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Abstract: The production of prompt electron-positron pairs in 16 GeV/c r-p 

collisions has been measured using the LASS spectrometer at SLAC. An 

excess of events is observed above the estimated contributions of direct 

and Dalitz decay of known resonances in the kinematic range defined by 

0.1 5 x 5 0.45, 0 5 pT < 0.8 GeV/c and 0.2 < M(e+e-) 1. 0.7 GeV/c'. The 

excess signal decreases slowly with increasing M, but exhibits very 

steep x and p: dependence. The contribution of this signal to the 

+- 
e+e-/n 7r and y/7~ ratios is discussed. Detailed comparisons are made 

between e+e- distributions and the corresponding low mass p+n- distribu- 

tions, and a simple production mechanism is proposed which describes the 

16 GeV/c data well. The implications for direct photon production are 

presented, and it is shown that the model provides simultaneously a good 

description of the experimental data on the (e/r) and (u/r) ratios for 

pT < 1 GeV/c. 
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1. Introduction 

Direct lepton pair production has received considerable attention 

in recent years [l]. The observed pair mass spectrum consists of 

vector meson contributions superimposed on a continuum which decreases 

rapidly with increasing mass. At high mass, the continuum is well- 

understood in terms of the Drell-Yan mechanism [2]. At low mass the 

data from n+u- experiments [3-61 indicate that the signal below-l GeV/cL 

is stronger than expected from vector meson decays alone, and is not 

compatible with the Drell-Yan description. There are also indications 

that the characteristics of the continuum depend on the kinematical range 

of observation. The inherently poor resolution of dimuon experiments 

has, however, made detailed study of the properties of the continuum 

difficult. 

Low mass electron pair data are scarce and inconclus.ive. Two ISR 

experiments [7-81 have measured low mass e+e- pairs at large transverse 

momentum (p, > 2 GeV/c); in each case the observed spectrum is consistent 

with the contributions resulting from Dalitz decay of n and w mesons 

and semi-leptonic decays of charmed particles. Several bubble chamber 

groups [g-12] have seen indications of a low-mass continuum, but these 

experiments are limited by their low sensitivity. 

Data on single lepton production for pT < 1 GeV/c are also somewhat 

limited, and are usually presented in terms of the lepton to-pion ratio. 

The (e/v> data result from pp interactions at x - 0 [13(a)-(c)] and 

indicate that the ratio increases exponentially with decreasing pT, 

reaching a value of -6 x 10e4 at pT = 0.25 GeV/c [cf. Fig. 281. In 

contrast, the muon data are obtained as averages over the low pT 
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region at fixed x from proton-nucleus interactions, primarily in the 

200 - 400 GeV/c incident momentum range [13(d)-(g)]. The (F/T) ratio 
', 

is observed to have a value -1.3 x 10 -4 at x = 0 and to decrease approxi- 

mately exponentially with increasing x. [cf. Fig. 291. Unanswered 

problems in this area involve the precise extent to which the single 

lepton distributions are a consequence of dilepton production [4, 13(e), 

13(f)l, and the simultaneous quantitative description of the observed 

(e/r) and (U/T) behaviour. 

The purpose of the present experiment is to address these questions 

by studying the direct production of electron pairs in r-p interactions 

at 16 GeV/c. The results on the mass, x and p; dependence have been 

published [14]. In chapters 2 and 3 the experimental procedure and 

results are discussed in detail, and in chapter 4 comparison is made 

between the e+e- data and corresponding p+u- distributions. A simple 

model for the production mechanism is proposed in chapter 5, and its 

consequences for direct photon production and the behaviour of the single 

lepton to pion ratio at low pT are presented. 

2. The Experiment 

2.1 Experimental Apparatus 

The experiment was performed in a 16 GeV/c rr- beam at SLAC using 

the large aperture superconducting solenoid spectrometer, LASS 1151. 

Scintillation counter hodoscopes, two threshold Cerenkov counters and 

eight planes of lmm wire spacing proportional chamber were used to tag 

the incident pions and measure the momentum and trajectory of each 

beam particle incident on the 92 cm long liquid hydrogen target. The 



beam particle parameters were determined to within +0.25% in momentum, 

+0.5 mrad in angle and +1 mm in space at the interaction point. 

The spectrometer is schematically represented in Fig. 1. It con- 

sists of a superconducting solenoid magnet vertex detector combined down- 

stream with a large acceptance dipole magnet spectrometer. Small angle 

high momentum tracks are well measured in the downstream spectrometer, 

and the combination of the two detector systems provides--4T geometrical 

acceptance for charged particles as well as good momentum resolution 

over a wide range of longitudinal and transverse momenta. A detailed 

description of the various detector components is to be found in 

reference 15. 

The vertex spectrometer has an approximately uniform field of 

22.4 Kgauss parallel to the incident beam direction in a volume of 

1.9 m diameter and 4 m length. The target occupied the first-l, of 

the field region and was surrounded by a cylindricalmultiwire propor- 

tional chamber and 15 planes of cylindrical spark chambers providing 

stereo measurement of azimuth and z coordinate for particles exiting 

the target at large angles. Downstream of the target there were three 

1 mm wire spacing capacitive diode readout (CD) spark chambers (four 

planes per chamber), two MWEY's with 2 mm wire spacing (three planes 

per chamber), and three MVPC radial hodoscopes (with 1.4" azimuthal 

angle resolution) covering the full aperture of the solenoid. The spark 

chambers were deadened in the central region by 21.6 cm diameter 

polyurethane discs and these regions were read out by 1 mm wire spacing 

MWPC’s mounted on the mechanical frames of the spark chambers. These 

assemblies provided-O.5 rrn spatial resolution over the full 2 x 2 meters 
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Fig. 1. The LASS spectrometer layout (plan-dew). 
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active areas of the chambers combined with short memory time (-50 nsec) 

in the busy central region. The end of the solenoid was closed by a 

38 cell threshold Cerenkov counter filled with air at atmospheric 

pressure. Under these conditions, the Cerenkov threshold for electrons 

was 21 MeV/c and for pions it was 5.8 GeV/c. The lower quadrant of 

9 cells was not instrumented during this experiment. 

The forward spectrometer was built around an analyzing magnet with 

2 x 1 meter gap and 32 Kgauss-meter field integral. Upstream, there 

were two (5 x 2) meter magnetostrictive (MS) spark chambers with four 

readout planes each, a capacitive diode readout spark chamber with 

central MWFC assembly (as described above for the vertex spectrometer) 

and a (2.5 x 2) meter MWPC hodoscope with 4 mm wire spacing. Finally, 

there were 13 total absorption shower counters -15 radiation length 

thick, arranged around the magnet aperture (Fig. 2). They consisted of 

alternating layers of doped lucite and lead convertor plates of varying 

thickness chosen to provide uniform pulse height response over the entire 

area of the counters. A layer of scintillation counters placed in front 

of each shower counter provided a gamma veto by recording the passage 

of charged particles. Downstream, there were four magnetostrictive 

readout spark chambers (3 x 1.5) meters in area, each with four planes 

of readout, and a 4 mm wire spacing MWPC hodoscope of (2.5 x 1.5) meters. 

In-time information for track reconstruction was provided by-the MWE'C 

hodoscopes and two arrays of scintillation counters located immediately 

behind the spark chamber package. Finally, a second threshold Cerenkov 

counter and a lead-scintillator sandwich shower counter completed the 

forward system. The detector lever arm upstream of the analyzing magnet 
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was 0.8 meters and downstream it was 1.7 meters, yielding momentum 

resolution of better than 0.5 percent for forward particles. The resolu- 

tion of the spectrometer may be characterized by the following: the 

K" -f ~+r- invariant mass resolution is 14 MeV FWHM, the production angles 

of charged particles are measured to +0.6 mrad and the missing mass 

resolution for a recoil baryon is typically-?70 MeV. The reconstruc- 

tion of zero-opening angle y conversions is complicated by the problem 

of the granularity of the measurements which increases the y mass 

resolution from the expected 10 MeV to -30 MeV. Nevertheless, the yy 

effective mass reconstructed from 4 electron tracks (Fig. 3) shows a 

clear 71' peak of 28 MeV FWHM. 

The trigger for the experiment was designed to select events with 

at least one electron present. It required a coincidence among an 

identified incident r-, one or more cells in the Cerenkov.'counter, Cl, 

and one or more of the shower counters with its attendant y-veto counter. 

The resulting trigger rate was -5.5 10 -3 per incident pion. Additional 

triggers were mixed in with this electron trigger to provide samples of 

events for study of the performance of the spectrometer. These extra 

data came from an interaction trigger --which sampled the total cross 

section-- and from non-interacting beam particles--which were used to 

determine the beam profile characteristics throughout the experiment. 

2.2 Acceptance and Performance of the Spectrometer 

The geometrical acceptance of LASS for the reconstruction of 

charged tracks covers essentially the full 4~r solid angle. The 

acceptance for direct electron pair production is defined by the 
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geometryland electron identification capabilities of Cerenkov Cl and the 

shower counter system. 

The threshold for pions to produce light in Cl was approximately 

5.8 GeV/c. In order to remove problems related to the momentum resolu- 

tion and edge effects in the extrapolation of the measured tracks through 

the inhomogeneous fringe field region between the end of the solenoid 

and the shower counters, an upper limit of p LAB 
= 5.0 GeV/c was imposed 

on electron track candidates during the off-line analysis. The hadron 

rejection of Cl was measured in a test arrangement to be better than 

5.10-4 per track. The efficiency of the counter for identifying electrons 

depended on the momentum and emission angle of the tracks. In order to 

estimate the Cl efficiency in the experimentally covered kinematical 

range, a sample of converted photons was selected having one track doubly- 

identified by Cl Cerenkov and a shower counter, and with reconstructed 

effective mass of the photon less than 50 MeV. The second track of the 

pair assured an unbiased measurement of efficiency and the results are 

shown in Fig. 4(a) as a function of track momentum. A similar procedure 

resulted in the estimates of the efficiencies of the shower counters 

shown in Figs. 4(b) and 4(c) [15]. 

The drop in Cl efficiency at low momentum was due to increased 

spiralling of the charged track in the solenoid's magnetic field, which 

resulted in a shorter path-length in any individual Cl cell: 

The decrease of shower counter efficiency at low momentum resulted 

from the imposed threshold pulse height cuts for electron identifica- 

tion. These cuts gave a hadron misidentification probability which was 

typically ~13%, so that the combined Cerenkov and shower counter hadron 

rejection was better than 6 x 10 -5 per track. 
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Due' to the sharp drop of efficiency at small momenta, the lower 

limit for electron identification was set at pLAB = 0.75 GeV/c. 
._ 

The geometrical acceptance for pairs of electrons with individual 

tracks in the 0.75 5 pLAB <, 0.5 GeV/c momentum range was calculated by 

a Monte Carlo method using a realistic description of the apparatus and 

the geometry of the counters. The acceptance is in general a function 

of x, pT and pair mass M, as well as the internal angular variables 

describing the e+e- system. In all subsequent discussion of acceptance 

it is assumed that the electron angular distribution is isotropic in the 

pair rest frame. With this assumption, the acceptance may be evaluated 

at any point in (x, pT, M) space, and, as discussed in Section 2.2 below, 

such a procedure was followed during the analysis of the data. However, 

in order to demonstrate the general acceptance characteristics for 

electron pairs as a function of pair mass, it is necessary to make use 

of a model for the (x, p,) dependence of the cross section. The geometri- 

cal acceptance shown by the dot-dashed curve in Fig. 5 was calculated 

under the assumption that at all masses the x and pT dependence is the 

same as that of the p" produced in IT-P interactions at 16 GeV/c [16(a)]. 

The dashed curve in Fig. 5 shows the same acceptance taking into account 

the efficiency for electron identification. 

The overall acceptance of the experiment involves, in addition, 

efficiencies of the chambers and of the pattern recognition programs. 

In order to include these effects a special Monte Carlo program was set 

up which tracked the individual charged particles through LASS and 

generated individual hits according to the measured hardware efficiency 

and spatial resolution for each detector plane. These coordinates were 
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then collected to form an input data buffer acceptable to the production 

version of the data processing program. The comparison of the output 

from this process with the original input provided a measure of the over- 

all software efficiency. As a test of the procedure, the data from the 

16 GeV/c ~-p bubble chamber experiment [17] were used for comparison with 

a sample of the total cross section trigger data from this experiment. 

The comparison presented in Fig. 6 shows that the above procedure very 

well describes in absolute normalization the efficiency of the LASS 

apparatus and software system as a function of the momentum of the 

produced particles. 

When the hardware and software efficiency is incorporated into the 

Monte Carlo calculations the resulting mass dependence of the overall 

acceptance is as shown by the solid curve in Fig. 5. 

2.3 The Data 

The loose trigger described above yielded about 5.1 x lo6 events 

written to magnetic tape for an incident flux of ~10' pions. In order 

to avoid unnecessarily large computing time, an off-line selection of 

events was performed. The selection required that at least one pair of 

signals from the shower counters and individual Cl cells satisfy a Cl- 

shower counter correlation pattern developed for reconstructed tracks 

with laboratory momentum above 0.75 GeV/c. In addition, as a minimal 

condition for the presence of an electron pair, a signal was required in 

a second cell of the Cl Cerenkov counter. This pre-selection reduced 

the data sample by about a factor of five. The remaining -900 k events 

were processed through the pattern recognition program requiring 
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reconstruction of a triggering electron track c*> with p > 0.75 GeV/c and 

at least one other electron candidate; the second electron candidate could 

be identified on the basis of Cl alone, but not on the basis of a shower 

counter alone. Furthermore, it was required that the second track turn 

on at least one Cl cell which was not on the triggering electron track. 

The resulting -112 k events were dominated by photon conversions away 

from the primary vertex. For a fraction of the data the electron pair was 

fitted to a two particle vertex independently of the remaining tracks in 

the events, and the remaining tracks fitted with the beam track to form a 

primary vertex. Figure 7 is a scatter diagram of the distance between 

the primary and electron pair vertices versus the mass of the pair. 

Direct pair candidates comprise the narrow vertical band. The horizontal 

band corresponds to photon conversion. The fact that this band extends 

to negative values of the distance together with a corresponding increase 

of effective mass indicates the problems of resolution for small opening 

angle (i.e., low mass) electron pairs. A mass cut at 200 MeV effectively 

eliminates these problems. The remaining pair candidates are highly 

correlated with the primary vertex; this clearly shows that any high mass 

signal cannot be construed to result from badly-measured y-conversions. 

The mass cut at 200 MeV also eliminates contributions from the tail 

of the IT' Dalitz decay distribution, since the pair mass resolution near 

the IT' mass is -12 MeV [of Fig. 31. This selection, together with the 

requirement that the electron pair form a good vertex with the beam track 

(*) A triggering electron is required to be identified in both Cl 
and the shower counter wall. 
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yields a sample of 1811 events having at least one direct electron pair 

candidate containing a triggering track. It should be emphasized that the 

entire selection process was carried out without regard to the net charge 

of the candidate electron pair. This was done so that an unbiased esti- 

mate of background contributions to the final e+e- sample could be 

obtained. 

The major source of background among the remaining events is due to 

the case in which two photons convert into e+e- pairs, typically with 

highly-asymmetric energy partition, and one electron of each pair is not 

reconstructed. The process of elimination employed in defining this 

sample had‘in effect led to an increased concentration of events suffering 

from hardware inefficiency problems. Therefore, a special version of the 

pattern recognition program was employed in reprocessing these remaining 

events in which track definition criteria were relaxed. Such procedures 

could not be employed in the production version of the software since 

they significantly increased the processing time per event. 

All 1811 events were reprocessed and then individually scanned by 

physicists. The initial sample of 1811 events contained an excess of 

-100 opposite sign over same sign pairs. The scanning ,procedure resulted 

in a final data sample of 291 events in the phase space volume defined by 

0.2 < M I 1.2 GeV/c2 

0.10 s x 5 0.45 

O-O < PT 5 0.8 GeV/c ; 
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this final sample shows an excess of 107 opposite over same sign pairs, 

so that this final stage of event selection resulted in a dramatic reduc- 

tion in background while having no significant effect on the magnitude 

of the opposite sign signal. Of the remaining events, about 90% contain 

one and only one candidate pair; for the other events, each pair was 

given weight equal to the inverse of the total number of candidate pairs 

in the event. 

3. Results 

3.1 Background 

In Figs. 8 and 9 are shown the M, x and pc spectra for the opposite 

and same sign electron pair samples defined as described in Section 2. 

Although the M and x distributions are rather similar in shape for both 

charge combinations, it should be noted that the p; spectra are markedly . 

different at low pg. 

The same sign electron pair background consists of pairs of three 

types: 

(i) pairs formed by electrons originating from different con- 

versions; 

(ii) pairs containing an electron from a y-conversion and a mis- 

identified hadron; 

(iii) pairs containing two misidentified hadrons. 

Categories (i) and (ii) contribute equally to the same and opposite sign 

pair samples since the probability of finding only one electron from a 

y-conversion is charge symmetric. 

This is not the case of category (iii), however, and in fact, the 

16 GeV/c IT-P bubble chamber data [17] show that the inclusive cross 
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section for same sign hadron pairs is only -60% of the opposite sign 

pair cross section. 

In this experiment the probability for a hadron to fire a Cl cell 

is negligibly small for 0.75 1. p 5 5.0 GeV/c; however, a hadron may be 

misidentified because an electron which traversed the same Cl cell was 

not reconstructed by the track-finding program. An estimate of the 

consequent hadron-hadron contribution to the direct electron pair sample 

was obtained as follows. For each cell of Cl the probability of observ- 

ing a signal with no corresponding track found was measured using the 

total interaction trigger data. The obtained values together with the 

average hadron misidentification probability of the shower counters were 

incorporated as efficiencies into the Monte Carlo program. Using the 

multiparticle distributions of the bubble chamber experiment [17] to 

measure the dihadron background in the direct sample, an estimated con- 

tribution of (6 f 4) events was obtained. 

The difference between the opposite and same sign pair mass spectra 

of Fig. 8 is shown in Fig. 10, together with the estimated dihadron 

background. The direct e+e- pair sample contains (107 + 17) events 

yielding a net observed e+e- pair cross section of (45 k 7) nb. 
(it) 

The corresponding subtracted x and p; distributions are shown in 

Fig. 11. The x distribution shows a dramatic increase for x 2 0.25 and 

2 and equally striking effect is observed in the pT distribution for 

2 pT 5 0.1 (GeV/c2). These features will be discussed in more detail in 

subsequent sections. 

(*) The incident flux of ~10' - n p results in a sensitivity of 
2.4 eventslnb. 
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3.2 Direct p and w Decay to e+e- 

In the mass interval 0.72 - 0.80 GeV/c2 of Fig. 10 there are 

11.8 2 3.8 events with virtually no dihadron background. It is natural 

to associate this signal with the production of the p and w resonances 

+- and their subsequent decay to e e . 

In order to estimate the expected contribution from such a mechanism 

Monte Carlo calculations were performed using the estimated PO and w 

production cross sections in r-p interactions at 16 GeV/c [16]. As 

indicated in Section 2.2, these calculations took into account geometri- 

cal acceptance, software and electron identification efficiencies. 

Using decay branching ratios from the Particle Data Tables [18] and the 

sensitivity of the experiment (2.4 events/nb) the spectrum of Fig. 10 is 

expected to contain (7.5 * 0.6)~~ events and (7.5 ? 2.0)~ events, ignor- 

ing possible interference effects. As indicated in Fig. -10, such a 

contribution is completely consistent with the observed e+e- mass 

spectrum. 

The contribution from the p-w region to the x and pt distributions 

is shown in Fig. 11. It is clear that the sharp increases in the low x 

2 and the low pT 
+- 

regions are characteristics of the low mass e e continuum 

and differ markedly from the direct decay distributions of the p and o 

resonances. 

3.3 The Low Mass Continuum 

The low mass continuum is defined by the mass selection 

0.2 < M(e+e-) < 0.7 GeV/c2 . 

The net efe- sample corresponding to this interval consists of (92 + 16) 
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+- events, 8nd contains -1 p -+ e e event in addition to the estimated 

(6 i 4) events hadron-hadron contamination. 

The remaining major contribution from known sources in the low 

mass region is due to Dalitz decay of 11 and w mesons: 

+- 
n-fee Y 

+- 0 w-tee 7r . 

A similar Monte Carlo technique to that described in Sections 2.2 

and 3.2 was used to estimate the contributions from these processes. The 

n production was assumed to have the same x and 

tion 116b], and the parent meson was assumed to 

its rest frame into an e+e- subsystem of mass M 

the subsystem M was then assumed to decay as (1 

pT dependence as w produc- 

decay isotropically in 

and the recoil particle; 

+ cos2f3) in its rest 
. 

system. The functions describing the distribution in M were taken from 

references 1191 and [203 for n and w respectively, with corresponding 

branching ratios of 5.0 x 10m3 [18] and 8.0 x 10 -4 [20] f or the Dalitz. 

processes. 

The resulting n and w contributions to the low mass continuum are 

estimated to be (15.3 rf: 5.3) and (10.3 + 1.6) events respectively; the 

errors correspond to the uncertainties in the values of the inclusive 

n and w cross 

for only-30% 

The M, x 

section at 16 GeV/c. It follows that these sources account 

of the observed direct signal. 

and pt distributions for the low mass continuum are shown 

in Fig. 12 together with the estimates of the corresponding n and w 

Dalitz decay contributions. It is clear that the dynamical character- 

istics of the excess events are quite different from those of the n and 
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w spectra. The mass distribution (Fig. 2(.a)) is varying more slowly, 

whereas the x and p: distributions are much steeper for x 5 0.25 and 
. . 

pi 5 0.1 (GeV/c)2 respectively. 

The low mass continuum contains (66 + 17) events in excess of the 

estimated n and w contribution, and (59 f 17) events when all known 

sources of background are removed. 

3.4 Acceptance-Corrected Continuum Distributions 

In order to obtain corrected cross sections and distributions for the 

low mass continuum it is necessary to have a representation of the over- 

all acceptance at each point of the (x, p:, M) phase space volume access- 

ible to the experiment. Using the Monte Carlo program, the overall 

acceptance of the experiment has been estimated on a grid spanning this 

phase space under the assumption that the e+e- pair internal angular 

distribution is isotropic. A linear interpolation procedure was then 

used to evaluate the acceptance for each event of the data sample. Each 

pair was weighted by the inverse of its acceptance value, 
(2';) 

same sign 

pairs being given negative weight. The corrected cross section for the 

low mass continuum is found in this way to be (955 f 170) nb. The 

estimated (n, w) contribution is (255 + 60) nb, so that the excess 

corresponds to a cross section of (700 f 180) nb in the acceptance 

region of the experiment. 

(*) Acceptance values are almost entirely in the range 5 - 17% with 
a tail extending to -1%. 



-29- 

In 'Figs. 13(a)-(.c) are shown the acceptance corrected M, x and pi 

distributions of the continuum, ("1 and in Figs. 13(d)-(f) these distribu- 

tions are reproduced after subtraction of the estimated n and w contribu- 

tions. 

Describing the mass spectra by the parametrization: 

do z=CIM -a 

a is found to be c1 = 1.77 + 0.64 for Fig. 13(a) and CL = 0.94 it 0.89 for 

Fig. 13(d). The removal of the estimated (n, w) contribution results in 

-1 a residual mass spectrum which is consistent with an M dependence. 

Fits to the x distributions (Figs. 13(b), (e)) of the expression 

LC(l - x> B 
dx 2 

yield 8 = 7.46 + 1.72 and 6 = 9.78 k 2.64 for the.unsubtracted and sub- 

tracted distributions, respectively. In this case, removal of the n and 

w contributions yields a somewhat steeper x dependence for the continuum 

excess. 

The p; distributions of Figs. 13(c) and (f) are not well described 

by a single exponential function. Furthermore, for the unsubtracted 

data: 

(pc) = 0.137 + 0.034 (GeV/c)2 for 0.10 5 x 5 0.20 

(p;) = 0.206 + 0.068 (GeV/c)2 for 0.20 < x 5 0.45 

2 ("> The effect of using a (1 + cos 13) distribution rather than an 
isotropic distribution would be to slightly steepen the x and p$ 
distributions while increasing the acceptance-corrected cross 
section by -7%. 
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Fig. 13. The acceptance corrected mass, x and p$ distributions for the 
continuum: (a)-(c) before, (d)-(f) after Bubtraction of the 
?-I and w Dalitz decay contributions. The curves correspond to 
the fits described in the text. 
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indicating that the p; distribution may exhibit some x dependence. Indeed, 

the p; distributions for x I 0.20 and x 2 0.20 (not shown) exhibit a 
'. 

significant growth of the low p2 spike with decreasing x. T 
This indicates 

that the effect is not associated with n and w contributions (cf. 

Fig. 12(c)). 

For these reasons, no attempt has been made to parametrize the 

distributions of Figs. 13(c) and (f). 

3.5 The (e+e-/r+r-) Ratio 

The acceptance corrected e+e- cross sections obtained as described 

in the previous section +- 
may now be compared to the corresponding n r 

pair data. Again the r-p bubble chamber data [17] have been used for 

this study: ,'r- pairs have been selected which satisfy 

0.10 5 x I 0.45 

0.0 p; 5 5 0.64 (GeV/c>2 

M(T+T-) 2 0.7 GeV/c2 , 

+- +- and the e e /7~ TT cross section ratio was calculated as a function of M, 

x and p2 T' For this purpose the n and u contributions to the e+e- cross 

section have not been subtracted since the corresponding subtraction 

cannot be performed for TF+~- pairs. The overall (e+e-/T+a-) ratio for 

the acceptance region defined above is (6.4 f 1.2) x 10v5; the effect of 

subtracting the (0, w) contribution to the numerator is to reduce the 

ratio to (4.7 f 1.2) x 10 -5 . 

The results scaled by the factor lo5 are shown in Fig. 14. In 

Fig. 14(a) the bin 0.2 5 M 5 0.3 GeV/c2 has been excluded because of the 
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accessible to the present experiment. 



-33- 

two pion mass threshold. However, the events from this bin are included 

in Figs. 14(b) and (c). 

Figure 14 indicates that the (e+e-/r+a-) ratio exhibits strong x 

and pt dependence, which is not significantly changed when the events in 

the range 0.2 I M 5 0.3 GeV/c2 are removed; however, its dependence on 

mass appears rather weak. 

Subtraction of the n and u contributions to the e+e- cross section 

produces no qualitative change in Figs. 14(b) and (c). However, 

Fig. 14(a) exhibits even less mass dependence, and the data in the range 

0.3 < M I 0.7 GeV/c2 yield an average value for the (e+e-/r+n-) ratio of 

(2.7 + 0.9j X 10 -5 . 

3.6 Direct Photon Production 

The production of direct e+e- pairs via the emission of a virtual 

photon as illustrated in Fig. 15(a) implies [21] the emission of direct . 

photons by the same reaction mechanism. These processes may be related 

by 1221 

Here u is the electron mass, c* and E* are the c.m. momentum and energy 

of the pair, 2 and f(M, x, p,) is the structure function for production 

of a virtual photon of mass M summed over photon polarization states. 

The mass distribution of the direct pair events weighted by the 

factor 
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Fig. 15. (a) A schematic representation of the inclusive production 
of direct e+e- pairs via the emission of a virtual photon; 
(b) the mass dependence of the extrapolation function, o(y*), 
for direct photon production as described in the text. The 
direct e+e- events have been weighted according to (1) and the 
corresponding weighted contributions from n and w Dalitz decays 
subtracted. The dashed line corresponds to an M-independent 
extrapolation function, the solid line results from the 
assumption of a linear M-dependence. 
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constitutes a measure of 

. . 

integrated over the region of acceptance, i.e., in this experiment 

0.10 L x <_ 0.45 and 0 5 pT 2 0.8 (GeV/c) . 

(2) 

This cross section, denoted by o(y*), is plotted in Fig. 15(b) as a function 

of M. In obtaining the data points of Fig. 15(b) the q and w contribu- 

tions weighted according to (1) have been subtracted since they would 

yield contributions corresponding to n + 2y and w + y~o at the photon 

pole. 

The error bars in Fig. 15(b) clearly preclude any significant 

conclusion as to the mass dependence of (2). However the..extrapolation 

to the pole has been performed under two particular assumptions: 

(i> expression (2) is independent of M; this yields a cross 

section estimate of (386 + 95) pb for direct photon produc- 

tion; 

(ii) expression (2) depends linearly (9 on M; this yields a direct 

photon production cross section estimate of (240 t 350) ub. 

In order to estimate the direct y to TT' production ratio, the above 

direct y cross section values were compared to those for inclusive nr+ 

production in IT-P interactions [17] in the same range of x and pt. 

(,k) Any longitudinal polarization of the virtual photon yields a con- 
tribution to a(~*) which vanishes at the photon pole. This would 
imply a possible mass-dependence of the structure function. 
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The values obtained for (v/n) are (5.1 + 1.3)% and (3.2 + 4.7)% 

for estimates (1) and (ii) of the direct photon cross section. 

4. Comparison with Other Experiments 

4.1 Electron Pair Production 

Almost all previous experiments measuring the e+e- mass spectrum 

in the region below 0.7 GeV/c2 suffer greatly from lack of statistics. 

This results in some confusion as to the existence or non-existence of 

a direct e+e- continuum signal in excess of known resonance contributions. 

In TI+P interactions at 4 GeV/c [lo] and 18 GeV/c [9], and in T-P 

interactions at 70 GeV/c [ll] it is claimed that the observed continuum, 

which typically contains $12 events, is accounted for by n and u Dalitz 

decays. Furthermore, in a low energy pp annihilation experiment 1121, 

the continuum contains 11 events while the estimated (rl, w) contribution 

is 6 f 4 events. 

In contrast, the r-p data of reference 9 exhibit a continuum con- 

taining 16 + 5 events in excess of the estimated (n, W) Dalitz decay 

spectrum. This signal is strongly localized to low pT and low x, in 

agreement with the results of the present experiment. 

In addition to these bubble chamber experiments, there exist data 

for x - 0 and high pT from two experiments at the ISR. The first [8] 

shows -18 pairs with an estimated -9 (n, W) Dalitz decays for 

0.2 5 M(e+e-) 5 0.5 GeV/c2 and 2 < pT < 3 GeV/c. The second experi- 

ment ]7] exhibits a clear e+e- continuum containing -150 events in the 

range 0.16 5 M(e+e-) 5 0.60 GeV/c2 for pT > 1.8 GeV/c; (n, W> Dalitz 

decays can account for the observed spectrum below-O.25 GeV/c2, but 

cannot account for the events in the range 0.4 - 0.6 GeV/c2. These 
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events are described in terms of production and semi-leptonic decay of 

DE pairs, and this interpretation would again imply that the low mass 

continuum results from known sources. 

In contrast to these experiments, the present experiment yields 

relatively good statistics in a regime where charmed particle production 

is negligible; the results presented in chapter 3 clearly demonstrate 

the existence of a low mass continuum which cannot be attributed to 

known sources. 

There is another low energy spectrometer experiment to study e+e- 

pair production in IT-P interactions at 17 GeV/c for which analysis is 

still in progress. Preliminary results [23] with comparable statistics 

are quite consistent with those of the present experiment. The existence 

of a low mass continuum excess is again clearly established; however, 

detailed comparison with the present experiment must await final results 

from this MPS experiment. 

4.2 Muon Pair Production at 16 GeV/c 

In comparing dielectron and dimuon data, the assumption is made 

that the production mechanism in each 

and that only effects associated with 

taken into account. The lepton mass, 

factor 

case is as illustrated in Fig. 15(a) 

the lepton mass value need be 

u, occurs explicitly only in the 

(3) 

describing the coupling of a virtual photon to a dilepton system of 

mass M. It follows that the comparison may then be effected by eliminat- 

ing from the electron pair sample those pairs of mass below dimuon 
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threshold, and assigning to each remaining pair weight F(mu)/F(me), 

with F given by (3). 
(;';) 

The experiment measuring dimuon production in IT'P interactions at 

15.5 GeV/c [6] has good acceptance down to dimuon threshold in the region 

x 2 0.3 and p T 5 1.2 GeV/c, and is thus complementary in x to the present 

experiment. The composite x distribution for x 2 0.1 and M I 0.6 GeV/c2 

is shown in Fig. 16(a). The weighted electron data [24] match quite smoothly 

to the muon data, and the resulting total cross section for x 2 0.1 is 

864 k 124 nb. 

The shaded band of Fig. 16(a) represents the estimated contributions 

from direct p-decay and (n, w) Dalitz decay; its width reflects the 

uncertainty in the values of the relevent inclusive cross sections. It 

is apparent that the fraction of the low mass continuum which is not 

attributable to known sources increases rapidly tiith decreasing x. The 

subtracted spectrum of Fig. 16(b) is well described by a single exponential 

function of the form 

do -bx -g = Ae 

with slope b = 6.3 + 0.1; a function of the form 

da - = C(1 - xp dx 

with B - 4.2 describes the region x 5 0.8 reasonably well, but falls off 

too rapidly at larger x. For the e+e- data alone B = 9.8 t 2.6 was 

(;k) This procedure reduces the e+e- cross section for 0.2 5 M 5 0.7 GeV/c2 
by about one third. 
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Fig. 16. (a) The composite dilepton x distribution at 16 GeV/c for 
M 5 0.6 GeV/c2; the shaded band represents the estimated 
contribution from direct p-decay and (0, u) Dalitz decay; 
(b) the subtracted spectrum corresponding to Fig. 16(a); the 
dashed line is an exponential of slope 6.3, and the curve 
results from the calculation described in the text. 
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obtained (Section 3.4); the change results from the good precision of the 

muon data together with the extended x range of the fit. 

The residual cross section corresponding to Fig. 16(b) is 

608 + 135 nb [25), so that only -30% of the continuum cross section for 

M -< 0.6 GeV/c2 and x 1 0.1 can be attributed to known sources. 

The composite pc distribution and the estimated contribution from 

known resonances are shown in Fig. 17(a) for M 5 0.6 GeV/c2. Their 

difference is shown in Fig. 17(b); also shown are the distributions 

corresponding to the continuum excess for x 2 0.3 (Fig. 17(b)) and 

0.1 5 x 5 0.3 (Fig. 17(c)). The curves result from the calculation to 

be discussed in section 5.3 below. 

The distributions shown in Fig. 17 exhibit an x dependence which is 

very similar to that resulting from n and w Dalitz decay except at low 

x and p: I 0.04 (GeV/c)2 (cf. Fig. 17(c)). This .is shown-explicitly 

in Fig. 18, where the variation of (p:) with x is plotted; the data 

points correspond to the unsubtracted low mass continuum, whereas the 

dashed curve corresponds to the estimated n and w Dalitz decay contri- 

butions. The curve describes the data quite well despite the decrease 

of the Dalitz contribution from -50% for x > 0.8 to -15% for x - 0.1. 

The mass distributions corresponding to the continuum excess for 

the weighted e+e- data and the u+p- data will be discussed in Section 4.3. 

Since the weighted electron data match well to the dimuon data, the 

combined data sample will be considered equivalent to that for a dimuon 

experiment of extended acceptance. In subsequent discussion, references 

to this combined sample will be denoted by the use of an italicized 

dimon. 
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Fig. 17. (a) The composite dilepton pg distribution at 16 GeV/c for 
M < 0.6 GeV/c2; the shaded band represents the contribution 
from known resonances; (b) the subtracted spectra correspond- 
ing to Fig. 17(a) for x 2 0.1 and x 1 0.3; (c) the subtracted 
spectrum for 0.1 1. x 5 0.3; the curves displayed in (b) and 
(c) result from the calculations described in the text. 
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Fig. 18. The variation of (p$) with x for the composite dilepton data 
at 16 GeV/c in the range M 5 0.6 GeV/c2; the dashed curve 
represents the corresponding variation for the estimated n and 
w Dalitz decay contributions, and the dotted. curve that for 
electron pairs from 7~0 Dalitz decay; the solid curve results 
from the calculation described in the text. 
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4.3 Muon Pair Production at 225 GeV/c 

In order to investigate the energy dependence of the anomalous low 

mass signal, relevant data on dimuon production in T-C interactions at 

225 GeV/c [26-301 are now compared in some detail with the 16 GeV/c 

results. In this context, it is assumed that the x dependence of p, w 

and q production is given by the dimuon data in the range 

0.65 5 M I 0.93 GeV/c2 [26]. Similarly, it is assumed that the pi 

distribution for w production may be obtained from this interval. An 

exponential p$ dependence with slope value of -2.5 (GeV/c)-2 is 

indicated, and it is further assumed that this behaviour also describes 

q production (cf., 16 GeV/c). Lastly, the relative production rates 

for P, w and n are taken to be the same as at 16 GeV/c. 

The x and p: distributions for the 225 GeV/c IT-C data in the region 

x 1. 0.07 and M < 0.65 GeV/c 2 are shown in Figs. 19(a) and'(c) respec- 

tively; 
(") 

the data of reference 26 have been converted to cross section/ 

nucleon by means of the factor A-o with c1 = 0.65 + 0.05 [27]. 

The estimated contributions from known sources are shown as shaded 

bands in Figs. 19(a) and (c), and the corresponding subtracted distribu- 

tions are presented in Figs. 19(b) and (d) respectively; the distribution 

of Fig. 19(d) h as been normalized (scale factor 0.66) to the 16 GeV/c 

dimuon data in the region x 2 0.1, M 5 0.6 GeV/c2 in order to make a 

direct shape comparison. 

(*) Although discussion is confined to the T-C data of referense 26, 
'it should be noted that the low mass distributions in x, p and M 
for IT+C and v-C are virtually identical. T 
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Fig. 19. The x and ps distributions for ?rN + p+p-X in the region x L 0.07, 
M I 0.65 GeV/c2 resulting from IT-C interactions at 225 GeV/c; 
the shaded bands in (a) and (.c) represent the estimated contri- 
butions from n and w Dalitz decay as well as direct p and w 
decay; the subtracted distribution of (b) is described by a 
single exponential of slope 15.9 (solid line); the corresponding 
fit to the 16 GeV/c data (dashed line) is also shown; the 
subtracted distribution in (d) has been normalized (scale 
factor = 0.66 to the corresponding distribution for x 2 0.1, 
M 5 0.6 GeV/c 3 at 16 GeV/c, which is shown for comparison. 
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From Figs. 19(a) and (b), it appears that essentially all of the low 

mass continuum for x ~0.5 results from known sources, and that the x 
'. 

distribution for the anomalous signal is much steeper at 225 GeV/c than 

at 16 GeV/c. The solid line of Fig. 19(b) is an exponential of slope 

15.9, and describes the 225 GeV/c data quite well; the dashed line, of 

slope 6.3, is the result of the previously-described fit to the 16 GeV/c 

data. The fact that these lines exhibit a pronounced cross-over 

indicates that the structure function describing the anomalous continuum 

does not scale between 16 and 225 GeV/c. 

The continuum cross section at 225 GeVjc for x ~0.07 and 

M I 0.65 GeV/c2 is 1279 _+ 173 nb; after subtracting the estimated con- 

tributions from known sources the residual cross section corresponding 

to the anomalous continuum in this region is 916 + 190 nb. 

The p; distribution for the continuum excess [Fig. i9(d)] has 

essentially the same shape as that obtained for known sources [Fig. 19(c)] 

for pi 2 0.2 (GeV/c)2; at lower p2 T values, however the anomalous distri- 

bution is steeper. The overall shape agrees quite well with that 

obtained at 16 GeV/c [Fig. 19(d)], however, the x - p% correlation is 

somewhat different [28]. c*> 

In Fig. 20(a), the dimuon mass distribution at 225 GeV/c for 

x 2 0.07 is shown in conjunction with the estimated contribution from 

known sources. The subtracted distribution, normalized to the 16 GeV/c 

dimuon data for x 2 0.1, is compared in Fig. 20(b) with the 16 GeV/c 

data. There is reasonable shape agreement within the rather large 

(*) (p$increases from -0.2 (GeV/c)2 at x = 0.1 to -0.35 (.GeV/c)2 at 
x = 0.4. 
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Fig. 20. (a) The dimuon mass distribution for ?rN -t p+p-X for x 1 0.07 
resulting from T-C interactions at 225 GeV/c; the shaded 
band represents the estimated contributions from n and w 
Dalitz decay as well as direct p and w decay; (b) the sub- 
tracted distribution resulting from (a) normalized (scale 
factor = 0.684) to the 16 GeV/c data for x 2 0.1; the correspond- 
ing 16 GeV/c distribution and that for dimuons at 16 GeV/c 
are also shown; the curves result from the calculation de- 
scribed in the text. 
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uncertainties of the low energy data. In contrast the 16 GeV/c dimuon 

distribution (x 1. 0.3) is much broader than that at 225 GeV/c (x 1 0.07), 

suggesting the existence of a significant (M, x) correlation. Indeed 

fits to the x distribution for M I 0.45 GeV/c2 and 0.45 I M I 0.65 GeV/c2 

in ITC interactions at 225 GeV/c 126-j and p Be interactions at 

150 GeV/c [29] indicate that the x distribution of the low mass continuum 

is decreasing in steepness with increasing mass. 

The large uncertainties associated with the weighted e+e- data at 

16 GeV/c allow no conclusion to be drawn concerning the existence of such 

an (M, x) correlation. 

5. Possible Sources of the Anomalous Dilepton Continuum 

5.1 Models 

As discussed in Section 4.1, the authors of reference 7 attribute 

a sizeable fraction of the low mass continuum to the production and semi- 

leptonic decay of charmed particle pairs. A similar interpretation of 

the 16 GeV/c data would result in charmed particle cross section values 

in the range 0.1 - 1 mb. Actual values are estimated to be 110 pb and 

so charmed particle production must be ruled out as a significant source 

of the anomalous continuum. 

The Drell-Yan mechanism [2] describes dilepton production in terms 

of the annihilation of valence quarks in the initial state particles in 

an impulse approximation approach. As such it is expected to be valid 

at high dilepton mass, but not in the region of the low mass continuum. 

This appears to be the case; for example, in reference 30 it is shown 

that the high mass (14 GeV/c2) description when extrapolated to low mass 

falls below the observed dimuon spectrum at M = 0.6 GeV/c2 by a factor 

of -15. 
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Bjorken and Weisberg [31] suggested that the low mass continuum 

might result primarily from the annihilation of centrally-produced q-q 

pairs. This idea was made quantitative by Cerny et al. [32], who in 

addition incorporated the concept of space-time evolution of the collision 

in order to localize the effect to low mass. The resulting mass distri- 

bution agreed fairly well with the data, but the corresponding x and pt 

spectra were not very well reproduced. A subsequent modification to 

this model (331 will be discussed in the next section. 

A second class of models is based on the idea of internal conversion 

of virtual photons generated by the bremsstrahlung of virtual charged 

particles produced in the interaction [34]. This mechanism will also be 

considered in more detail in the next section. 

Other models, such as those based on thermodynamical concepts 1351 

and those formulated in terms of pion-pion and quark-pion-*interac- 

tions 136-J will not be considered here. 

5.2 An Empirical Approach 

As discussed previously, the principal features of the anomalous 

continuum are the steepness of the x distribution and the development 

of a sharp, low pf peak as x decreases from -0.25 toward zero. 

These characteristics essentially preclude the possibility that 

the dilepton continuum results predominantly from a high mass source. 

Resonances above the p are known to have much flatter x and p; distribu- 

tions than those observed for the low mass continuum. Furthermore, if 

the dilepton system results from the decay of such a high mass object, 

the sharpening of the pg distribution due to parent-daughter kinematics 

does not yield a very steep low p; peak, 



-49- 

InfFig. 21 it is shown that the composite x distribution for the 

anomalous continuum at 16 GeV/c is very similar in shape to that for 

dielectrons from the Dalitz decay of IT" s produced in up interactions 

at 18 GeV/c 1371. The pt distribution for such dielectrons develops 

a very steep low pi peak for x : 0.3, as illustrated by the dotted curve 

of Fig. 18. This behaviour is qualitatively similar to that observed for 

the dilepton continuum at low x although, as discussed previously, the 

behaviour for x 1 0.3 more closely resembles that for n and w Dalitz 

decay. 

On the basis of these observations, the conjecture is made 

that the anomalous dilepton continuum results from a broad parent (9 

continuum distribution reaching a maximum in the vicinity of the n and 

w, butextending in significant strength to low mass and also, presumably, 

exhibiting a high mass tail. The parent x distribution should resemble 

that for the pion (although there may be significant mass-x correlations), 

and the decay mechanism resulting in the dilepton continuum should be 

essentially Dalitz-like. In order to relate such a conjecture to the 

models discussed in the previous section, these ideas are now re-expressed 

in terms of quarks. 

The Drell-Yan mechanism, illustrated by Fig. 22(a), involves an 

initial q-q system in a state with quantum numbers J PC = 1-- , with 

spin S = 1 and orbital angular momentum predominantly L = 0.. As discussed 

(k) It should be noted that the dashed curve of Fig. 18 is obtained from 
parent n and w distributions for which (pg) = 0.345 (GeV/c)2 at 
all x. 
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Fig. 22. Diagrams illustrating the dilepton production mechanisms 
discussed in the text: a) Drell-Yan, b) generalized Dalitz 
decay, c) qq annihilation to a virtual photon and a dipion 
system with the po quantum numbers, d) inner bremsstrahlung. 
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in Section 5.1, this mechanism seems to be of little relevance to a 

description of low mass dilepton production. 

If in the lowest orbital angular momentum state the quark spins 

couple to S = 0, the resulting quantum numbers are J PC -+ = 0 , and the 

lowest mass hadronic system to which such a qi system can couple (other 

than the pion itself) contains three pions. It follows that such a 

system will decay electromagnetically for masses 54.0 GeV/c2 and would 

presumably continue to have significant electromagnetic coupling at 

higher mass. Figure 22(b) illustrates the corresponding Dalitz decay 

mechanism, and in Fig. 22(c) the on-shell photon has been replaced by 

the lowest mass allowed hadronic system ("1 +- 
viz. 7r r with the quantum 

numbers of the p. Since the ~+'1r- P-wave interaction at low mass is 

dominated by P it might be expected that the mechanism of Fig. 22(c) 

would be associated with q{ systems of mass ~1 GeV/c2, taking into 

account the dilepton threshold. As will be shown below, such a high 

mass parent q{ system does not yield a sufficiently steep pt distribution 

for the daughter dilepton system; for this reason it is conjectured that 

the Dalitz mechanism of Fig. 22(b) is the dominant qy annihilation source 

of low mass dilepton pairs. 

The empirical approach outlined above thus leads to a conjecture 

which is very similar to the model proposed independently in references 

31 and 32. The authors of reference 32 were led to propose -a modifica- 

tion to their calculations in order to better describe the pT dependence 

of the data. This modification 1331 involves a Dalitz-like mechanism as 

(*) Final states of the type y* + n(T") with n 21 are forbiddenby C 
invariance. 
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in Fig. '22(b), but with the on-shell photon replaced by a gluon (*> so 

that it is more akin to the process of Fig. 22(c). 

If qq pairs having the quantum numbers of the pion are indeed the 

source of the low mass continuum, then in addition to the annihilation 

mechanism of Fig. 22(b) there may also be a contribution when the quarks 

have different flavor. A simple mechanism by which this might occur is 

illustrated in Fig. 22(d), and may be considered to be an inner brems- 

strahlung process of the type proposed in reference 34. 
n 

For parent masses above 0.2 GeV/cL, the processes of Fig. 22(b) 

and (d) result in virtually indistinguishable x, pc and M distributions 

of the dilepton system. 

However, the internal angular distribution of the lepton pair 

should be quite different in the two cases, since the annihilation 

~process yields transversely polarized virtual photons (ai-= +l> whereas 

the inner bremsstrahlung process results in longitudinal polarization 

(m = 0). In this regard, the general form of the angular 

integrated over azimuth is [39] 

w(e) = 
,11 - (1 - 5) (pooCOS28 + p1’,yin2fl) 

41+$ 
( ) 

distribution 

where 1-1 is the lepton mass and ~3 the helicity angle with respect to the 

dilepton line of flight; p 00 and p 11 are density matrix elements for the 

virtual photon. The angular distribution for m = +l corresponds to 

(-A) The Dalitz decay conjecture resulting from the empirical approach to 
the data was made prior to any knowledge of reference 33. 
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11 
P = 0.15, poo = 0 and at high mass this yields a (1 + cos20) dependence; 

m = 0 corresponds to p 
11 

= 0, P 
00 = 1 with high mass angular distribution 

Nsin2e ("1 . 

Unfortunately, the dielectron data of the present experiment are 

not sufficiently precise to yield useful information on the angular dis- 

tribution. The dimuon distribution at 16 GeV/c for M 50.6 GeV/c2 [6] 

does tend to increase towards case = &l, but again the uncertainties are 

large. (""1 There are no other data providing information on this ques- 

tion, and so it remains an important open issue which future experiments 

should address. 

As mentioned previously the Drell-Yan mechanism appears to be the 

dominant source of high mass dileptons. The diagrams of Figs. 22(c) and 

(d) are of the same order in cx (the e.m. coupling constant) as the 

Drell-Yan diagram so that some additional mechanism, such.-as the imposi- 

tion of short-range order [32,33], is required to restrict their contribu- 

tion to the low mass region. In contrast the Dalitz mechanism of 

Fig. 22(b) involves one additional power of a; consequently, at high mass 

where there is essentially a continuum of J P = O- and l- qs states, the 

Drell-Yan process should automatically dominate; at low mass, however, 

where the level structure is discrete and the O- states are lower-lying 

(f:) At threshold the angular distribution is isotropic in both cases; 
however, at M, = 6~ the angular distributions are already 
-1 + 0.8 cos20 and-sin28 + 0.125 for m = +l and m = 0 respec- 
tively. 

(*") This distribution also contains contributions from n and w Dalitz 
decay for which m = 21, thereby increasing the uncertainty as to 
the continuum angular distribution. 
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than the corresponding l- states, it is not unreasonable that the Dalitz 

mechanism should be predominant. 

5.3 Calculations for Dilepton Production at 16 GeV/c 

In order to learn something of the general characteristics which 

should be required of parent qq systems of the type discussed in 

Section 5.2, the following initial procedure was followed at 16 GeV/c: 

the (x, p,) distribution for the parent qi system of Fig. 22(b) was 

assumed to be that for inclusive r + Is from r-p interactions at 

16 GeV/c [17]; every T+ on the bubble chamber data tape was assigned the 

same parent mass value, and the Dalitz decay of this parent object 

generated [19]; distributions of interest for the secondary dimuon 

pairs were then accumulated. 

The resulting distributions in x (p, 5 1.2 GeV/c) and p: (0.1 5 x 5 0.3) 

for dimuon pairs of mass less than 0.6 GeV/c2 are shown in Fig. 23 as a 

function of parent mass in the range 0.4 - 1.5 GeV/c2. It is clear that 

in order to obtain dimuon distributions exhibiting steep behaviour at 

low values of x and pt, the parent mass spectrum should be strongly 

localized at masses 50.9 GeV/c2. In addition, the dimuon mass spectrum 

resulting from the Dalitz decay matrix element [19] is essentially zero 

for masses 190% of the parent mass. Since the continuum mass spectrum 

of Fig. 20(b) appears to differ significantly from zero at 0,6 GeV/c2 

the implication is that there must be substantial contributions from 

parent mass values above 0.6 GeV/c2. 

The distributions of Fig. 23(a) show no broadening of the dimuon 

x distribution with increasing parent mass. It follows that in order 

to generate such a correlation for the dimuon pairs, the parent x 
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distribution must be mass-dependent. A mass dependence is obtained 

using like charge pion pairs from the 16 GeV/c bubble chamber data 

tape 1171; the pions are assigned zero mass, ("1 and the x distribution 

obtained for different intervals of 71~ effective mass. For effective 

mass values in the vicinity of the pion mass, the x distribution is 

very similar to that observed for the pion. At higher masses, however, 

the distribution is observed to broaden, and the resulting mass-x correla- 

tion is represented to good approximation by 

do 
zTe -bx(l - 0.5 embx) (5) 

with b = 7.25 - 3.5 3 where M P is the effective mass. The factor in 

parentheses yields the observed flattening of the vr distributions for 

x - 0 but has little effect for x 1 0.2. 

The distribution of parent mass, M 
P' 

obtained from the same sign 

pion pairs peaks at MP - 0.4 GeV/c2 and is skewed toward high mass. A 

similar mass distribution may be obtained by generating events according 

to 

-$$- exp(-(MP - 0.4)2/2~2) (6) 

and then weighting events having MP 5 0.4 GeV/c2 by (%/0.4) in order 

to force the mass spectrum to zero at threshold. It is found empirically 

that the value o = 0.35 GeVjc2 yields a mass spectrum which is adequate 

for the present studies. 

(*> The Dalitz matrix element yields the ratio of the Dalitz decay rate 
to the two-photon rate; it follows that the parent mass spectrum is 
a two-photon spectrum and it is for this reason that the pion is 
given the photon mass. 
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As discussed previously in the case of (n, w) Dalitz decay, a parent 

p: distribution of constant slope yields a dimuon (x, (p;)) correlation 

which is very similar to that observed at 16 GeV/c [cf. Fig. IS]. How- 

ever, it is found that such a parametrization results in an average 

pT for the dimuon system which decreases slightly with increasing mass. 

At 225 GeV/c [27], (p,) h as been observed to increase linearly with M. 

This indicates that it is necessary to introduce a parent pt distribu- 

tion which depends on Mp. Using same sign pion pairs as before, the 

dependence of parent (p;) on x was studied as a function of parent mass. 

It was found that at low mass there exists a strong (x, (p;)) correlation 

similar to that of Fig. 18, but that this correlation decreases markedly 

with increasing parent mass. Such behaviour can be obtained by generating 

a parent p$ distribution according to 

do - -exp(-E/ma) 
dPT2 

(7) 

where E2 = 6 + (xp2)2 + p;; x is the parent x value and pz is the 

incident momentum in the c.m. system. In the calculations an m. value 

of 0.060 GeV/c2 is used; the resulting description of the dimuon data 

for pT 6 0.8 - 0.9 GeV/c is found adequate, and (p,) is found to increase 

approximately linearly with M. However at higher pT values, (7) decreases 

too rapidly with increasing pT, and any serious attempt at a description 

of dilepton data in this region requires a more elaborate representation 

than that embodied in (7). 

The final procedure followed in attempting to describe the dimon 

distributions at 16 GeV/c in terms of the Dalitz mechanism of Fig. 22(b) 

may then be summarized as follows: 
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(i) a 2y parent mass distribution is generated according to (6) 

for Mp 2 0, and a weight (MJO.4) assigned each event having 

Mp 5 0.4 GeV/c'; 

(ii) for each event an x value is generated according to (5) with 

x replaced by 1x1 so that a symmetric x distribution will 

result; ("1 subsequently a pt value is generated according to 

(7) using the relevant values of 5 and x; 

(iii) the kinematic boundary is taken into account by discarding 

events for which the missing mass recoiling against the parent 

object is less than the neutron mass; 

(iv) the Dalitz to two-photon branching ratio for an object of 

mass Mp is calculated as in reference 19 and used as a weight 

factor for the current event; 

(VI a dimuon mass value is generated according to the correspond- 

ing Dalitz decay mass spectrum, and dimuon x and p T values in 

the overall c.m. system are obtained assuming isotropic decay 

of the parent object in its rest frame; 

(vi> the sum of weights for events satisfying M 5 0.6 GeV/c2, 

x 1 0.1 and pT _ < 1.2 GeV/c is normalized to the 608 nb dimuon 

cross section observed at 16 GeV/c and in this way the cross 

section for the entire Monte Carlo generated sample is defined. 

The resulting x and p2 T behaviour is illustrated by the solid-curves in 

Figs. 16-18. The x distribution and the corresponding (p;) correlation 

(.;'c> Expression (5) has continuous first and second order derivatives 
w.r.t. x at x = 0. 
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are quite well reproduced; however, as discussed above, the calculated 

pi distributions tend to fall below the data for pT L 0.9 GeV/c. 
'. 

The calculated dimuon mass spectra corresponding to x 2 0.1 and 

x 2 0.3 are represented by the curves of Fig. 20(b). Although the mass 

spectrum does broaden somewhat with increasing x, the representation of 

the two data samples is only fair. However several points pertaining to 

both the data and the calculation need to be considered: 

a> in the calculation form factors have been ignored and a simple 

(P)2R matrix element dependence has been used with R = 1 

corresponding to P-wave decay; 

b) the line shapes resulting from n and w Dalitz decay are not well 

known and, for example, the inclusion of vector dominance 

effects in the case of w decay could result in significant 

broadening of the w Dalitz mass spectrum to be subtracted, 

thereby slightly steepening the residual distribution; 

c> the fact that the 225 GeV/c mass spectrum reaches a maximum at 

a higher mass than does the calculated curve may result from a 

combination of resolution and acceptance effects in the data; 

resolution has not been folded into the calculation because the 

relevant experimental details are not available, but it should 

certainly result in broadening of the mass distribution; 

systematic shifts to higher mass can result from coordinate 

sharing and mixing which tends to occur in track-finding for 

small opening angle configurations; finally, the trigger used 

in the 225 GeV/c experiment required hits in two non-adjacent 

hodoscope elements; this in effect imposes a minimum mass 
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' cut-off whose value increases with increasing x of the pair; 

such a moving acceptance hole would tend to trim off the leading 

edge of a distribution such as that calculated for Fig. 20(b). 

It follows that a detailed agreement between the calculated and 

experimental mass spectra should not be expected in the absence of 

better understanding of points (a)-(c). 

No claim is made that the model described in this section is unique 

in its ability to provide a good description of the dilepton distribu- 

tions. However, it does serve to illustrate the fact that the principal 

features of the data can be described quite well in terms of a Dalitz 

mechanism. Furthermore, the model can be used to make specific, quanti- 

tative predictions concerning direct photon and single lepton production 

in the low p T regime. The pertinent results on these topics are 

presented in the remainder of this chapter. 
. 

5.4 Implications for Direct Photon Production 

The Dalitz decay mechanism described in the previous section 

results in a two-photon mass spectrum as illustrated in Fig. 24, where 

corresponding e+e-y and u+~-y mass spectra are also shown. The integrated 

cross section values for yy, e+e-y and u+u-y are 3.16 mb, 49.5 ub and 

2.30 pb respectively, however the sizeable yy and e+e-y cross sections 

are rather sensitive to certain aspects of the procedure involved. 

Approximately half of the yy and efe-y cross section results from 

masses less than 0.5 GeV/cL. From Fig. 24, only a small fraction of the 

u+u- data is obtained from this region, so that a more rapid fall-off 

toward threshold in the parent mass spectrum would significantly reduce 

the implied yy and eSe-y cross section values, with little effect on the 
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Fig. 24. The normalized yy, e+e-y and p'p-y mass spectra resulting from 
the model of Section 5.3. 
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dimuon predictions. These values are also reduced as the central mass 

value and CJ value in expression (6) increase. However, this does 
. . 

broaden the resulting p; distributions for dimuons, so that large changes 

in these parameter values cannot be tolerated. 

The role of form factors in the decay matrix element is also 

important. For example, the inclusion of a P-wave barrier penetration 

factor with a radius parameter of 1 fermi increases the dimuon branching 

ratio by -50% with little effect on the dielectron rate, or on the dimuon 

x and pt distributions; agreement with the experimental mass distribu- 

tions is improved, and the implied yy and e+e-y cross sections are 

reduced by approximately one third. 

The conclusion to be drawn from this is that the Dalitz mechanism 

described in Section 5.3 would imply the existence of a low-mass two- 

photon continuum at a cross section level of a few millibarns. Present 

experimental data cannot rule out the existence of such a continuum. 

A further consequence is the existence of direct photon production 

at a cross section level of ~5 mb. ("1 A parent object with mass, x and 

p; distributions as described in the previous section decaying isotropi- 

tally to two photons yields a photon to pion ratio with the (x, p,) 

characteristics illustrated by Fig. 25. Here, the two-photon cross 

section is 3.16 mb and the pion data correspond to IT-P + T~+X at 16 GeV/c. 

(*) The mechanism of Fig. 22(d) does not imply a factor of two less 
photon production; the Kroll-Wada matrix element is reduced by 
a factor of two because there is only one virtual photon 
possibility, so that normalization to the observed dimuon cross 
section yields a factor of two increase in the ry cross section, 
I.e., essentially the same single y cross section. 
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Fig. 25. The dependence on x and pT of the y to IT ratio obtained from 
the model of Section 5.3. 
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The implication is that while the (.y/n) ratio would be at the few percent 

level for pT - 1 GeV/c for allx, it may undergo very rapid increase with 

decreasing x and pT, perhaps even exceeding the 10 - 20% level in the 

very central regions, 

For the region 0.1 < x 5 0.45 and pT 5 0.8 GeV/c, the calculated 

direct photon cross section is 1.2 mb, This is significantly larger 

than the values obtained in section 3.6 by extrapolation to the photon 

pole. The extrapolation function, (2), corresponding to the model is 

roughly constant for M 5 0.05 GeV/c' , but then decreases approximately 

linearly up to-O.45 GeV/c2 before flattening off at higher mass values. 

In Fig. 15, the first two data points lie below, and the last two data 

points lie above this curve; the resultant linear fit implies an extrap- 

olation function which is slightly increasing rather than decreasing 

with M, thus generating the large discrepancy between the-calculated and 

extrapolated values of the cross section. This illustrates the need for 

much more precise data in the low mass region. 

As stated above, the two-photon cross section of-3 mb corresponds 

to an e+e-y cross section of -50 pb. The corresponding e+e- mass 

spectrum contains-44 pb below the r" 0 
mass, and since the inclusive r 

Dalitz pair cross section at 16 GeV/c is -400 pb it might be thought 

possible to detect the presence of such a contribution by means of 

deviations from the expected Dalitz pair mass spectrum. The-dotted 

curve of Fig. 26 is the mass spectrum for e+e- pairs resulting from 

the continuum, the dashed curve corresponds to r" Dalitz decay for an 

inclusive 77 ' cross section of 35 mb, and the solid curve is the sum of 

the two distributions. Clearly, it would be extremely difficult to 
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Fig. 26. The e+e- mass spectrum resulting from the model of Section 5.3 
(dotted curve) compared with the inclusive Dalitz decay mass 
spectrum for inclusive 710 production at 16 GeV/c (dashed curve); 
the solid curve represents the sum of the two distributions. 
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detect the presence of such a continuum contribution by measuring only 

the e+e- spectrum; simultaneous high efficiency photon detection would 

be required. 

5.5 Implications for Single Lepton Distributions 

The model described in Section 5.3 may be used to predict the 

behaviour of single lepton distributions as a function of x and pT. 

Dilepton decay angular distributions are generated according to (4) 

above, with m = +l in accordance with Fig, 22(b). In addition to these 

continuum contributions, lepton distributions resulting from n and w 

Dalitz decay and from the direct decay of n, w and p to two leptons are 

generated. The net single lepton distributions are presented in the 

form of lepton to pion ratios using the 16 GeV/c data on IT-P -f ?r+X. 

The resulting (a/~) ratios for TN interactions at 16 GeV/c are 

illustrated in Fig. 27. An extremely rapid increase in R(e/T) is 

predicted at low x and low pT* The (P/IT) ratio is also predicted to 

increase significantly in this region, but much less dramatically than 

the (e/r) ratio, In other (x, p,) regions the ratios exhibit similar 

shape variations, but with R(e/?r) approximately a factor of 5 - 10 

stronger than R(p/n); at low pT (-50.2 GeV/c) the ratios decrease with 

increasing x, whereas for p T-1 GeV/c they increase with increasing x. 

The experimental data on R(e/?r) for pT 51 GeV/c result almost 

entirely from pp interactions at x - 0 [13(a)-(c)]. A compilation of 

these results is presented in Fig, 28; the data tend to increase fairly 

rapidly with decreasing pT for pT 5 1 GeV/c, This behaviour is similar 

to that exhibited in Fig. 27 for R(e/lr) at x = 0, although the curve 

is a factor of -2 above the data for p 
T K 0.5 GeV/c, Almost all of the 
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Fig. 28. The comparison of the calculated e/T ratio with a compilation 
of data from p-p interactions at x - 0; the dotted curve 
results from direct decay of n, w and p to e+e-, the dashed 
curve from n and w Dalitz decay and the solid curve from the 
model of Section 5.3 together with the resonance contributions; 
electrons resulting from e+e- pairs of mass less than 20 MeV/c2 
have been eliminated in the calculations. 
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data of Fig. 28 with pT < 1 GeV/c result from single arm spectrometer 

experiments in which one and only one particle was required in the 

spectrometer and surrounding guard areas. This requirement amounts to 

a cut on e+e- mass and at the same time reduces the hadron counting 

rate, This effect is simulated in the model calculations by eliminating 

single electrons originating from very low mass pairs. The solid curve 

of Fig. 28 corresponds to a mass cut at 20 MeV/c2, which yields a factor 

of-2 reduction in R(e/T). The dashed curve shows the contribution from 

n and w Dalitz decay, while the dotted curve represents the effect of 

direct n, w and p decay to e+e-. If the mass cut were increased to 

60 MeV/c2 a further factor of two reduction would result. Clearly, the 

solid curve of Fig. 28 describes the behaviour of R(e/n) for pT I 1 GeV/c 

rather well, At higher pT the measurements appear to flatten off at 

a value of m10m4; as discussed previously, the results fr.om the model 

would be expected to be below the data in this region and serious com- 

parison should not be attempted, 

The data on R(p/n) for pT < 1 GeV/c are obtained from p - N inter- 

actions in the 200 - 400 GeV/c incident momentum range [13(d)-(g)], and 

correspond to integrals over p 
T at forward x values. A compilation of 

these data(*) is presented in Fig. 29(b). 

The behaviour of R(.R/T) integrated oyer pT is shown by the dashed 

curves of Fig. 29; the model calculation results and the contributions 

from n, p and w decay have been combined, and it is evident that the 

dashed curve of Fig. 29(b) does not agree at all well with the measurements. 

(9~) The data are presented as (u+ + JJ-)/(IT+ + r-1 where appropriate, 



-71- 

40 

20 

0 

“0 - 
X 
F 1.2 

W 

z 

0.8 

0.4 

0 

6-81 

I I I I I 

(a) e/r 

I (b) ,U/TT. 

t Pl\J 
200 - 400 GeVk 

. . 
\ 

\ 
\ 

\ 
\ 

\ 
\ 

0 0.2 0.4 0.6 0.8 
X 4076532 

Fig. 29. The calculated x dependence of the L/x ratio integrated over 
pT 5 1 GeV/c; the dashed curves represent the sum of the model 
contribution and that from forward resonance production in IT-P 
interactions at 16 GeV/c; the solid curves result from the 
model and the contribution from backward resonance production 
at 16 GeV/c; the data of Fig. 29(b) correspond to pN interac- 
tions in the range 200 - 400 GeV/c incident momentum. 
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However, inclusive p” production in pp interactions at 24 GeV/c 140-j 

agrees very well with backward production of p 0 in n-p interactions at 

16 GeV/c 116aJ. Consequently, the solid curves of Fig, 29 are generated 

by combining the model calculation results (which are forward-backward 

symmetric by construction) with the corresponding backward hemisphere 

contributions from n, w and p ' decay. In this regard it should be 

noted that the inclusive IT + cross section for r-p interactions at 

16 GeV/c is approximately forward-backward symmetric and the denominator 

in R(.%/IT) is obtained as the average of the forward and backward cross 

sections. 

The resulting curve of Fig. 29(b) describes the data very well. In 

addition, the value of R(u/a) integrated over the entire forward 

hemisphere is quoted as (0.93 + 0.13) x 10e4 in reference 13(g); the 

solid curve of Fig, 29(b) integrates to a value of 0.78 ~--lo-~ for the 

forward hemisphere, and it is known that at 350 GeV/c incident momentum 

[13(g)] there are additional contributions, for example from the decay 

of charmed particles, which tend to increase R(.p/n). 

It follows from this that the dashed curves of Fig. 29 should be con- 

sidered estimates of the behaviour of R(u/~) in the forward hemisphere for 

TN interactions and that the solid curves describe the behaviour expected 

for pN interactions and in the backward hemisphere for ITN interactions. 

The corresponding x and pT dependence of R(R/r) for pN interactions is 

shown in Fig. 30. The general characteristics are similar to those of 

Fig. 27 (the distributions for x = 0 are the same by construction, but 

the decrease of R(R/IT) at low pT with increasing x is more rapid for 
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pN interactions; R(e/r) is approximately independent of x for pT - 1 GeV/c, 

whereas R&/r) decreases with increasing x in this region. 

Finally, in Fig. 31 the expected behaviour of R(.e/p) with x and 

pT is summarized for forward TN and pN interactions, The calculated 

curve for x = 0 is the same in both cases, and exhibits steady increase 

for pT less than 1 GeV/c down to -0.2 GeV/c, with extremely rapid 

increase thereafter. This sharp increase is highly localized to x - 0. 

At low pT, R(,e/P) decreases with increasing x for ?rN, but is essentially 

flat for pN interactions; for pT -1 GeV/c the TN ratio should be 

approximately x-independent, whereas the pN ratio would be expected 

to increase with x, 

In summary, the simple model described in Section 5.3 is able to 

provide a good, simultaneous quantitative description of the experimental 

data on R(e/v) and R(p/.rr) in the region pT 5 1 GeV/c when'the additional 

contributions resulting from n, w and p decay are taken correctly into 

account. 

6. Conclusions 

The production of direct e+e- pairs has been measured in the region 

0.10 < x I 0.45, p; 5 0.64 (.GeV/c)2 and 0.2 5 M 5 1.2 GeV/c2. A low 

mass continuum in excess of the direct or Dalitz decay of known 

resonances is observed for 0.2 I M I 0.7 GeV/c2. This continuum cor- 

responds to a cross section of 700 + 180 nb, and exhibits very steep x 

and pt distributions suggesting a central production mechanism; the 

steepness of the low p; spike appears to be increasing with decreasing x. 

For the accessible region of phase space, the (e+e-/T+d) ratio 

is (4.7 + 1.2) x 10 -5 . after subtracting known resonance contributions 
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Fig. 31. The estimated dependence on x and pT of R(e/u) for TN and pN 
interactions; the pN distribution for x = 0 is the same as 
the ?rN distribution. 
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from the numerator, However, the ratio exhibits strong x and p$ 

dependence. 

The cross section for direct photon production in the acceptance 

region of the experiment is estimated to be o 
Y 

= 386 + 95 ub assuming 

a constant extrapolation function, and o 
Y 

= 240 + 350 pb if a linear 

M-dependence is allowed; the corresponding y/n ratios are estimated to 

be (5.2 ? 1.3)% and (3.2 rf: 4.7)% respectively. 

The e+e- data from the present experiment are found to be quite 

compatible with dimuon data at 16 GeV/c when effects due to the electron- 

muon mass difference are taken into account. The combined data are 

considered to provide information on dimuon production for x > 0.1 and 

pT 5 1.2 GeV/c and yield a cross section of 864 + 124 nb in this region 

for dimuon masses less than 0.6 GeV/c2. After subtraction of estimated 

contributions from n and w Dalitz decay, a residual contfnuum cross 

section of 608 + 135 nb is obtained. The corresponding x distribution 

is approximately exponential with slope 6.3 f 0.1, and there exists a 

pronounced (x, 

found for loss 

the region x 2 

(PC)) correlation in the data. Similar behaviour is 

mass dimuon data from ITC interactions at 225 GeV/c in 

0.07, although in this case the residual x distriubtion 
3 

is much steeper and has slope W-15.9. Although the integrated p;' dis- 

tributions at 16 and 225 GeV/c are similar in shape, the (x, (PC)) 

correlation appears different at the two energies. The continuum mass 

distribution at 16 GeV/c for x > 0.3 appears broader than that observed 

for x 2 0.07 at 225 GeV/c, indicating the existence of a possible (M, x) 

correlation. 
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A simple model based on the Dalitz-like decay of a q-i continuum 

is able to describe the principal features of the 16 GeV/c dilepton 

data quite well. 

The implications for direct photon production have been considered 

and it has been conjectured that a low mass diphoton continuum may 

exist at the level of a few millibarns of cross section. The correspond- 

ing single photon cross section should yield R(y/n) behaviour which grows 

rapidly from a few percent for pT - 1 GeV/c to the 10 - 20% level at 

low x and low pT. 

Finally the implications for the behaviour of the single lepton to 

pion ratio have been considered in some detail in comparison with the 

experimental data for pT 2 1 GeV/c. It has been shown that the proposed 

mechanism, together with the contributions from n, p and w decay, is able 

to simultaneously describe the R(e/lr) behaviour with pT for x - 0 and 

the R(p/r) behaviour with x when integrated over pT. Predictions of the 

behaviour over the entire (x, p,) plane have been presented for TN and 

pN interactions and the sensitivity of the ITN results to the pronounced 

forward-backward asymmetry of n, w and p production has been demonstrated. 

Further experiments are clearly required in order to test the con- 

jectures presented in this paper as they concern low mass dilepton and 

single lepton production. These experiments should set as their goal 

the simultaneous measurement and efficient detection of leptons and 

photons, for it is only in this way that contributions from TO, n and w 

Dalitz decay can be removed reliably in order to reveal the nature and 

origin of the low mass dilepton continuum. 
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