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Dielectron production in p+ d and p+ p collisions at the beam kinetic energy of 4.9 GeV has
been measured with the Dilepton Spectrometer DLS. Features of the dielectron cross section have
been studied with cuts on the mass and transverse momentum of the pairs. The spectra for several
regions of phase space are presented as a function of the pair mass and transverse momentum.
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Production of dileptons with masses below 1 GeV/c2
in nuclear collisions has been of considerable interest for
several decades. Early measurements for hadron-nucleon
and hadron-nucleus collisions at beam energies of 10—20
GeV to a few hundred GeV observed a large yield of low
mass dileptons, which could not be explained by extrap-
olation of Drell-Yan processes or by Dalitz and direct
decays of mesons and resonances [1]. Two major classes
of models, soft-parton annihilation [2] and virtual pion
annihilation [3], were proposed to explain the observed
dilepton yield. Although two fundamentally different
mechanisms (parton and meson annihilations) were used,
such models were not distinguishable using available ex-
perimental results. In addition, a few experiments in the
same beam energy region measured no signi6cant excess
of low mass dileptons over hadronic decay sources [4—6].
These ambiguities in both theoretical understanding and
experimental measurements have not been resolved.

The production of direct leptons as a function of in-

cident beam energy also raised questions regarding pos-
sible threshold behavior in production mechanisms. An
experiment measured no signal of direct leptons in p+ p
collisions at beam energy of 0.8 GeV [7], while many
experiments consistently observed signals of direct dilep-
tons in nuclear collisions at beam energies above 10 GeV
[1]. Here "direct" historically meant those photons and
leptons that are not decay products of produced particles
and resonances, although these products (such as Dalitz
decay of b, 's) can also be of interest. The Dilepton Spec-
trometer (DLS) collaboration at the Bevalac (Lawrence
Berkeley Laboratory) was initiated to bridge the gap in
beam energy for the lepton measurements. To date the
DLS has established dielectron (electron-positron) sig-
nals in collisions of @+Be at beam kinetic energies (Ek)
of 1.0, 2.1, and 4.9 GeV. Furthermore, the DLS has mea-
sured dielectron production in Ca+Ca (Ek/A=1. 0 and
2.1 GeV) and Nb+Nb (Ek/2=1 OGeV) collis. ions [8—10].

Because photons and leptons, unlike hadrons, suffer lit-
tle Anal state interactions, they can probe the interior of
nucleus-nucleus collisions, where a large volume of dense
and hot nuclear matter can be formed. Although the
original expectation [11] that dielectrons could be used
to study the pionic self-energies in dense nuclear mat-
ter was modiaed substantially when the form factor of A
and the correction of the pion-pion annihilation vertex
were included [12], dielectron production in the p mass
region can still probe the nuclear medium efFect on pion
dynamics [13].Early theoretical studies of dielectron pro-
duction in nucleus-nucleus and proton-nucleus collisions
at the Bevalac energies indicated that the dominant di-

electron production mechanisms were bremsstrahlung of
proton-neutron scattering, Dalitz decay of A' s, and pion-
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pion annihilations [13]. More recently, the Dalitz decay
of g was found to contribute significantly to the dielec-
tron yield in proton-nucleus and nucleus-nucleus colli-
sions [5, 6, 14]. Among the various sources of dileptons,
both pion-pion annihilation and Dalitz decay of the 4
are considered promising probes of dense nuclear matter.
The yield of dielectrons from pion-pion annihilation de-
pends on the equation of state and pion dynamics; the
dielectrons &om the Dalitz decay of 4's can reBect the
evolution of nucleon resonances during the collision, thus
providing a means of studying the collision dynamics.

In order to study the time evolution of the colliding
nuclei and the equation of state of nuclear matter us-
ing dileptons, we have to understand the dilepton pro-
duction mechanisms in elementary nucleon-nucleon col-
lisions. The DLS collaboration has undertaken a pro-
gram to measure dielectron production in p+ d and p+ p
collisions at the beam energy ranging &om 1.0 to 4.9
GeV. Our previous results [15] indicated that the expec-
tation &om current p+ n bremsstrahlung calculations
failed to explain the observed relative yield of dielectrons
&om p+ d and p+ p collisions at the beam energy of 4.9
GeV. Furthermore, the estimated total contribution from
hadronic decays of rl, b„p, and ~ was not able to account
for the yield Rom p+ p collisions. Our recent study [16]
found that the ratio of dielectron yield for p + d to that
for p+ p collisions decreases with beam energy, being
about nine for EI, of 1 GeV, and two for 2.1 & EI, C 4.9
GeV. The relatively large ratio at 1 GeV may be con-
sistent with the assumption that p+ n bremsstrahlung
is a dominant mechanism which is not present in p+ p
collisions, but its steep decrease to about two could be
indicative of the onset of production processes, perhaps
with a hadron-like origin, that are similar in both p+ n
and p+ p collisions.

The number of dielectron pairs from this data set of
p+ d and p+ p collisions at 4.9 GeV is close to 104, an
increase of almost two orders of magnitude in statistics
over previous dielectron measurements. In this paper,
we explore the mass and transverse momentum depen-
dence of dielectron production in these collisions. Our
extensive data will provide better constraints on theoret-
ical understanding of dielectron production mechanisms,
which should also shed light on the deficiencies of exist-
ing models. The paper is arranged as follows. In Sec. II,
we describe the experimental apparatus, acceptance, and
analysis. The experimental results and discussion follow
in Sec. III, and we summarize in Sec. IV.

II. EXPERIMENTAL APPARATUS,
ACCEPTANCE, AND ANALYSIS

Figure 1 shows a schematic view of the Dilepton Spec-
trometer (DLS), which consists of two identical magnetic
spectrometer arms. Each arm has one Cerenkov array,
one scintiHator array, and one drift chamber in &ont of
the dipole magnet, and two drift chambers, one Cerenkov
array, and one scintillator array after the magnet. The
list of detectors is ordered according to distance from the
target (which is about 89 cm for the front Cerenkov array
and about 360 cm for the rear scintillator array). Two
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FIG. 1. Schematic top view of the Dilepton Spectrometer
(DLS). Note the scattering chamber has been replaced by the
liquid target system.

wire chambers downstream of the apparatus are used to
monitor beam tuning on a spill-by-spill basis. Details of
the DLS have been described elsewhere [17].

The cylindrical target vessel, which replaced the solid
target holder that was used in the previous measure-
ments, is made of 0.127-mm-thick Kapton with a diam-
eter of about 7.6 cm and a length of 12.7 cm. Ten lay-
ers of aluminized Mylar, each about 0.00635-mm-thick,
surrounded the target except a few cm2 near the beam
entrance and exit. This vessel is contained in a vacuum
jacket which is directly connected to the upstream beam
pipe. The vacuum jacket has one wide window made of
0.889-mm-thick Kapton in the beam line downstream of
the target; it also covers the apertures of both spectrom-
eter arms. The typical proton beam at the Bevalac is
about 1 cm in diameter. With this target system, we
measured a ratio of dielectrons for full target to that for
empty target of 20 for p+d and 10 for p+p collisions. The
empty-target contribution was subtracted in the analysis.

The Cerenkov and scintillator detectors were cali-
brated at the begi~mng of each major run. The hadron
rejection factor of each arm was at the level of a few times
10 . The detection eKciency of electrons for Cerenkov
counters, and the detection eKciency of charged parti-
cles for scintillator counters, were essentially 100'%%uo. Data
were taken with dielectron triggers which corresponded
to eightfold coincidence of responses from all scintillator
and Cerenkov counters.

The response of each detector was described in a sim-
ulation package using the GEANT library [18]. The mo-
m.entum resolution obtained &orn the GEANT simula-
tions of p+ p elastic scattering is consistent with that
observed in the detector for collisions at 1.0 and 1.26



316 H. Z. HUANG et al.

GeV, and the DLS measurements of these cross sections
[19] are in agreement with earlier data [20].

The acceptance for dielectron pairs was computed us-
ing the simulation package, including effects of multiple
scattering and electron bremsstrahlung. Each dielectron
pair was uniquely specified by six variables —mass, trans-
verse momentum, rapidity, and azimuthal angle (P) in
the beam frame, and azimuthal and polar angles of the
decay in the pair center-of-mass (c.m. ) frame. We have
assumed an azimuthal symmetry in P and an isotropic
decay in the c.m. kame of the decaying virtual pho-
ton, and computed a three-dimensional acceptance table
as a function of the dielectron mass (M), the transverse
momentum (pt ), and the laboratory rapidity (y). In gen-
erating the table, we have accepted ) 3 x 106 dielec-
trons corresponding to more than 10 generated events.
We also studied the efFect of the assumption of isotropic
decay of the virtual photons and found that there is a
variation of about 15% in the acceptance, due to difFer-
ent angular distributions (da/dO 1,1+cos2 8,1+sin 8).
This variation is less than the systematic errors of the
data due to detector effects.

The binning of the acceptance table was chosen to be
0.025 GeV/c2 in M, 0.05 GeV/c in pq, and 0.05 in y.
These bins led to a significant improvement in accuracy,
compared to the previous acceptance table, which had
bins of 0.05 GeV/c2 in M, 0.1 GeV/c in pq, and 0.2 in

y [9]. The small bins in acceptance allowed us to better
define the fiducial volume of the acceptance, which was
defined by a cut on the minimum acceptance of 0.001 (or
maximum weight of 1000 for pairs in the calculation of
the cross section). In addition, we required M within
0.05—1.0 GeV/c2, pq within 0.0—1.0 GeV/c, and y within
0.45-1.95. For most measured pairs, the acceptance was
calculated by interpolating between the grid points where
the acceptance table was generated. For data at the edge
of the Bducial region, where no interpolation could be
performed, the acceptance of the pair was taken to be
that of the nearest grid point.

Most of the background in our measurement comes
&om combinatorial dielectrons &om photon conversions
and Dalitz decays. Improvements have been made in
the analysis to reject these dielectron pairs without a
significant multiplicity bias. In analyses of earlier data
we imposed a maximum allowed value on the energy de-
position of charged particles (ADC) in the front scintil-
lator array element, to reject events generated by the
conversion of real photons and the Dalitz decay of neu-
tral pions, where the opening angle of two outgoing elec-
trons are small. That analysis cut, however, introduced
a bias against events in which an electron and a hadron
traversed a single &ont scintillator element, which pro-
duced a multiplicity-dependent efficiency. Extensive sim-
ulations were needed to obtain the efficiency due to this
cut. This analysis procedure allowed us to obtain a clean
sample of dielectron events, and led to the unambiguous
establishment of dielectron signals in nucleus-nucleus col-
lisions with a potential compromise on the accuracy of
the absolute normalization.

For the current p+ d and p+ p data set, we have cut
on the ADC values of the front Cerenkov counters in-

stead. Because the total responses &om hadrons in each
Cerenkov element due to scintillation processes are very
small compared to these &om electrons for p+d and p+p
collisions, this Cerenkov ADC cut proved to be efficient in
rejecting those events with dielectrons in one arm, either
from Dalitz decay of pions or &om photon conversions.
The maximum allowed value of the Cerenkov ADC was
set to be twice the response of the detector to a single
electron traversal. In addition, we required that the lep-
tons, one only per arm, must have a separation of arrival
time, measured by the front scintillator counters in each
spectrometer arm, less than 5 ns.

To obtain the combinatorial background, we have
measured electron-electron and positron-positron pairs
(same-sign pairs) with all possible bending configurations
in the two spectrometer arms. In previous analyses, the
combinatorial background was removed by simply sub-
tracting the same-sign pairs (SS) from the opposite-sign
pairs (OS). This subtraction scheme is valid when the
numbers and kinematics of electrons and positrons in the
background are the same. In our current data set, we ob-
served 30'%%uo more electron-electron than positron-positron
pairs, mostly in the forward direction (this excess of elec-
trons is consistent with that &om Compton scattering
of photons in the target). Because of the differences
in the kinematics and the yield between electrons and
positrons, the simple subtraction scheme is not exactly
valid. We constructed a combinatorial electron-positron
background (OSBK) by randomly selecting an electron
and a positron each &om the sample of same-sign pairs
for each bending configuration (determined by the charge
of the particle and the field polarity). The number of
the background pairs was normalized to the square root
of the product of the number of electron-electron and
positron-positron pairs. The uncertainties in the sub-
traction scheme lead to an estimated error in the cross
section of up to 20% for masses below 0.3 GeV/c2, neg-

ligible for high masses.
our tracking software, for the hardware plane effi-

ciency of about (95 + 5)% for drift chambers and the
overall hit position resolution about 1 mm on each plane,
had an efficiency of about 95% for each arm. For high mo-

mentum particles, the tracking misidentified the charge
at the level of a few percent, due to 6nite chamber res-
olutions. This charge misidentification introduced a sys-
tematic error of about 25'%%uo for masses greater than 0.8
GeV/c . Thus systematic errors which could modify the
shape of the dielectron spectrum are limited to the mass
regions below 0.3 GeV/c and above 0.8 GeV/c2.

The systematic error on the normalization was esti-
mated to be 40%, mostly from the uncertainties of the
trigger efficiency. High single-particle rates in trigger el-

ements produced significant ineKciencies in the trigger
electronics [21]. The trigger efficiency was obtained by
studying the dielectron yield as a function of beam in-

tensity. The overall detection efficiencies for dielectrons
are 43% for p+ d, and 48'%%uo for p+ p collisions.

III. RESULTS AND DISCUSSIONS
Figure 2 shows the cross section of dielectron produc-

tion as a function of the pair mass for p + d and p + p
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FIG. 2. do/dM for p+ d and p+ p collisions at the beam
kinetic energy of 4.9 GeV, where errors are statistical only.
Events with masses below 0.15 GeV/c are mostly from the
Dalitz decay of vr . The inserted plot showers the ratio of di-
electron production for p+ d to that for p+ p collisions as a
function of dielectron masses.

collisions at the beam kinetic energy of 4.9 GeV. Both
exhibit similar features: a shoulder at the p-u mass re-
gion and a peak structure near the mass of 0.3 GeV/c2.
The cross section below 0.15 GeV/c2 is essentially due
to the Dalitz decay of neutral pions. The inserted plot
shows the ratio of the cross section for p + d to that for
p+ p collisions. The ratio of integrated cross section for
masses above 0.2 GeV/c2 is 1.9+0.1, and the ratio of
yield without acceptance correction is 1.92+0.06. The
errors shown are statistical only, and the systematic er-
ror on the ratios was estimated to be about 20% [15]. We
pointed out in Ref. [15] that the similarity of the shape
and the value of the ratio for p+ d and p+ p collisions
are in disagreement with the expectation of theoretical
models [13]. In these model calculations, dielectrons at
this beam energy came mostly &om bremsstrahlung of
proton-neutron scattering, which led to the prediction of
a large ratio of dielectron production in p+ d to that in
p+ p collisions.

Although the similarity in the dielectron mass spectra
and the ratio of about two are indicative of hadron-like
origins for the dielectron production, our GEANT simu-
lation of the total dielectron contribution &om hadronic
decays of g, A, p, and cu failed to account for the observed
yield of dielectrons by a factor of 3—4 [15]. The hadron
production cross sections used in the simulation were es-
timated &om a few measurements of exclusive channels
near our beam energy. However, we also note that re-
cent results from the HELIOS experiment [6] showed that
within errors of 30% the dilepton production in p+Be

collisions at a beam energy of 450 GeV can all be ex-
plained by the Dalitz decay of g and u's, where a large
production cross section for r) (by a factor of 3 larger
than previous estimates) was measured in their appara-
tus. A measurement of the production cross section for

g at our beam energy is of determinative importance, es-

pecially because the observed dielectron yield cannot be
accounted for, even when using an upper limit of the g
cross section estimated from bubble-chamber data.

The shape of the mass spectra near 0.3 GeV/c~ has
also been an interesting topic [11, 12], because it may
be indicative of annihilation processes of produced pions
where a threshold is due to the masses of two pions [9,
22]. Attempts to use the KSS [23] and soft-parton anni-
hilation [2] models to fit the p+Be data at 4.9 GeV were
not successful [9]. However, it is not clear that pion-pion
annihilation would play an important role in p+ p col-
lisions because of low multiplicities. We also note that
the calculation for bremsstrahlung of p+ n scattering [13,
24] either failed to yield any peak structure, or yielded a
peak at masses lower than 0.3 GeV/c2. The Dalitz de-

cay of Il) [15], though too small to match in magnitude,
did yield a structure similar to the observed shape of the
spectra. We shall comment on the nature of this peak
structure again later in this section.

Figure 3 shows the transverse momentum distribution
of dielectrons for p+ d and p+ p collisions for all pairs
with masses between 0.05 and 1.0 GeV/c2 within DLS
acceptance. Both exhibit an approximately exponential
behavior with an enhancement in the lowest pq bins. This
enhancement is largely due to dielectron pairs from the
Dalitz decay of pions. Because of the low mass of these
pairs, any pair that can make it through the two spec-
trometer arms has a very small transverse momentum
due to the DLS acceptance.
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FIG. 4. (~ )da /dpi' of dielectrons from p+d (s) and p+p
(b) collisions ss a function of pq for dielectron mass of 0.2—

0.4 GeV/c, 0.4—0.6 GeV/c, snd 0.6—1.0 GeV/c, where the
shown cross sections are scaled by 1, 10, and 100, respectively.

FIG. 5. da'/dM of dielectrons from p+d (a) and p+p (b)
collisions as s function of pair mass for pq of 0.0—0.1 GeV/c,
0.1—0.3 GeV/c and 0.3—1.0 GeV/c, where the shown cross
sections are scaled by 1, 10, and 100, respectively.

The unprecedented large number of pairs in this anal-
ysis, 104, enabled us to study the dielectron production
in detail with cuts on kinematic variables of M and pq.
For comparison, our previous study of p+Be collisions
by Letessier-Selvon et al. [9j contained about 500 pairs.
The mass spectra of Fig. 2 were partitioned into three
regions: an g-like region with mass 0.2—0.4 GeV/c2, a
medium mass region of 0.4—0.6 GeV/c2, and a p-u region
of 0.6—1.0 GeV/c2. Figures 4(a) and 4(b) show the pt
spectra of these three mass regions for p+ d and p+ p
collisions, respectively. The p& spectrum of dielectrons
for both p+ d and p+ p collisions becomes fIatter as the
pair masses increase; no enhancement in the low pq region
is exhibited in any of these spectra.

In Figs. 5(a) and 5(b) we show the mass spectra of p+d
and p+ p collisions for pt regions of 0.0—0.1 GeV/c, 0.1—
0.3 GeV/c, and 0.3—1.0 GeV/c. The shape of the spectra
for p+ d and p+ p collisions with this cut also show strik-
ing similarity. The low mass cutoff for high p& pairs is
due to DLS acceptance, since low mass pairs with high
transverse momentum tend to have small opening angles
in the laboratory and cannot make it through both spec-
trometer arms.

Figures 5(a) and 5(b) show that the peak structure
near 0.3 GeV/c2 in Fig. 2 results Rom a convolution of
the DLS acceptance and the pair kinematics associated
with dynamical production processes. The acceptance
cutofF at the low mass end for high pq pairs can lead to a
bump structure in the mass spectra for pairs, including
all p& regions when the yields of comparable magnitude
for difFerent pq regions are summed. This is the case
for the Dalitz decays of the g, where a broad bump in
the mass spectrum within the DLS acceptance was ob-
served in the simulation, even though there is no peak
present in the input cross sections [15]. However, for dy-

namical processes in which the pairs could be produced
overwhelmingly at low pq, the resulting mass spectrum
would be essentially similar to the one for pq between 0.0
and 0.1 GeV/c without any structure. The KSS model
and some calculations of p+n bremsstrahlung should fall
into this category.

IV. SUMMARY

We have measured dielectron production in p+ d and

p+ p collisions at the beam kinetic energy of 4.9 GeV
with large statistics. Spectra for various cuts in M and

pq are presented. The similarities in the spectra for both
p+ d and p+ p collisions are indicative of the same dom-
inant production processes in these collisions. The shape
of the mass spectra was found to be strongly correlated
to the transverse momentum dependence of the dielec-
tron yield. This suggests that theoretical comparisons
should be made in phase space of M and pq simultane-

ously. These data should provide stringent constraints on
theoretical understanding of the dielectron production in
nucleon-nucleon collisions.
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