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Measurement of dielectron production in niobium-niobium collisions
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A dielectron signal for pair masses greater than M is observed in Nb+Nb collisions at 1.05
GeV/nucleon beam kinetic energy. The invariant mass spectrum and the associated multiplicity
distribution are presented. Comparisons are made with previous cross section measurements in
@+Beand Ca+Ca.
PACS number(s): 25.75.+r

I. INTRODUCTION II. EXPERIMENTAL SETUP

Collisions between relativistic nuclei offer the opportu-
nity to study hadronic interactions in an excited multi-
hadron environment. By studying such collisions it may
be possible to obtain information about the nuclear equa-
tion of state in new domains of temperature and pressure
[1—4]. Virtual photons are produced in these collisions
by particle interactions and decays, and are detected as
lepton pairs. The lepton pairs, in contrast to hadronic
probes, have only a small final state interaction and thus
provide direct information about the conditions at pro-
duction of the virtual photon. Electron pairs that result
from pion annihilation may provide a means for study-
ing pion dynamics in excited nuclear matter [5, 6]. In
this paper, we present results of dielectron production in
Nb+Nb collisions at 1.05 GeV/nucleon. These data rep-
resent the heaviest colliding system for which dielectron
production has been measured and are the first for which
the associated multiplicity spectrum is available.

An overview of the apparatus used to measure the di-
electron cross sections is given in Sec. II. Section III con-
tains a discussion of the data analysis and the results
of a study of the efI'ects of large multiplicities on the
efFiciency and resolution of the combined detector and
analysis systems. In Sec. IV we show the results of our
measurements and compare them with previous data and
theoretical calculations.
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These measurements were made at the Lawrence
Berkeley Laboratory Bevalac using the Dilepton Spec-
trometer (DLS) [7,8] with an added 96-element multiplic-
ity detector (see Fig. 1 in Ref. [8]), which surrounded the
target. Each of the two symmetric arms of the spectrome-
ter, which were centered at 40' with respect to the beam
axis, contained a large acceptance dipole magnet, two
scintillator hodoscopes for triggering and simple localiza-
tion of charged particles, two segmented gas Cherenkov
counters for electron identification, and three drift cham-
bers for tracking particles. An additional x-measuring
plane was added to each drift chamber stack in the spec-
trometer prior to this experiment to increase the reso-
lution and overall tracking efficiency. Lead glass blocks
located behind the scintillator hodoscope were used to
check the hadron rejection power and electron efficiency
of the Cherenkov counters. The dielectron trigger was
an eightfold coincidence between the four scintillator ho-
doscopes and the four Cherenkov counters.

A cross section of the multiplicity array is shown in
Fig. l. It consists of 96 plastic scintillator pieces (0.32
cm thick); 48 each covering the region of the conical scat-
tering chamber above (below) the thin windows through,
which particles enter the spectrometer. The upper and
lower halves are themselves each divided into two parts
covering the polar angle ranges from 13' to 51.4' and
51.4 to 90'. Within each of these halves, 24 azimuthal
strips cover angles from 13' to 167' and from 193' to
347 . The total angular acceptance subtended by the
multiplicity array at the target is about 3.6 sr.

Monte Carlo studies, with the cascade code of Cugnon
and co-workers [9], have shown that 98% of the parti-
cles detected by this array are either participant protons
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the conical scattering chamber.

misidentification even further. However, when the track
multiplicity per arm increases, hadron misidentification
may occur because of insufBcient segmentation of the de-
tectors (in particular the front Cherenkov counter). This
eKect results in multiplicity dependent corrections.

As discussed in our previous papers [7,8], the opposite-
sign pair sample Dos contains a number of false (com-
binatoric) pairs (F) equal to the number of like-sign
pair NLs. Thus the true pair signal is obtained as
T = Ngs —Ngs. The ratio of true to false pairs, B., is a
measure of the combinatoric backgrounds in the experi-
ment. The statistical significanc of the true pair signal
is given by

or produced pions. Most target spectator fragments do
not have enough energy to pass through the wall of the
scattering chamber, and most projectile fragments are
produced at forward angles outside of the array cover-
age.

III. DATA ANALYSIS
AND MONTE CARLO STUDY

A. Analysis

OE-line analysis first reduces the data sample by re-
quiring at least one electron quasitrack on each arm. An
electron quasitrack is a first-order trajectory based upon
the geometrical alignment of individual hodoscope and
the Cherenkov elements that have produced acceptable
signals. The following conditions are imposed to give a
large probability that a quasitrack was an electron. First,
the pulse heights in the hodoscopes and the Cherenkov
counters, and the time of flight between the front and rear
detector elements are all required to have values within
optimized ranges corresponding to an electron travers-
ing the system. Finally, the geometric pattern of the
detectors with acceptable signals must correspond to a
possible trajectory of an electron from the target with
momentum greater than 50 MeV.

The electron quasitrack defines an area within each of
the three drift chamber stacks which may contain infor-
mation about an electron trajectory. Space points at the
center of each stack were computed from the wire plane
data in this area if sufhcient information was available.
(Good data from at least three planes were required. )
Tracks and momentum vectors were constructed from the
space points in the three stacks, and the tracks from the
two arms were used to find pair vertices. Requirements
on the goodness of fit in the full track reconstruction and
on vertex quantities removed spurious tracks.

B. Background rejection

The probability for misidentification of a pion is (1—
3) x10 per Cherenkov detector, about 5 x 10 per
arm [10]. Since the estimated e/7r ratio is of the order of
10 4, the above rejection power is adequate. For protons,
dE/d2: and time-of-flight cuts reduce the probability of

N()s —Nr, s
v'~os + W.s

T
1 + 2/R'

C. Simulation of detector response
in high multiplicity environment

In Nb+Nb collisions at 1.05 GeV/nucleon, the aver-
age number of elements hit in the front and rear ho-
doscopes of each DLS arm is about five. The perfor-
mance of the detector and the analysis procedures in the
presence of these high hadron multiplicities was studied
using a Monte Carlo method. The intranuclear cascade
code developed by Cugnon and collaborators [9, 11] was
used to generate hadron events from Nb+Nb collisions at
1.05 GeV/nucleon. Electron pair events were generated
with kinematic distributions similar to @+Be data [12].
The momentum vectors from a generated electron pair
were added to a list of particle momenta from a Nb+Nb
cascade event and these mixed events were then propa-
gated through the DLS GEANT simulation code account-
ing for multiple scattering, bremsstrahlung, energy loss,
and particle decay. The code includes the detailed ge-
ometry of the spectrometer, as well as thicknesses of ma-
terials, such as the drift chamber walls, Cherenkov mir-
rors, the surrounding air, etc. The DLS dielectron trigger
condition requires appropriate front and rear Cherenkov
responses and appropriate energy deposition in the front
and rear hodoscopes of each arm. For events that sat-
isfied the trigger condition, the responses of the various
detector elements were digitized, and the simulated data
were then passed through the DLS analysis code. The

where a.~ is the statistical error in the number of true
pairs due to the subtraction. The tracking and quasi-
tracking cuts were chosen to maximize this ratio.

The main source of electrons/positrons that generates
false pairs is vr decay, either directly through the Dalitz
decay channel or through the external conversion of the
real photons (Bethe-Heitler process). Both Dalitz and
Bethe-Heitler electron pairs have small opening angles
and are likely to give a signal in a single detector ele-
ment before they enter the magnet. We have determined
that the most efBcient condition to optimize acceptance
of true pairs and rejection of background is a cut on the
calibrated front hodoscope pulse height. The result of
this cut, however, is sensitive to charged particle multi-
plicity.
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resolution and efficiency obtained in this way contain the
effects of the analysis procedures as well as those of the
detector itself [13].

For a fixed mass, M = 350 MeV, the mass resolution
(cr/M) obtained from a Gaussian fit to the results de-
scribed above, is plotted in Fig. 2 as a function of charged
particle multiplicity (N») in the two spectrometer arms.
This spectrometer multiplicity includes the two electrons
that make up the trigger and those hadrons from the
cascade calculation that enter the spectrometer arms [9].
The mass resolution shows little or no dependence on
(N, ~) and is never larger than 12% RMS.

The total efficiency (eT) of the analysis method is given
by 6T = E&&ct;&, where

aqua and Ct;1 are the quasitracking
and tracking efficiencies, respectively. Quasitracking effi-
ciency represents the loss of events due to cuts on the cali-
brated pulse heights and time of Rights for the Cherenkov
and hodoscope counters. Insufficient drift chamber infor-
mation, noise, and resolution eKects contribute to track-
ing inefIiciency.

In order to estimate correctly the effect of high-
multiplicity events on the Nb+Nb dielectron data, the

meed cascade events should adequately represent the
real environment. When the impact parameter used in
the cascade is restricted to be & 4 fm, the cascade code
produces distributions of multiplicities and particle kine-
matics that are in reasonable agreement with those ob-
served in the spectrometer and the multiplicity array.
The resulting total efficiency for these mixed events, as a
function of dielectron mass, is shown in Fig. 3. The to-
tal efficiency is around 22% for mass values greater than
200 MeV. At lower values, however, the efficiency drops
rapidly as the mass decreases. This effect is mostly due
to quasitracking cuts that reject two or more particles
traversing the same hodoscope element, since low mass
pairs and high multiplicity events are both more probable
in the elements near the beam. The tracking efficiency
(e«) does not change much with spectrometer multiplic-
ity. The total efficiency is found to be independent of pi
and rapidity.

IV. EXPERIMENTAL RESULTS

The raw data include about 2.7x 10 triggers (acquired
in 40 h of beam time) for Nb+Nb at 1.05 GeV/nucleon.
The average Aux was 6 x 107 Nb particles per spill and
the average live time of the computer about 77%. Off-
line the raw data are reduced by quasitracking to 7000
events. This reduced set of data are then sent through the
full reconstruction code. The number of reconstructed
pairs, including opposite and like-sign pairs, at this stage
is 469. After sharper time-of-fight and vertex cuts, the
final sample reduces to 108 opposite-sign pairs and 54
like-sign pairs giving a number of true pairs of 54+13,
R = T/I" = 1.0 and T/oT = 4.2. The invariant mass
distribution of these 54 true pairs is shown in Fig. 4.

The mass-projected difFerential cross section (which we
call the mass spectrum) is obtained by applying the ac-
ceptance correction [14], subtracting the like-sign pairs
from the opposite-sign pairs, and then summing over the
other kinematic variables. This procedure is valid when
the number of positive same sign and negative same sign
pairs are equal, which is true within the statistics for this
experiment. This mass spectrum is shown in Fig. 5. Note
that this projected mass spectrum contains only infor-
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FIG. 3. EKciency calculated using electron pairs mixed
with simulated Nb+Nb hadron events (b ( 4 fm) vs pair
mass.

FIG. 4. Mass distribution of the true pairs from the re-
action Nb+Nb at 1.05 GeV/nucleon. Events with pair mass
below 200 MeV are due mostly to vr Dalitz decay.
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FIG. 5. Dielectron mass spectrum from the reaction
Nb+Nb at 1.05 GeV/nucleon with acceptance and efficiency
corrections. The dashed curve shows the estimated Dalitz
contributions from m and A, which is not subtracted.

mation from the cross section within that part of phase
space where the DLS apparatus has significant accep-
tance. A "filter" specifying this multidimensional region
must be used to compare theoretical calculations with
these measurements. This filter can be obtained from
the DLS group. The one-dimensional efficiency correc-
tion included in the above mass spectrum is obtained
from Fig. 3. An efficiency correction that employs an
interpolation of a two-dimensional efIiciency table, i.e. ,

e(M, N»), where N» is the charge multiplicity in the
arms, gives a consistent result. The indicated errors in
all figures are only statistical. We estimate, for pairs mass
M ( 200 MeV, less than +st% systematic error, where
the upper limit comes from uncertainty in the correction
for the multiplicity effect (( 25%), beam intensity cali-
bration (( 15%), and detection efficiency including a rate
dependent trigger efficiency (( 25%). The lower limit is
due to corrections for the multiplicity effect and beam in-
tensity calibration. For M ) 200 MeV, we estimate less
than +i&% systematic error with 25% and 15% coming
from detection efIiciency and beam intensity calibration,
respectively, for the upper limit, while the lower limit is
due to beam intensity calibration. The dashed curve is
our estimated contribution from pro and 4 Dalitz decays.
These contributions are significant only in the first few
mass bins, and are much below the total e+e signal for
M ) 250 MeV.

Figure 6(a) shows the distribution of the number of
counts (N&) in the multiplicity array associated with true
pairs having masses greater than 200 MeV (the false pair
subtraction was done by the technique indicated above).
This distribution peaks at 26. The figure also shows
the simulated number of counts in the multiplicity array
when the cascade code is run with no restriction on the
impact parameter. The shape of this calculated "min-
imum bias" distribution is similar to the one observed
in the experiment if the trigger requirement is that at
least one particle passes through the spectrometer. The
ratio of the array multiplicity for true pairs to that for
the cascade minimum bias data, Fig. 6(b), shows that
the e+e pairs are preferentially produced in high multi-

plicity events. The statistics are too poor to distinguish
between a dependence on (N~) or on (N~)

The limited statistics also precludes a detailed exam-
ination of the mass-multiplicity dependence. A rough
study was made by dividing the data set into two parts,
each with 20 events, medium mass 180&M&280 MeV
and high mass M)280 MeV. The array-multiplicity dis-
tributions for each region are shown in Fig. 7, The distri-
butions are observed to be slightly different, with larger
mean multiplicities associated with the higher mass bin.
Higher statistical precision will be required to confirm
this observation.

Following our previous convention, we compare the
data sets taken at 1 GeV/nucleon (Nb+Nb, p+Be [12],
and Ca+Ca [15]) with each cross section scaled by the
factor (A„Aq) t . (A„and Aq refer to the mass number
of projectile and target, respectively. ) Figure 8(a) shows
the mass spectrum for @+Be overlaid with the Nb+Nb
result. The curves are our estimates of pro and 4 Dalitz
contributions for both reactions. Figure 8(b) compares
the Ca+Ca and Nb+Nb data sets at 1.05 GeV/nucleon.
(Notice that here the first two bins of the Ca+Ca spec-
trum have been corrected for efficiency loss using the
same method as for Nb+Nb. ) While the slopes of the
p+Be and Nb+Nb spectra are significantly different, the
Ca+Ca and Nb+Nb mass spectra are similar in shape.
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FIG. 6. (a) Multiplicity array hit distribution for true
pairs with M ) 200 MeV in the reaction Nb+Nb (squares).
The superimposed spectrum is the cascade minimum bias
multiplicity. (b) Ratio of the true pair multiplicity to the
minimum bias multiplicity computed from the two histograms
above (diamonds).



2844 S. BEEDOE et al. 47

I I I I I I I I I I I I I I12:
N~ = 20.4 (a)

012:
N~ = 24.9

0
0

l 4'll i

! I ! ! I ! I ! I I I I I

10 20 30 40 50
Array Multiplicity Nz

! - ~ ! ! !
[

! ! ! !
I

! ! ! !
[

! ! ! !
I

! ! ! !

10~ II
(D ~ Nb+Nb

o p+Be
(9

10'

10"

10

-310

FIG. 7. Distributions of counts in the multiplicity array
(NA) for true pairs from the reaction Nb+Nb for (a) 180 (
M ( 280 MeV (diamonds) and (b) M ) 280 MeV (circles).
The mean multiplicity (N~) is also indicated for each mass
cut.

The solid curve in Fig. 8(b) shows the result from a cal-
culation done by Xiong et al. [16], which is in general
agreement with the data except for the lowest and highest
masses. Note, however, that the DLS experimental res-
olution was not included in the theoretical result, which
can perhaps explain the discrepancy in the p-w region.
Calculations based on this model and others [17, 18] in-
dicate a sizable contribution from 7r+7r annihilation for
masses greater than 400 —500 MeV [17, 18].

The dependence of cross sections on the number of
nucleons in the projectile (A„) and in the target (Aq)
has been found to provide information about the interac-
tions that produce the observed final state [19—21]. Re-
scattering (multiple interactions) of either the incident
particles or the produced secondaries is of particular in-
terest in determining the amount of collectivity present
during the collision. For the interactions of single par-
ticles with nuclear targets, the dependence is frequently
parametrized as o oc A, . This idea may be extended
to the case of nucleus-nucleus interactions by using the
pararnetrization o oc (A„Aq)~. (A particular value of ct

may have different meanings for these two cases. )
The DLS mass spectra have been integrated above

200 MeV for the three reactions measured at 1.05
GeV/nucleon. The lower mass limit was chosen to ex-
clude the yield from pi-zero Dalitz decays. These inte-
grated cross sections are plotted vs (A„Aq) in Fig. 9. The
error bars are statistical and the brackets indicate our
estimate of systematic errors. Fitting the Ca+Ca and
Nb+Nb data with the pararnetrization (A„Aq), we find
a = 1.0 6 0.27. This result is larger than, but not signif-
icantly different from, the value of 2/3 to be expected if
the pairs are produced by collisions between two nucle-
ons neither of which has had a previous inelastic collision.
Secondary nucleon collisions are unlikely to directly pro-
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straight line showing a = 1.03.
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duce electron pairs above the lower limit to the integra-
tion because the integrated pair-production cross section
is decreasing rapidly with decreasing Q (available energy
in the NN center of mass) [12].

The contribution to Q from Fermi motion is smaller for
the @+Bedata set than for the Ca+Ca and Nb+Nb data
sets because of the absence of Fermi motion in the pro-
jectile. When coupled with the strong Q dependence of
the pair yield this suggests that comparisons between the
three data sets may not be simply interpretable. We note
for the record that a fit of the parametrization (A„Aq)
to the three data sets yields n = 1.03 + 0.03. The small
error bar on this fitted value reflects the larger lever arm
in (A„Aq) offered by the @+Bedata.

tion establishes the feasibility of such experiments. The
mass resolution of the spectrometer is not greatly affected
by the high multiplicity environment, but the eKciency
of detecting e+e pairs in the low mass region, M & 200
MeV, is reduced by increased multiplicity. The contri-
butions from Dalitz decays of vr and 4 are estimated
to be below the observed cross section and are only sig-
nificant in the mass region M (150 MeV. A comparison
with simulation indicates that the electron pairs result
from central collisions with impact parameters 6 ( 4 fm.
Finally, the dielectron cross section is found to be con-
sistent with a linear dependence on A„Aq.
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