, within the realistic limi
discussed above, they can lead to an increase of at most
for the p0 Dalitz component accepted in DLS, and 20% f
the h component. This fact has been taken into accoun
the evaluation of the systematic errors which are included
Fig. 2 as shaded bands.

We have also done calculations for the asymmetric co
sion systemsa1Ca andd1Ca, using values for the corre
sponding neutral-pion andh-meson production cross sec

tions s inc
p0,h estimated from the C1C data with a simple

scaling law:

s inc
p0,h5s reaĉ Apart&Ppart

p0,h , ~1!

wheres reac is the total reaction cross section,^Apart& is the

average number of participating nucleons, andPpart
p0,h are the

average meson production probabilities per participant~see
Ref. @17# for details!. From the C1C fit curves of Fig. 1, we

find Ppart
p0

~1.04A GeV)56.031022 andPpart
h ~1.04A GeV!

53.431024, which produce the cross-section estima
listed in Table I fora1Ca andd1Ca. A scaling of type
s inc}(Aproj•Atarg)

a leads to very similar results. Furthe
more, for thed1Ca system an independent check of o
scaling procedure is provided by an interpolation of thep
1A→h data of Chiavassaet al. @30,31#, which givess(p
1Ca→h@1.06A GeV)50.30 mb, and further the roug
estimate ofs(d1Ca→h@1.06A GeV)'0.7– 1.4mb@32#,
in fair agreement with the scaled value of 1.560.3 mb ob-
tained with Eq.~1!. The Dalitz decay components of th
a1Ca andd1Ca systems are shown in the two lower fram
of Fig. 2. Here, the added uncertainty in the meson prod
tion cross sections has been taken into account by allow
for appropriately larger systematic errors, as shown in t
figure.

From the comparison of Fig. 2 of our results with the DL
data, it appears clearly that the experimental di-electron m
spectra are indeed dominated forMe1e2<0.15 GeV/c2 by
the p0 Dalitz decay. Whereas we obtain good agreem
with DLS in the Ca1Ca and C1C systems, our calculation
overshoots somewhat in the two lighter systems, which co
be impounded on the scaling procedure. However, in
mass range spanned by theh Dalitz decay, i.e.,Me1e2

.0.15– 0.5 GeV/c2, the DLS data exceed the calculatedh
component by large factors, ranging, e.g., at 0.25 GeV/c2,
from 10 in Ca1Ca and C1C, to 6 in a1Ca and still 4 in
d1Ca. Consequently, in this mass range, additional phys
processes, likepn bremsstrahlung,D decays or yet other
processes, are needed to account for the dilepton yields m
sured by the DLS. This conclusion holds even if the f
range of the systematic errors discussed here is allowed

In summary, we have evaluated the Dalitz contribution
p0 andh decays to the inclusive di-electron mass spectra
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1 A GeV heavy-ion collisions from measured meson prod
tion cross sections. After filtering those components with
DLS detector acceptance, a direct comparison with rece
published dilepton mass spectra has been presente
clearly supports the conclusion of the DLS collaborati
that the measured di-electron yields for masses 0.15–
GeV/c2 cannot be explained by Dalitz decays ofh mesons
alone and that, for all systems studied by DLS, additio
physical processes are therefore needed to explain the
served set of data. Furthermore, it will have to be inve
gated whether there is any link to the dilepton enhan
A
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ment observed recently in ultrarelativistic heavy-ion co
sions@4–6#.
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