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ABSTRACT 

The di-muon production mass spectrum has been measured with a beam of 4-20 

GeVf c c's incident on a copper target. The production of p-1-1 pairs resulting 

from the decay of vector mesons, (p, o, and $) was observed with a cross sec- 

tion of 2.4 mb based on a specific production model. Upper limits of 2.9 pb 

and 90 nb are placed on the production cross sections for $(3100) and anoma- 

lous low mass (m 
VP 

< 0.5 GeV/c2) di-muons respectively. 
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1. INTRODUCTION 

The first observation of direct muons in hadronic interaction took place 

almost 10 years ago in an experiment by Leon Lederman and his collaborators. 1 

We use the word "direct muons" to denote those muons which do not come from 

such conventional processes as r, K, or hyperon decay, or Bethe-Heitler conver- 

sions of photons into muon pairs in the target material. The search for muons 

was motivated at that time 2 principally by the fact that a high PT muon might 

be a signature of intermediate vector boson production in hadronic processes, 

i.e. 

p+p -f w' + hadrons, 

followed by 

It was pointed out subsequently by Yamaguchi3 that the production of W bosons 

must be related by CVC to the production of heavy virtual photons, which could 

subsequently decay to muon pairs. Thus the presence of the v" -t u+1-1- process 

would obscure the interpretation of any possible observed high PT muon signal 

in hadronic interactions. 

More recently the question of direct muons received an added stimulus on 

both the theoretical and experimental fronts. On the theoretical side, a cal- 

culation of the hadron constituent annihilation process by Drell and Yan4 indi- 

cated that this cross section is surprisingly large. Shortly afterwards, both 

direct muons and electrons were observed in hadronic interactions at Fermilab 

at intermediate and high PT, with a lepton/pion ratio pretty much constant at 
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about 10 -4 over a wide range of PT and incident energies. 5 The observed rate 

was surprisingly large and could not be accounted for either by the more con- 
-h 

ventional mechanism like the vector meson production followed by decay into 

lepton pairs or the Drell-Yan mechanism with the conventional parton distri- 

bution. The subsequent discovery of $' and $ ,7 with their high electromag- 

netic decay rate provided another possible source of direct leptons, especially 

at high PT's. The subsequently measured $ and $' production cross sections 

in hadronic interactions were also, however, considerably too low to account 

for all the observed direct leptons.' 

This excess of direct muons was especially intriguing in light of strong 

theoretical arguments for the existence of particles with a new flavor named 

charm 9 needed to explain the absence of the decay mode -f u+u- at any appre- 

ciable rate. I" These particles would have to decay weakly on a time scale of 

qo-13 set and could have appreciable leptonic and semileptonic decay rates, 

thus providing the needed source of direct leptons. Of course, aside from 

any specific theoretical models, direct leptons could be evidence for the pro- 

duction of a whole variety of new particles with weak decay modes, such as 

hadrons with new quantum members or heavy leptons. 

More recently, Farrar and Frautschi 11 pointed out that the existing data 

were not incompatible with a copious (l-10% of pions) production of single 

photons which subsequently gave rise to the observed leptons. 

The electromagnetic, as opposed to weak, origin of direct leptons in 

hadronic interactions received support recently from the two experiments at 
17 

Fermilab comparing their dimuon yields with the total single muon yield.l& 

The results of the comparison indicated that at Fermilab energies the total 

single muon production rate was consistent with coming solely from the dimuon 
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pairs. On the other hand, a contribution at the level of ZO-25% from sources 

other than dimuons could not be excluded. 

A contradictory conclusion was reached by a group working at lower ener- 

gies at Serpukhov who found a LI+/U- ratio of 1.21, 13 thus indicating presence 

of muons from sources other than electromagnetic. 

There have also been performed two sets of experiments on muon polariza- 

tion, which yielded contradictory results. The Yale group working at Fermilab 

found polarization consistent with zero, 14 both at low PT 's and at a mean P T 

of 2.15 GeV/c. Thus these results support the conclusion they have reached 

from the study of production rates, namely that the majority of the muons are 

of electromagnetic origin. The Serbukhov group, however, found a non-zero 

polarization at high PT's, 15 consistent with the dominant source being a weak 

decay of a new hadron via a V + A current. 

. . Since the initial pioneering work on direct lepton production, a variety 

of other groups have either performed new experiments that explored this pro- 

duction process in different PT and s ranges, 16 or reanalyzed the old experi- 

ments to extract the prompt lepton signals. 17 The subject is too extensive 

to be covered adequately here; the interested reader can be referred to many 

excellent review talks on this subject. 18 We shall limit ourselves here only 

to pointing out some of the salient features of the overall situation. 

Even though most of the experiments are in reasonably good agreement with 

each other there are some contradictory results which make even the experimen- 

tal situation slightly obscure. On the whole, however, one can say that gen- 

erally the lepton-pion ratio is %lO -4 over a wide range of kinematical varia- 

bles, with a falloff as one goes to high x values. In addition, there are 

strong indications that the e/r ratio increases as we go to lower P 19 
T 's. 
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There is some experimental uncertainty at present as to whether a threshold 

exists for the direct lepton production, 20 with the comparison of different 
-h 

experiments made more difficult by the fact that generally different kinemat- 

ical regions are investigated in different experiments. 

Since the discovery of charmed particles 21 and the observation of their 

semileptonic (or possibly purely leptonic) decay modes in both the neutrino 22 

and the e+e- colliding beam 23 experiments, it appears clear that some of the 

direct leptons in hadronic collisions must come from the charmed particle 

decays. So far, however, all the direct searches for charmed particles in 

hadronic interactions have turned out to be negative, 24 so the magnitude of 

the level of this contribution remains a wide open question. 

This experiment attempts to answer the question as to whether muon pairs, 

other than from known particle decays, are produced in the K" interactions in 

* the intermediate energy range. The necessity of looking for muon pairs as 

opposed to single muons is dictated almost exclusively by the prohibitively 

large background of single muons due to TT and K decay. 

II. APPARATUS 

The experiment was carried out at the Stanford Linear Accelerator Center 

using a modified version of the c Spectrometer Facility as shown in Fig. 1. 

A total of 7 absorption lengths (X) of Cu, consisting of 14 slabs of Cu, each 

80 cm x 40 cm x 7.5 cm, was positioned in the path of the < beam which itself 

was 60 cm x 30 cm in area. The first interaction length of Cu represented the 

target, while the next 6 constituted the front hadron absorber. The first 4 

slabs in this assembly were movable along the beam direction, allowing us to 
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vary the effective density of that portion of the target-absorber material 

which was most significant from the point of view of pion decays. We ran 
4\ 

with 0, 4, and 8 cm air gaps between these slabs, and shall refer to these 

data as 0, 4, and 8 cm data. Additional Pb shielding was stacked around the 

Cu absorber to cut down the wide-angle hadrons. 

A 75 cm x 45 cm veto counter V was placed about 2m upstream of the target 

to define the decay region for K" 113 decays. When accompanied by the subsequent 

decay n -+ uv these events provided the flux measurement for the experiment. 

The downstream limit of the decay region was defined by two banks of scintil- 

iation counters P and Q, each composed of 6 horizontal counters of dimension 

60 cm x 5 cm x 0.3 cm. A similar horizontal bank R and a 13-counter vertical 

bank S were positioned between the Cu target and the absorber, and a l-/-counter 

vertical bank T was placed behind the Cu absorber. Both the S and T counters 

. were of the same size as the P, Q, and R counters. The T counter bank was 

followed by 10 planes (4X, 4Y, U and V) of capacitive-readout wire spark chambers, 

followed by a lOOD40 dipole analyzing magnet. The magnetic field was constant- 

ly monitored by an NMR probe and had a typical /Bdl value of 12.6 kG-m. Two 

separate groups of wire chambers, each consisting of 2X and 2Y readout planes, 

were arranged behind the magnet in such a way as to cover the maximum solid 

angle. A bank of 23 vertical 15 cm x 168 cm x 1.25 cm A counters were posi- 

tioned before a 2.5 X Pb absorber, followed by a similar bank of 25 vertical 

B counters. Behind the B's on one side of the spectrometer were 2 large wire 

chambers which were used to measure the X and Y coordinates of muons which 

penetrated the Pb wall. These will be referred to as the "muon WSC's." 

The V counter was viewed by two 56AVP phototubes at each end, while the 

P, Q, R, S, and T counters each had a single 56AVP phototube. The A and B 
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counters were viewed by XP1021 and 56AVP phototubes respectively, one at each 

end of a counter. The anode signal from each phototube was discriminated and 
-h 

the discriminator output fed into both latch and time-of-flight (TOF) circuits, 

the latter having a typical sensitivity of 0.1 nsec/channel. In addition, all 

the discriminator outputs from each bank of counters were mixed to form over- 

all trigger levels for each counter bank separately. Both the latch and TOF 

gates were generated by the output of the A mixer. 

The experiment was run using a 3 mA primary SLAC electron beam of 21.5 

GeV, with a neutral beam extracted at 1.5 degrees off a 1 rl Be target. In 

order to cut down the direct gamma component in this beam, 58 rl of Pb were 

placed in the beam before the first collimator. Likewise, in order to improve 

the % 
to neutron ratio, 1.5 collision lengths of polyethylene were introduced 

just after the Pb absorber. Two sweeping magnets in the beam line eliminated 

. charged particles from the beam. The Kz spectrum at the spectrometer is shown 

in Fig. 2. A total flux of 5.6 x 10' c was obtained during the experiment. 

III. DATA ACQUISITION 

Candidates for muons were required to traverse both the upstream Cu absorber 

and the downstream Pb absorber. Consequently, a 2T.2A.2B trigger was set 

up to select events with 2 muons in the final state. The three general classes 

of events of interest that satisfied this trigger were: 

1) Interaction events in which the c 
interacted in the Cu target resulting 

in the production of 2 muons. This category of events was composed of 

triggers satisfying a ?.F.o.R.S.2T.2A.2B logic requirement. 

2) K" 
113 

decay events in which the q + IT~~V decay occurred in the decay region 
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between V and P, followed by a subsequent IT + uv decay. These decays 

were defined as events satisfying a V.P.Q.R.S.2T.2As2B requirement. 

3) Upstream decays in which the K" 
113 

decay occurred upstream of the veto 

counter. These events satisfied a V.P.Q.R.S.2T.2A.2B requirement. 

In addition, an alternate single-muon trigger V.T.A.B was also set up to re- 

cord events with a single upstream muon. 

When an event trigger was satisfied, the latch, ADC, and wire chamber 

data were all written onto a magnetic tape for subsequent off-line analysis. 

In addition, the on-line PDP-9 computer was used to accumulate and display 

numerous running histograms in order to pinpoint any malfunctions to the 

experimenter. 

The performance of all the counters was monitored every 24 hours via 

LED's embedded in each of the counters. These LED runs were also used to pro- 

? - vide calibration of each ADC unit. A single-muon run was then taken with the 

sweeping magnets off, thus allowing direct muons from the primary target to 

enter the apparatus. These runs were used to set the zero times for each ADC 

unit. The performance of the wire spark chambers was also closely monitored 

throughout the experiment and typical multi-spark efficiencies well in excess 

of 90% were observed in all the planes. 

IV. DATA REDUCTION 

A standard data-reduction technique was employed to reduce the massive 

amount of data acquired during the experiment to summaries on data-summary 

tapes of relevant information for good events. Firstly, all the found front 

and rear track segments were matched to form full tracks from which the track 
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momenta were determined. A match was defined as satisfactory if the front 

and rear segments came together at the midplane of the magnet within 7 cm. 

Each full track was then checked to see if it satisfied a muon candidate cri- 

teria. As previously indicated, a minimum requirement for a muon track was 

that it triggered R.S.T.A.B. Subsequently, the front and rear segments of 

each muon candidate were projected to the various counter banks and cuts were 

made for X and Y positions where appropriate. For example, at the A bank the 

projected position was compared with the X value of the center of the nearest 

A counter which fired, and with the Y in that counter, as indicated by the 

difference in the TOF readings in the phototubes at either end of the counter. 

Expected X and/or Y deviations for each counter bank were determined experi- 

mentally as a function of track momentum, and these values were used as stan- 

dard deviations to compute a contribution to an overall muon X2 at each coun- 

_ ter bank. In addition, a minimum residual kinetic energy of 0.1 GeV was re- 

quired of all the muon candidates as they left the downstream end of the Pb 

filter. 

The TOF readings from the A and B counters associated with a muon candi- 

date were averaged to give a reference time for that muon candidate. The TOF 

readings of corresponding counters in all other banks, after corrections for 

position in the counter, were compared to this reference time. Again, a mo- 

mentum-dependent o was obtained from the data for each counter bank and con- 
n 

tributions to the muon xL were computed for each counter bank. The overall 

2 
muon X thus consisted of two components, one from the geometrical comparison 

and one from the TOF comparison. 

For the muon candidate to be accepted as a muon for the subsequent analy- 

sis it had to have a x2 < 30 or 40 depending whether it was an interaction 
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(V.P.Q.R.S.T.A.B) or decay (P.Q.R.S.T.A.B) muon. The difference in the cutoff 

compensated for the extra contribution to the x2 of the P and Q counters nec- 

essary for the decay muons. 

An average muon time for each muon track was derived by weighting the 

corrected TOF reading in each associated counter by l/a2, where o was the 

appropriate standard deviation for that particular counter bank. 

From the Fermi formula for multiple scattering, 25 it can be shown that 

the best estimate for the initial direction of a muon is 

G = 1/2(3G 
proj 

-0 meas 1 , 

where Q is the measured direction in the front wire spark chambers, and 
meas 

'proj is defined by the exit position of the track at the end of the Cu absorber 

and the location of the best-estimated interaction or decay point. For 

? all muons, and X and Y of this production point were determined from the loca- 

tion of the associated P, Q, R, and S counters. The Z location of the origin 

of interaction and decay muons was taken to be the mean Z for interactions and 

decays respectively, while that for the upstream muons was taken to be 50 cm 

in front of the veto counter. 

The analysis program then proceeded to find all vertices between pairs of 

good muon tracks, using the best-estimate muon directions. Fig. 3 shows the 

distribution in d2, the square of the distance of closest approach between 

pairs of muon tracks in the final K decay data sample, together with the ex- 

pected distribution calculated by a Monte Carlo technique. In addition, all 

possible vertices between a full track, not necessarily a muon, and an unmatch- 

ed front track segment were also calculated for subsequent use in background 

subtraction (see below). 
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Finally, the candidates for good decay or interaction events were defined 

-by the following criteria: 

1) two good full muon tracks, 

2) ITOF (u+) - TOF (u-)1 2 1.2 nsec, 

3) satisfactory vertex, with d2 2 -c 225 cm . 

The events passing these tests formed the raw sample of interaction, de- 

cay, or upstream decay candidates. The number of events in each of the three 

categories at this stage is enumerated in Table I. 

V. MONTE CARLO 

A Monte Carlo simulation of the experiment was performed in order to de- 

termine the detection efficiency of the apparatus as a function of the mass 

* of the produced di-muon/pair, as well as the efficiency for K" 1-13 decays. The 

differential cross section for + N -+ ,'; X was taken to have the form 

d2 o 

dx dP; 
a (1 -, 1~1)~ ee402 Pi ' QT.11 

* 
where x = P /P * max 

/I' I7 
, and P is the transverse momentum of the u+p- pair. This 

T 

form was able to reproduce reasonably well the observed PT and E distribution 

of the di-muon pairs in the vector meson region, as illustrated in Fig. 4 

where the actual data is compared with the Monte Carlo prediction. The rela- 

tive efficiency of the spectrometer as a function of di-muon mass is shown in 

Fig. 5. The calculated probability of the occurrence and detection of the 

process 
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was 3.7x10 -7 per incident I.$ averaged over the momentum spectrum of the inci- 

dent beam. 

The form factors for K" ~3 decay were taken from Donaldson et al. 26 Full 

accounting of multiple scattering and ionization energy loss was included in 

the Monte Carlo. The accepted events were subjected to a similar set of cuts 

as were applied to the data. 

VI. BACKGROUND SUBTRACTION 

Whereas the raw samples of K decays and upstream K decays are already 

relatively pure, a sizable fraction of the interaction events involve a pair 

of "p's" which originated near the downstream end of the Cu absorber. The 

two main processes that contribute here are: 

_ a) A< interaction which triggers the R and S counters occurring acciden- 

tally in time with an interaction or decay of another KEI, near the down- 

stream end of the absorber. The probability that a 1 GeV n produced at 

the end of the Cu block will register as a 1-1 is a non-negligible 12%. 

It can do so either by decaying in the 4 m of He in the magnet, or by 

punching through the 46 cm of Pb between the A and B counters. 

b) A single c first undergoes an interaction in the Cu target, leaving 

there a small part of its energy but enough to trigger R and S. The same 

cz then penetrates almost to the end of the Cu absorber before interact- 

ing again or decaying. It is the products of this decay or second inter- 

action which give rise to the 2 p's which pass all subsequent cuts. 

The sizable contribution due to these two sources to the "interaction 

events" is illustrated in Fig. 6 where we display the Z distribution of the 
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vertex point for the three categories of accepted events. Whereas the two 

decay categories exhibit the expected distributions, the interaction events 

show an excess of events near the downstream end of the absorber, indicating 

the presence of the background discussed above. Additional evidence for this 

kind of background comes from the visual inspection of the events. Whereas 

the decay events tend to be rather clean with essentially no extraneous sparks 

aside from the ones associated with the two muons, a certain subset of the 

interaction events show a high multiplicity of tracks pointing to a location 

just inside the Cu absorber. 

The interaction sample can be greatly purified by eliminating those events 

where at least one pair of (full + full) or (full + unmatched front) tracks 

gave a "very good" intersection near the end of the Cu absorber, with d" < 5 

2 cm and -260 < Z < - 220 cm. We emphasize the "very good" as opposed to mere- 

ly satisfactory requirement here. A low mass di-muon system produced upstream 

in the target part of the absorber has a reasonable probability of giving a 

vertex near the downstream end of the absorber. But due to the Coulomb scat- 

tering, the distance of closest approach will tend to be rather large; on the 

other hand, the tracks that have been produced at the end of the copper will 

generally give a very good vertex. According to Monte Carlo calculation, this 

procedure should be 100% effective in throwing out the interactions at the end 

of the Cu block, without losing any of the genuine events. The number of 

events remaining after this cut (referred to as VEND cut in the subsequent 

discussion) is shown in Table II, and in Fig. 6. 

There still remain several other sources of contamination: 

1) pions produced in the target which simulated muons either by decaying 

before interacting, or by penetrating the whole length of the absorber. 
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2) pions simulating muons (or genuine muons) produced downstream of 

the R and S counters which have not been eliminated by the VEND 

cut, but which satisfied muon selection criteria by one of the two 

mechanisms discussed above. In order to pass the VEND cut, these 

events will in general be either very low multiplicity events pro- 

duced near the end of the copper or else c interactions in the mid- 

dle of the copper. 

3) events with each of the muons coming from a different I$ interaction, 

the two interactions being accidentally in time. The rough magnitude 

of this contamination can be obtained by inspecting the A TOF distri- 

bution for both the like sign and the unlike sign muons, shown in 

Fig. 7. It is apparent from Fig. 7 that a large fraction of the like 

sign dimuons do indeed originate from this source. 

5 The first and third sources of contamination can be studied by looking at 

the like-sign di-muons and by studying the rate as a function of target densi- 

ty* The second source can be studied by looking at those events which did not 

give a P, Q, R, or S counter latch. These are presumably events due to g 

interactions downstream of the R and S counter banks. 

We discuss first the second contamination, since that mechanism can also 

contribute to the like-sign dimuons. We make the assumption that the energy 

spectrum of the I$Is satisfying our "interaction event" criteria is the same 

whether R and S counters registered or not. This is rigorously true if the 

R and S counters were struck by secondaries from an interaction involving 

some other Gz* We believe it to be a reasonably good assumption even for 

vents where the C' s lost some of their energy by undergoing a "soft" inter- 

action in the target before producing "11's" at the end of the copper block. 
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At any rate, the adopted procedure is not very sensitive to the momentum spec- 

trum. 

Based on that assumption, the ratio of the number of events eliminated 

by the VEND cut to those which pass the VEND cut, but occur downstream of the 

RS counters, is the same regardless of whether an R and S counter fired or not. 

Thus we processed all of the events which had neither an R or S counter (RS 

data) in the same manner as those which did (RS data). Subsequently we sub- 
- 

tracted from the RS interaction events the number of RS interaction events 

scaled by the ratio of events eliminated by the VEND cuts in the RS and E 

data samples. The results of this background subtraction are indicated in 

Table III where the data have been separated into the low and high di-muon 

mass samples. 

We turn next to the discussion of the other two background sources. The 

* yield of interaction events corrected for detection efficiency and normalized 

to the < flux (as obtained from K" 113 decays) is shown in Fig. 8 as a function 

of density for the 0, 4, and 8 cm data. The decay contamination should in- 

crease as (l/p>2. No evidence for any significant contribution due to decays 

is seen, as could have been argued "a priori" from the known 7~' and K' decay 

lifetimes. 

It is therefore reasonable to assume that the like-sign muons have the 

pion punchthrough process as their main source, or else are due to accidental 

time coincidences. Furthermore, this same mechanism must also- contribute to 

the unlike-sign muons. At high energies, where the multiplicities are large, 

it is probably a reasonable assumption to take the number of unlike-sign muons 

due to these sources as equal to the number of like-sign muons. On the other 

hand, at our low energies and the resultant low multiplicities, the most 



-16- 

reasonable assumption is that the punchthrough's will be due mainly to T'S 

and K's, since protons tend to be emitted at low energies in the laboratory. 

Table I;;‘ lists the relative numbers of + -, +I-, and -- meson pairs that can 

be produced in 3- and 4-body K"N reactions, on the assumption that within each 

class all the channels are produced with equal probability. The much higher 

a priori probability of having 2 unlike-sign mesons as opposed to 2 like-sign 

mesons is quite apparent. Thus it appears imperative to deduce the ratio of 

like-sign to unlike-sign punchthrough's from the experimental data itself. 

To this end, we again use the %? data. Ideally one should extrapolate 

the ratio of unlike to like-sign dimuons as a function of Z to the position 

of the target. Within our statistics and resolution this ratio appears con- 

stantas a,function of Z with a value of about 2.5. We therefore used this 

factor to multiply the number of like-sign muon events to obtain the contami- 

nation among the unlike-sign muons due to w punchthroughs and accidental time 

coincidences. The results of this subtraction are incorporated in Table III 

cc> * It should be emphasized here that the subtractions in Table III(b) and 

(c) was performed on a mass bin basis, to allow for the different amount of 

each kind of contamination in each mass bin. The final mass plot resulting 

from our selection procedure after the above described background subtraction 

is illustrated in Fig. 9. 

VII. DISCUSSION OF THE MASS PLOT 

The inspection of the mass plot illustrated in Fig. 9 exhibits clearly 

the fact that the events group themselves into two categories: 1) the low mass 

di-muons with m 2 
u1-l 

< 0.5 GeV/c , and 2) the di-muons presumably coming from the 
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decay of the vector mesons. Furthermore, the backgrounds discussed in VI 

affect the low mass part of the spectrum more than the high mass (vector 

meson decay) region. The low mass part of the spectrum is thus more sensi- 

tive to any uncertainties in the background subtraction. Accordingly, in this 

section we discuss some of the experimental tests which lead us to believe 

that the low mass events are indeed genuine, and not some artifact of the 

uncertainties in the background subtraction. 

One test of whether the so-called low-mass di-muon events are really due 

to genuine muons is the distribution of the deviations in the muon WSC's of 

the observed hits from the predicted hits, the latter based on extrapolating 

the original momentum vector downstream of the magnet through the lead absorber 

to the muon WSC's. This distribution, corrected for momentum dependence 

is displayed in Fig. 10 for the high mass events, K decays (both upstream and 

downstream of the V counter), residual events (after VEND cut) from the ??? 

data, and the low mass events remaining after the background subtraction. As 

can be seen from Fig. lOc, which contains large amount of pion punchthrough's, 

this distribution is quite sensitive to the presence of any non-muon back- 

ground. The similarity between Fig. 10d and Fig. 10a and lob leads us to be- 

lieve that the low mass di-muons represent a relatively pure sample. 

We can perform a similar kind of comparison using now the TOF difference 

between the two muons, as shown in Fig. 11. Again, the conclusion is that 

the low mass interaction events appear to be genuine. 

A possible source of spurious low mass events can be the c decays. The 

contribution due to "rational" q decays, i.e. those occurring between the P 

and R counters, is calculated in the next section. We would like to discuss 

here the possibility of q decays occurring upstream of the P counter, failing 
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to register in both the P and Q counters, and thus simulating the low mass 

interaction events. There are two independent ways to show that this contami- 

nation?.s indeed negligible. We can first estimate the P and/or Q inefficien- 

cy by seeing what fraction of time the P misses when Q, R, S are present, or 

alternatively Q misses when P, R, S are present. These numbers are given in 

Table V together with the calculated probability that both P and Q miss. This 

calculated inefficiency leads to an expected background of 1 event, a result 

that is not surprising when one recalls that 2 charged particles are produced 

in each I$ decay. An independent test of the smallness of this contamination 

is obtained by counting the number of events with V.P.Q.R.S. The observed 

number of 17 is perfectly consistent with the calculated number of 18 obtained 

from the measured V singles rate. 

On the basis of the tests discussed in this section, it appears to us 

highly unlikely that more than 25 % of the low mass di-muons could be due to . - 

sources other than genuine events occurring in the Cu target. 

VIII. INTERPRETATION OF THE MASS PLOT 

The most natural interpretation of the high mass (m 
1-11-1 

> 0.5 GeV/c2) 

spectrum is in terms of the three well known vector mesons: p, w, and @. Our 

resolution is insufficient to resolve the p-w and $I peaks. Figure 12a indi- 

cates the Monte Carlo calculated distributions expected for pure w, p, and $I 

production, arbitrarily normalized to the same production cross section times 

branching ratio into u pairs. For comparison, Fig. 12b shows the expected 

di-muon spectrum resulting from K decays superimposed on the actual distribu- 

tion. The fair agreement of the two illustrates the level of our understanding 
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of the resolution. Finally, Figure 12~ illustrates the comparison of several 

different mixtures of the p, w, and $ mesons with the actual high mass data. 

The-presence of low mass di-muon events in hadronic events has been some- 

what of a mystery during the last few years. We would like to discuss next 

to what extent in our experiment a new source is necessary to account for 

these dimuons, or whether they can be accounted by more conventional sources, 

like K decays in the Cu target, Bethe-Heitler pairs, or radiative decays of 

n and w. 

A. K Decays 

A certain number of 5 O's will decay in the Cu target between the Q and R 

counters, and will be followed either by a pion decay before its interaction 

or by a pion punchthrough. The calculation here is quite straightforward. 

We start off by calculating the relative number of K decays at each density, 

. corrected both for the slightly different detection efficiencies for each den- 

sity, as well as the slightly different potential decay path lengths for the 

K and 7. The absorption length in Cu is taken to be 15 cm when calculating 

the potential IT and K flight path. We also assumed a 10 -3 pion punchthrough 

probability which is our estimate of the total probability for a pion to fake 

a muon by all the possible mechanisms. Based on a previous experiment 26 with 

this apparatus, we believe this estimate to be good to a factor of 2. The 

fact that this probability can only be estimated with a large uncertainty is 

not too important since it only contributes about 10% to the total "decay" ,- 

process. The raw and corrected numbers are shown in Table Via. The K decays 

with like sign muons are most likely to be 2 c decays accidentally in time. 

Using now the flux, as determined above, we can calculate the number of 

events for each density where either both decays occur after the Q counter, 
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or the c decays after the Q counter and the IT manages to penetrate through 

the Cu block. The pion penetration accounts now for 50% of these events at 

high density and 34% at low density, so this background calculation is quite 

a bit more sensitive to the pion penetration level. The calculated numbers of 

these events are shown in Table VIIb. 

B. w Decays 

To estimate the number of potential ~+LI- pairs originating from w + IT' 

p+p- decays we have used the following input: 27 

i) R= w -+ Tr”v+li- 
+- = 0.64 , 

w+u?J 

ii) one quarter of all high mass di-muon events are due to w's, 

iii) the relative efficiency for detection w -t ~'u+p- 
+- to w -t 1-I 1-I as 

-. 
calculated by Monte Carlo is 0.5. 

The calculated numbers for each density are shown in Table VIIc. 

C. TJ Decays 

The best theoretical estimates give 
28 

+- 
' + ' ' y = 2.85 x lO-4 . n + all 

Combined with the experimental measurement of 29 

: n + !J+; _ -5 
n -f all = (2.2 I!I 0.8) x 10 

and the relative Monte Carlo detection efficiency of 2.5 in favor of the 2- 

body decay, this leads to the conclusion that we should see about 5 n -+ LI+P-Y 

+- 
events for every n + u 1-I . Even though no n + u'u- peak exists in our data, 

we could not exclude the existence of 15-20 events of this type, or 75-100 
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events from n -f p+v-y, enough to explain the remaining low mass events. It 

remains to ask what that would imply about the total n production rate. Again 

on the basis of our Monte Carlo calculation and assuming that 

this would imply that n's are produced at a rate comparable to that of the w 

mesons. We know of no data which either supports or contradicts this kind of 

production rate. We can only note for reference that in K-p interactions at 

lower energies the exclusive w production channels tend to be a factor of 3-5 

or so higher than the corresponding n channels. 30 

D. Bethe-Heitler Processes 

We should consider here two sources of parent y rays which then could 

convert to n+u- pairs, namely y rays from 7r 01 s arising from .< -+ 37~' decays, 

and y rays from ?T 01 s produced in <- Cu interactions. The first source has 

been shown to be completely negligible (co.1 event) based on Monte Carlo 

studies. To estimate the second source of potential background, we start by 

assuming that the x and P T distributions for the inclusive IT' production by 

C' s in our energy range is the same as that of r-'.s in K-p interactions at 

32 GeV/c. 31 This is probably not a bad assumption, since the charges of the 

pions in both cases correspond to the charge of the incoming K, and the K- 

energy is only a factor of 2 above our peak energy. Furthermore, we take the 

average r ' multiplicity to be 1.6, as quoted in Ref. 31. Combining this with 

the probability that a y converts to a l.~+p- pair as calculated by Tsai, 32 we 

arrive at the contributions due to the Bethe-Heitler process indicated in 

Table VIId. On the other hand, if we use the x and PT distributions as given 
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in equation V.l, we arrive at the Bethe-Heitler contributions shown in Table 

VIIe. Thus the Bethe-Heitler contributions to the low mass events is highly 
-h 

uncertain due to its high sensitivity to the production dynamics in the high 

x region for K"N -+ TT O x. 

IX. CONCLUSION 

Muon pairs have been observed in c interactions and they appear to fall 

into two categories: low mass (rnuFI < 0.5 GeV/c2> and high mass (rnuP > 0.5 GeV/ 

'2 c ) corresponding to vector meson decays. Using reasonably orthodox assump- 

tions it appears that there is no need to invoke any new sources to explain 

the low mass pairs. Alternatively, if one tries to add up the minimum re- 

quired contributions to the low mass muon pairs from the known sources, e.g. 

. K decays, w radiative decays, and Bethe-Heitler processes, 'we can set an upper 

limit on the production cross section of new-source low mass muon pairs of 90 

nb. In deriving this upper limit we have used our Bethe-Heitler calculation 

from Table VIIe, taken the n production cross section to be negligible, and 

assumed that the production cross section for u pairs has the same A depend- 

ence as the total KE cross section. 

Our resolution is not good enough to resolve the three neighbouring vec- 

tor mesons, p, w, and 9. The mass spectrum is fitted well by assuming that 

B B 1 = u w2i.l w 
C-B 

2 

where Bv+211 is the branching ratio of a given vector meson into muon pairs, 

and o V the production cross section of that vector meson integrated over our 

KL spectrum. 33 The assumed production angular distribution 
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da 

dxdP; 
a(1 - 1~1)~ e -4*2pt 

appears to fit the data reasonably well. The total cross section per nucleon 

for high mass VU pair production turns out then to be 2.4 mb. Again, we as- 

sume the same A dependence for u1-l pair production as for the total K" cross 

section. 

Even though our acceptance (see Fig. 5) is falling off fast with the in- 

creasing mass once one goes beyond 1.5 GeV, we still retain some sensitivity 

even at the $ mass of 3.1 GeV. No events were observed in this vicinity. 

Averaged over our c momentum spectrum, this gives an upper limit on B 
$-+a % 

of 0.2 nb at a 90% confidence level. The same production model was used in 

deriving this upper limit as was used for lower mass vector mesons. 
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Table 1 

Event Candidates Before VEND Cut 

~- 

Interaction K Decay Upstream 

+- 993 1949 5126 

++/-- 230 91 217 
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Table II 

Event Candidates After VEND Cut 

Interaction K Decay Upstream 

+- 705 1908 5035 

+!-/-- 116 81 206 
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Table III 

Background Subtraction 

Low Mass High Mass 

m,,U < 0.44 GeV/c2 mu,, > 0.44 GeV/c2 

Ocm 4cm Ecm Ocm 4cm 8cm 

(a) Interaction events with 131 116 82 120 91 68 
RS, after VEND cut 

(b) + - background from RS 34.3 17.1 17.3 8.1 3.7 2.6 
data 

b> F rom +t/-- background 41.4 21.1 21.3 16.5 32.4 33.9 

(d) Residual signal 55.3 77.8 43.4 95.4 54.9 31.5 
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Table IV 

Relative Rates of + -, +t, -- 1-11-l Pairs 

3-Body Final State 

+- ++ -- 

1 0 0 

4-Body Final State 13 2 2 
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Table V 
h 

P, Q, R, S Inefficiency 

P Q R S PQ RS 

Inefficiency 5.1% 2.9% 3.3% 1.8% 0.015% 
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Table VI 

K Decay Normalization 
- 

Relative Relative 
Detection Decay Corrected 

N+- N +t/-- N=N+ -N - u/-- Efficiency Efficiency N 

Ocm 700 37 663 1.0 1.0 633 

4cm 519 20 499 0.889 0.927 608 

8cm 439 19 420 0.833 0.853 592 



Table VII 

Calculated Sources of Low Mass Di-Muons 

Ocm 4cm 8cm 

(a) Low Mass Signal 55.3 77.8 43.4 

(b) K Decays 10.6 15.7 22.4 

(c) w Decay 6.0 4.2 3.9 

(d) Bethe-Heitler I 73 51 48 

(e) Bethe-Heitler II 13 9 9 

The contribution from n + v+p-y is discussed in Section VIIIc. 
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r. 
2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. Mass of ~.r+p- plotted in 0.4 GeV/c2 bins after the VEND cut. The slashed 

Figure Captions 

Plan view of apparatus. 

The incident momentum spectrum at the Cu target. 

Distribution of d2, the square of the distance of closest approach for K 

decay events. The Monte Carlo distribution is shown for comparison. 

Distribution of (a) muon momentum in the laboratory, (b) transverse momen- 

tum of muon, and (c) transverse momentum of n+~- pair for interaction 

events. The smooth line in each case denotes the expected distribution 

from Monte Carlo studies. 

Detection efficiency of the apparatus as a function of di-muon mass pro- 

duced in the reaction ' N + IJ+~-X, integrated over the $ -5 momentum spec- 

trum. 

Distribution in Z for (a) interaction vertices, .(b) K decay vertices, and 

(c) upstream vertices. The locations of the front counter banks are 

shown. The slashed arearepresents the events which are eliminated by the 

VEND cut. The Monte Carlo distribution for (b) is also shown. 

Distribution in ATOF between the two muons for (a) + - interaction (b) 

+t-/-- interaction, (c) + - K decay/upstream, and (d) -t+/-- K decay/upstream 

data before background subtractions. 

The yield of interaction events, after correction for detection efficien- 

cy and normalized to the $ flux, is shown as a function of target density 

l/o, for (a) low mass + -, (b) high mass + -, (c) low mass +I-/--, and (d) 

high mass W/-- di-muon pairs. Also shown in each plot is the curve l/02. 

data represent the calculated background subtraction as discussed in 
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Section VI. The remaining events represent our final data sample before 

corrections for low mass events as discussed in Section VIII. 

10; Distiibution in r/a(r) for (a) high mass interaction events, (b) K decays, 

both upstream and downstream of V, (c) interaction events from RS data, 

and (d) low mass interaction events. r is the distance between the pro- 

jected and measured points in the muon WSC's. The last bin includes over- 

flows. Backgrounds have been subtracted from plots (a), (b), and (d). 

11. Distribution in ATOF between the 2 muons for (a) high mass interaction 

events, (b) K decays, both upstream and downstream of V, and (c) low mass 

interaction events. Backgrounds have been subtracted. 

12. (a) Resolution for p, w, $ production, (b) observed m spectrum for K" 
lJ?J 113 

decays followed by 7~ + uv together with the expected Monte Carlo distri- 

bution, (c) observed high mass di-muon spectrum and fits for various mix- 

tures of p, w, and 4. 
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