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The dimuon production mass spectrum has been measured with a beam of 4-20-GeV/c K ’s incident on a
copper target. The production of u*u~ pairs resulting from the decay of vector mesons (p, ®, and ¢) was
observed with a cross section of 554 10 nb per nucleon for x; > 0.25 based on a specific production model.
In addition we measured upper limits for u*p~ pair production cross sections with xy > 0.25 of 20 nb per
nucleon for m,, < 0.5 G&//c? and 35 nb per nucleon at the y(3100).

I. INTRODUCTION

The studies of direct muon production in had-
ronic interactions originated about 15 years ago
with experiments by the Columbia-BNL and Wis-
consin-ANL groups, with both searches yielding
negative results.! We use the word “direct muons”
to denote those muons which do not come from
conventional processes such as m, K, or hyperon
decay, or Bethe-Heitler conversions of photons
into muon pairs in the target material. The search
for muons was motivated at that time principally
by the fact that a high-transverse-momentum (P )
muon might be a signature of intermediate-vector-
boson production in hadronic processes, i.e.,

p+p—~W*+hadrons,
followed by
W*t—-putsy,.

It was pointed out subsequently by Yamaguchi®
that the production of W bosons must be related
by conserved vector current (CVC) to the pro-
duction of heavy virtual photons, which could
subsequently decay to muon pairs. This process
would contribute to the high-P, muons and thereby
obscure their interpretation.

The first published observation of direct muons
was made by the Yale-BNL group® which also mea-
sured muon polarization in order to isolate the po-
tential W-boson signal from the muons of electro-
magnetic origin. No evidence was found for W
production. Concurrently, Lederman and his
collaborators performed? the first extensive study
of dimuons from hadronic interactions, observing
muon pairs up to masses of 6.7 GeV/c2.

More recently the question of direct muons has
been the focus of extensive experimental and theo-
retical attention. A calculation of the hadron-
constitutent-annihilation process by Drell and

Yan® anticipated a substantial production of direct
lepton pairs. Shortly afterwards, both direct
muons and electrons were observed in hadronic
interactions at Fermilab with a lepton-pion ratio
approximately constant at about 10" over a wide
range of P, and incident energies.® The observed
rate was too large to be accommodated by vector-
meson production followed by decay into lepton
pairs and the Drell-Yan mechanism with a con-
ventional parton distribution. The subsequent dis-
covery of the ¥/J (Ref. 7) and ¢’ (Ref. 8) provided
another source of direct leptons, especially at
large values of Py, but the contribution proved
insufficient to remove the discrepancy.®

The possibility was raised of a new source such
as a heavy lepton or hadron with a new quantum
number. A candidate for the latter was charm'
which had been introduced to account for the low
rate observed in the decay K} — u*n”. Charmed
particles decay weakly and were expected to have
branching ratios to leptons of approximately 10%.

More recently, Farrar and Frautschi'! pointed
out that the existing data were not incompatible
with production of single photons with a copious
rate of 1-10% of the pions. An excess of photons
(above that expected from 7 and 7 decay) was in-
deed observed'? at the CERN ISR in the P, range
between 3 and 4 GeV/c.

The electromagnetic, as opposed to weak, origin
for direct leptons in hadronic interactions has re-
ceived support from two experiments at Fermilab
which compared dimuon yield with the inclusive
single-muon yield.'* They found the (observed)
single muons were consistent with originating
entirely in dimuon pairs. On the other hand, a
contribution at the level of 20-25% from sources
other than dimuons could not be excluded. A con-
tradictory conclusion was reached by a group
working at lower energies at Serpukhov which
found a u*/u- ratio of 1.21.¢
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Further contradictions exist in measurements
of muon polarization. The Yale group working at
Fermilab found polarization consistent with zero,'®
both at low values of P, and at a mean Py of 2.15
GeV/c, and thereby supported the concept of elec-
tromagnetic origin. The Serpukhov group, how-
ever, found a nonzero polarization at high values
of P, (Ref. 16) consistent with the dominant source
being a weak decay of a new hadron via a V+A cur-
rent. A more recent measurement'” by the Yale-
BNL group found no polarization of muons pro-
duced by 28.5-GeV protons at a Pp~2 GeV/c.

Further experiments have explored this produc-
tion process in different domains of s and P,'®
or reanalyzed old data to extract the prompt lepton
signals.'®

We will briefly summarize the present under-
standing of direct leptons and refer the reader to
review talks® for details.

It is well established that the lepton-pion ratio
is ~10™ over a wide range of kinematical variables,
with a decrease at high x values. In addition,
there are strong indications that the e/7 ratio in-
creases as P, decreases.?’ There is some ex-
perimental uncertainty where the threshold exists
for direct lepton production.??

There is now good evidence? for the existence
of a dimuon continuum in addition to the muon
pairs from vector-meson decays. In particular
the low-mass dilepton cross section seems to be
larger than that expected from radiative decays
of 7 and w mesons.

With the discovery of charmed particles®* and
the observation of their semileptonic (or possibly
purely leptonic) decay modes in both neutrino®®
and e*e” colliding-beam®® experiments, it is clear
that they contribute to the direct lepton signal
observed in hadronic collisions. So far, however,
all the direct searches for charmed particles in
hadronic interactions are negative,?” so the size
of this contribution remains unknown.

This experiment contributes to the subject a
measurement of muon pair production by K% inter-
actions at intermediate energies and a study of the
expected sources. At these energies the large
background of muons generated by 7/K decays
excludes single-muon measurements.

II. APPARATUS

The experiment was carried out at the Stanford
Linear Accelerator Center using a modified ver-
sion of the K¢ Spectrometer Facility as shown in
Fig. 1. A total of seven absorption lengths (\) of
Cu, consisting of 14 slabs of Cu, each 80 cm x40
cm X7.5 cm, was positioned in the path of the K¢
beam which itself was 60 cm X 30 cm in area. The
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FIG. 1. Plan view of apparatus.
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first interaction length of Cu represented the tar-
get, while the next six constituted the front had-
ron absorber. The first four slabs in this as-
sembly were movable along the beam direction,
allowing us to vary the effective density of that
portion of the target-absorber material which was
most significant from the point of view of pion de-
cays. We ran with 0-, 4-, and 8-cm air gaps be-
tween 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
2 m upstream of the target to define the decay re-
gion for K9, decays. When accompanied by the
subsequent decay 7~ uv these events provided the
flux measurement for the experiment. The down-
stream limit of the decay region was defined by
two banks of scintillation counters P and @, each
composed of six horizontal counters of dimension
60 cmX5 cmX0.3 cm. A similar horizontal bank
R and a 13-counter vertical bank S were positioned
between the Cu target and the absorber, and a 17-
counter vertical bank T was placed behind the Cu
absorber. Boththe S and T counters were of the
same size as the P, @, and R counters. The T
counter bank was followed by 10 planes (4X, 4Y,
U, and V) of capacitive-readout wire spark cham-
bers, followed by a 100D40 dipole analyzing mag-
net. The magnetic field was constantly monitored
by a nuclear-magnetic-resonance (NMR) probe
and had a typical [Bdl value of 12.6 kG m. Two
separate groups of wire chambers, each consist-
ing 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
X168 cm X 1.25 cm A counters were positioned be-
fore a 2.5 absorption length Pb absorber, followed
by a similar bank of 25 vertical B counters. Be-
hind the B counters, on one side of the spectro-
meter, were two large wire chambers which were
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FIG. 2. The incident K} momentum spectrum at the
Cu target.

used to measure the X and Y coordinates of muons
which penetrated the Pb wall. These will be re-
ferred to as the “muon WSC’s.”

The V counter was viewed by two 56AVP photo-
tubes at each end, while the P, @, R, S, and T
counters each had a single 56 AVP phototube. The
A and B counters were viewed by XP1021 and
56AVP phototubes, respectively, one at each end
of a counter. The anode signal from each photo-
tube was discriminated and 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 discrimina-
tor outputs from each bank of counters were mixed
to form overall 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-radiation-
length (rl) Be target. In order to cut down the
gamma component in this beam, 58 rl of Pb were
placed in the beam before the first collimator.
Likewise, in order to improve the K9 to neutron
ratio, 1.5 collision lengths of polyethylene were
introduced just after the Pb absorber. Two sweep-
ing magnets in the beam line eliminated charged
particles from the beam. The K9 spectrum at the
spectrometer is shown in Fig. 2. A total flux of
5.6 X 10° K was obtained during the experiment.

III. DATA ACQUISITION

Candidates for muons were required to traverse
both the upstream Cu absorber and the down-
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stream Pb absorber. Consequently, a 27*2A +*2B
trigger was set up to select events with two muons
in the final state. The three general classes of
events of interest which satisfied this trigger
were as follows:

(1) Interaction events in which the K interacted
in the Cu target resulting in the production of two
muons. This category of events was composed
of that subset of triggers which satisfied a
V-PQ+*R+S+2T+2A-2B logical requirement.

(2) K9, decay events in which the K§ - 7uv de-
cay occurred in the decay region between V and
P, followed by a subsequent 7- uv decay.

These decays were defined as events satisfying
aVP*Q*R-S+2T+2A 2B requirement.

(3) Upstream decays in which the K9, decay oc-
curred upstream of the veto counter. These events
satisfieda 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 record events with
a single upstream muon.

When an event trigger was satisfied, the latch,
TOF, and wire-chamber data were written onto
a magnetic tape for subsequent off-line analysis.
In addition, the on-line PDP-9 computer was used
to accumulate and display histograms in order to
indicate experimental malfunctions.

The performance of the counters was monitored
every 24 hours by pulsing light-emitting diodes
(LED’s) embedded in each of the counters. These
LED runs were also used to provide calibration
of each TOF unit. A single-muon run was then
taken with the sweeping magnets off to allow beam
muons to enter the apparatus. These runs were
used to set the zero times for each TOF circuit.
The performance of the wire spark chambers was
also closely monitored throughout the experiment
and multispark efficiencies in excess of 95% were
observed in all the planes.

IV. DATA REDUCTION

The data-reduction techniques employed were
similar to those used in the other experiments
performed with this K§ spectrometer and have
been described in detail elsewhere.?® Accordingly,
we shall emphasize here only those features which
were unique to this experiment. Firstly, the pro-
gram searched for all the front and rear track
segments in both the X and Y projections and then
used the U V planes in the front, and A counters
together with their TOF readings in the rear, to
group these projections into spatial segments.
Subsequently, the front and rear track segments
were matched to form full tracks from which mo-
menta were determined. A match was defined as
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satisfactory if the front and rear segments crossed
the midplane of the magnet within 7 cm. We esti-
mate the efficiency for finding full tracks to be
about 96%. Each full track was then checked to
see if it satisfied a muon candidate criterion. As
previously indicated, a minimum requirement for
a muon track was that it triggered R*S*T*A*B.
The front and rear segments of each muon candi-
date were projected through the counter banks and
associated with latched counters. 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
of the phototubes at either end of the counter. Ex-
pected X and/or Y deviations for each counter
bank were determined experimentally as a func-
tion of track momentum, and these values were
used as standard deviations to compute a contri-
bution to an overall muon x? at each counter bank.
In addition, for the muon candidate to be accepted
as a muon a minimum residual kinetic energy of
0.1 GeV was required at the downstream end of
the Pb filter.

The TOF readings from the A and B counters
associated with a muon candidate 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 momentum-dependent ¢ was ob-
tained from the data for each counter bank and
contributions to the muon x* were computed for
each counter bank. The overall muon x* thus con-
sisted of two components, one from the geometri-
cal comparison and one from the TOF compari-
son.

For the muon candidate to be accepted as a
muon for the subsequent analysis a x2<30 or 40
was required depending upon whether it was an
interaction (V*P+@+R+*S+T+A+B) or decay
(P*Q+R+S+T+A-B) muon, respectively. The
difference in the cutoff compensated for the extra
contribution to the x* of the P and @ counters nec-
essary for the decay muons.

An average time for each muon track was de-
rived by weighting the corrected TOF reading in
each associated counter by 1/02, where ¢ was the
appropriate standard deviation for that particular
counter bank.

From the Fermi formula for multiple scatter-
ing,? it can be shown that the best estimate for
the initial direction of a muon is

u=303 Dpros ~flneas) »

where 4, is the measured direction in the front
wire spark chambers, and #,,, is defined by the
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of closest approach for K decay events. The Monte
Carlo distribution is shown for comparison.

exit position of the track at the end of the Cu ab-
sorber and the location of the best-estimated in-
teraction or decay point. For all muons, the X
and Y of this production point were determined
from the location of the associated P, @, R, and
S counters. The Z location of the origin of inter-
action 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, us-
ing the best-estimate muon directions. Figure 3
shows the distribution in d 2, the square of the
distance of closest approach between pairs of
muon tracks in the final K decay data sample,
together with the expected distribution calculated
by a Monte Carlo technique. In addition, all pos-
sible vertices between a full track, not necessarily
a muon, and an unmatched front track segment
were also calculated for subsequent use in back-
ground subtraction (see below).

Finally, the candidates for good decay or inter-
action events were defined by the following cri-
teria:

(1) two good full muon tracks,

(2) |TOF(p*) - TOF(p")|< 1.2 nsec,

(3) satisfactory vertex, with d%<225 cm?.

The events passing these tests formed the raw
sample of interaction, decay, or upstream decay
candidates. The number of events in each of the
three categories at this stage is enumerated in
Table I.



TABLE 1. Event candidates before VEND cut.

Interaction K decay Upstream
+- 993 1949 5126
++ /- 230 91 217

V. MONTE CARLO

A Monte Carlo simulation of the experiment was
performed in order to determine the detection ef-
ficiency of the apparatus as a function of the mass
of the produced dimuon pair, as well as the ef-
ficiency for observing K%, decays. The differen-
tial cross section for K} +N - u*u~X was taken to
have the form

d%

2
Trpapp ™ (L= |xe| e, M

where Py is the transverse momentum of the
p*u" pair and x p=P}/P}™* with P} the longitu-
dinal momentum of the muon pair in the K°-nu-
cleon center-of-mass system. This form was
able to reproduce reasonably well the observed
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FIG. 4. Distribution of (a) muon momentum in the
laboratory, (b) transverse momentum of muons, and
(c) transverse momentum of the p*u~ pair for inter-
action events. The smobth line in each case denotes
the expected distribution from Monte Carlo studies.
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FIG. 5. Detection efficiency of the apparatus as a
function of the dimuon mass produced in the reaction
K§N—u*u-X, integrated over the K) momentum spec-
trum.

P, and total energy distribution of the dimuon
pairs in the vector-meson region, as illustrated
in Fig. 4 where the actual data are compared with
the Monte Carlo prediction. Full accounting of
multiple scattering and ionization energy loss was
included in the Monte Carlo calculation. The ac-
cepted events were subjected to an identical set of
cuts as those applied to the data. The calculated
relative efficiency of the spectrometer as a func-
tion of dimuon mass is shown in Fig. 5.

The calculated probability of the occurrence
and detection of the process

K} —-muy, m— uv

was 3.7X 10”7 per incident K} averaged over the
momentum spectrum of the incident beam. The
form factors for K3, decay were taken from
Donaldson et al.*®

VI. BACKGROUND SUBTRACTION

In this section we discuss the corrections and
subtractions performed on the data in order to
obtain a pure sample of muon pairs originating
in the target region, i.e., between the @ and R
target banks. These genuine target muon pairs
consist not only of events of interest, i.e., di-
muons produced in K} Cu interactions but also
of K~muv (followed by 7 - uv) decays occurring
in the target and Bethe-Heitler conversions into
Ku pairs from secondary ¥ rays produced in K
Cu interaction. We shall estimate these residual
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sources in the next section and discuss first the
separation of an unbiased sample of target di-
muons.

The possible sources of contamination can be
grouped into five categories:

(1) KS interactions occurring near the down-
stream end of the copper absorber and giving rise
to at least two tracks that satisfy the muon cri-
terion.

(2) K interactions in the absorber, downstream
of the S counters, producing at least two tracks
satisfying the muon criterion.

(3) pions produced in the target which simulated
muons either by decaying before interacting, or by
penetrating the whole length of the absorber.

(4) events with each of the muons coming from a
different K interaction, the two interactions be-
ing accidentally in time.

(5) K decays occurring upstream of the target
region and giving rise to two muons with both the
P and Q counter banks failing to register any
counts.

The first two categories are not a prior:
distinct. The separation is important, however,
because the majority of the events occurring near
the downstream end of the copper absorber can
be removed on an event-by-event basis (see dis-
cussion below), whereas the events originating
from deep inside the absorber have to be removed
on a statistical basis. We will discuss in more
detail each of the five background sources and the
procedures used to obtain the final sample of
events.

(1) K9, interactions near the downstream end of
the absorber. The two dominant physical pro-
cesses that contribute here are as follows:

(a) A K9 interaction which triggers the R and S
counters occurs accidentally in time with an inter-
action or decay of another K} near the downstream
end of the absorber. The probability that a 1 GeV
7 produced at the end of the Cu block will register
as a 4 is non-negligible(12%). It can do so either
by decaying in the 4 m of He in the magnet, or by
punching through 46 cm of Pb between the A and
B counters.

(o) A single K9 first undergoes an interaction in
the Cu target, leaving there a small part of its
energy sufficient to trigger R and S counters. The
same K9 then penetrates almost to the end of the
Cu absorber before interacting again or decaying.
It is the products of this decay or second interac-
tion which give rise to the two tracks which pass
the subsequent muon criteria.

The sizable contribution from these two sources
to the “interaction events” is illustrated in Fig. 6
where we display the Z distribution of the vertex
point for the three categories of events of interest.
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FIG. 6. 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 area represents the events which are eliminated
by the VEND cut. The Monte Carlo distribution for (b)
is also shown.

Whereas the two decay categories exhibit the ex-
pected distributions, the interaction events show
an excess of events near the downstream end of
the absorber. Additional evidence for this kind
of background comes from the visual inspection
of the events. While the decay events tend to be
rather clean with essentially no sparks in addi-
tion to those associated with the two muons, the
subset of the interaction events pointing to a ver-
tex at the downstream edge of the Cu absorber
shows a high multiplicity of tracks.

The sample of interaction events was 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 d2<5 cm? and -260<Z
<-220 cm. We emphasize the “very good” as
opposed to merely satisfactory requirement here.
A low-mass dimuon 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 owing to the Coulomb
scattering, the distance of closest approach will
tend to be rather large in contrast with the tracks
produced at the end of the copper. According to



TABLE II. Event candidates after VEND cut.

Interaction K decay Upstream
+- 705 1908 5035
++/-- 116 81 206

Monte Carlo calculation, the procedure used
should be completely effective in removing the
interactions at the end of the Cu block, with neg-
ligible loss of the events originating in the Cu tar-
get. 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.

(2) K9 interactions in the upstream part of the
absorber. Again, there are the same two main
mechanisms through which these background events
can satisfy the RS requirement imposed on the in-
teraction events: either a second K interacting
simultaneously in the target or an initial “soft”
interaction in the target followed by another inter-
action, downstream of the RS counters, which
yields the two observed muons.

This source of background must be removed on a
statistical basis, since at these relatively low en-
ergies the errors due to Coulomb scattering ren-
der the determination of the z vertex position in-
sufficient to decide if the muon pair originated in
the target. This is especially true for low-mass
dimuons, and thus such a cut would seriously dis-
tort the mass spectrum. Accordingly, we shall
estimate this contamination by studying those
events which have two detected muons but no P,
Q, R, or S counter latch. We recall here that
these counters were not part of the hardware
trigger but were only imposed in the logic re-
quirement subsequently in software. In the sub-
sequent discussion, we shall refer to the accepted
sample of interaction events, i.e., events with an
R or S (but no P or Q) as RS data and the events
with two good muons, but no P, @, R, or S shall
be called RS data.
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To the extent that the momentum spectrum of
the K%’s yielding 2 p’s from an interaction point
downstream of the RS counters is the same regard-
less whether an R or S counter fired or not, we
can use the RS data to calculate the amount of the
contamination under discussion in the RS data.
More specifically, the ratio of the number of
events eliminated by the VEND cut to those which
pass the VEND cut but still occurring downstream
of the RS counters will be the same in the RS data
as in the RS data. The assumption about the near
equality of the momentum spectrum is clearly
rigorously true for the background events originat-
ing from the “accidentals” mechanism. That it is
also quite good for the totality of the data is indi-
cated by the similarity of the momentum spectrum
of the dimuon system from the events eliminated
by the VEND cut from the RS data to those elimin-
ated by the same cut from the RS data.

Accordingly, to perform the subtraction, we
have processed all the events without R and S
counters in the same manner as those with R
and/or S counters. Subsequently, we subtracted
from the RS data the number of RS events passing
all the interaction event cuts (except of course the
requirement of pointing to a latched R or S coun-
ter), scaled by the ratio of number of events
eliminated by the VEND cuts in the RS data sam-
ple to the number of events eliminated by that cut
in the RS data sample. The results of this back-
ground subtraction are indicated on the second
line in Table III, where the data have been sep-
arated into the runs with different target densities
and into the low and high dimuon mass samples.

(3) hadrons simulating muons and (4) accidentals.
We choose to discuss both of these sources to-
gether since the background events originating
from them can be subtracted together on a statis-
tistical basis by using the like-sign dimuons. The
fact that a majority of the like-sign dimuons are
due to accidentals is illustrated in Fig. 7, dis-
playing the measured time difference between
the two observed muons. The like-sign dimuons

TABLE II. Background subtraction.

Low mass High Mass
My, <0.44 GeV/c? 0.44<my, <1.22 GeV/c?
0cm 4 cm 8 cm 0cm 4 cm 8 cm
(a) Interaction events with
RS, after VEND cut 131 82 120 91 68
(b) +- background calculated
from RS data 343 17+2 17+2 81 4%1 31
(¢) From ++/-- background 41+10 21+5 16 £5 32+6 34 +6
(d) Residual signal 55+16 78+13 44 +11 96 £12 55+12 31+£10
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(a) + — interaction (b) ++ /—— interaction, (c) + — K de-
cay/upstream, and (d) ++ /-- K decay/upstream data
before backgound subtractions.

show a much higher flat background than the un-
like-sign dimuons which have a time distribution
consistent with that expected for events with muons
from the same K9.

The contribution due to early hadron decays can
be estimated by studying the number of observed
events with different target densities. The yield
of interaction events corrected for detection ef-
ficiency and normalized to the K flux (as ob-
tained from K, decays) is shown in Fig. 8 as
a function of density for the 0-, 4-, and 8-cm data.
The decay contamination should have a (1/p)? de-
pendence due to the presence of two muons. The
contribution due to decays is quite small as could
have been argued a priori from the known 7* and
K* decay lifetimes. It is therefore reasonable to
assume that the main sources of the like-sign
muons are hadron punchthrough, or accidental
time coincidences. Furthermore, these same
mechanisms must also contribute to the unlike-
sign muons.

Accordingly, we shall estimate the number of
background interaction events due to these two
sources by studying the like-sign muons satisfy-
ing all the interaction event criteria.

We first correct the numbers of like-sign di-

T 1 T T T

(@' (b)

Low Mass +- High Mass +-
4 - —
3 — ~—
1/p2
2 - — —
L
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Low Mass ++/-- High Mass ++/--

(arbitrary units)
o
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1o (em¥q)

FIG. 8. The yield of interaction events, after correc-
tion for detection efficiency and normalized to the K}
flux, is shown as a function of target density 1/p, for
(@) low mass + -, (b) high mass +-, (c) low mass ++ /=,
and (d) high mass ++ /-- dimuon pairs. Also shown in
each plot is the curve 1/p2,

muons for interactions occurring downstream of
the. S counters in the absorber by using the same
procedure as described above for the unlike-sign
dimuons. This gives us a number of like-sign
dimuons produced at each density in the target
region. At high energies, where the multiplici-
ties are large, it is probably a reasonable assump-
tion to take the number of unlike-sign muons due
to these two background sources as equal to the
number of like-sign muons. On the other hand, at
our low energies and the resultant low multiplici-
ties, the most reasonable assumption is that the
punchthroughs will be due mainly to 7’s and K’s,
since protons tend to be emitted at low energies

in the laboratory. Table IV lists the relative num-
ber of + -, ++, and —- meson pairs that can be

TABLE IV. Relative rates of +-, ++, -- uu pairs.

)

+- ++ -
Three-body final state 1 0 0
Four-body final state 13 2 2




TABLE V. P, Q, R, S inefficiency.

PQ RS

0.015%

P Q R S

Iefficiency 5.1% 2.9% 3.3% 1.8%

produced in three- and four-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 two
unlike-sign mesons as opposed to two like-sign
mesons is quite apparent. Thus it appears im-
perative to deduce the ratio of like-sign to unlike-
sign punchthroughs from the expﬂimental data.

To this end, we again use the RS data. Ideally
one should extrapolate the ratio of unlike- to like-
sign dimuons observed in that sample as a function
of the distance of the vertex from the target. With-
in our statistics and resolution this ratio appears
constant as 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
contamination among the unlike-sign muons due
to hadron punchthroughs and accidental time coin-
cidences. The numbers of events subtracted are
shown in Table III, line (c). It should be empha-
sized here that the subtractions in Table III were
performed on a mass bin basis, to allow for the
different amount of each kind of contamination in
each mass bin.

(5) K decays in front of P counter bank. In
principle, the decay products of a K¢ decay oc-
curring upstream of the P counter bank could fail
to register in the P and @ counters and thus could
simulate a low-mass interaction event. There are
two independent ways to show that this contamina-
tion is negligible. We can first estimate the P
and/or Q inefficiency by seeing what fraction of
time the P misses when @, 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 @ miss.
This calculated inefficiency leads to an expected
background of one event, a result that is not sur-
prising when one recalls that two charged particles
are produced in each K§ decay. An independent
test of this small contamination is obtained by
counting the number of events with V*P+Q *R-S.
The observed number of 17 is consistent with the
calculated number of 18 accidental events obtained
from the measured V rate.

The final mass plot after all of the subtractions
have been performed is illustrated in Fig. 9. Itex-
hibits two regions: (1) the low-mass dimuons with
m < 0.5GeV/c?, and (2) the dimuons presumably
coming from the decay of the vector mesons. Fur-
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thermore, the backgrounds discussed above affect the
low-mass part of the spectrum more than the high-
mass (vector-mesondecay) region. This is due
mainly to tworeasons. Firstly, the P distribution of
the hadrons is such that any unsubtracted hadron
punchthrough preferentially populates the low-
mass region. Secondly, the measured mass of a
high-mass pair produced in the absorber down-
stream of the RS counters would be systematically
underestimated by falsely fitting a vertex to the
target region. Accordingly, we would like to end
this section by looking at two distributions that
are sensitive to the presence of background to see
if there is any evidence for residual contamination
in the low-mass region.

One test of whether the low-mass dimuon events
are 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 extra-
polating the track segments downstream of the
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FIG. 9. Mass of u*u- plotted in 0.4-GeV/c? bins after
the VEND cut. The shaded area represents the calcu-
lated background subtraction as discussed in Sec. VI.
The remaining events represent our final data sample
before corrections for K decays in the target region
and Bethe-Heitler pairs as discussed in Sec. VIII.
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magnet through the lead absorber to the muon
WSC’s. This distribution, corrected for momen-
tum dependence, is displayed in Fig. 10 for the
high-mass evenis, & decays (both up=tiesm and
downstream of the V counter), residual ¢ rents
(after VEND cut) from the RS data, and th: low-
mass events remaining after the background sub-
traction. As can be seen from Fig. 10(c), which
contains large amount of hadron punchthroughs,
this distribution is quite sensitive to the presence
of any nonmuonic background. The similarity be-
tween Fig. 10(d) and Figs. 10(a) and 10(b) leads
us to believe that the low-mass dimuons repre-
sent a relatively pure sample.

As we saw earlier the distribution of the dif-
ference of measured times of the two muons is
quite sensitive to any residual contamination from
accidentals. Accordingly in Fig. 11 we compare
the time difference distribution of the low-mass
interaction events to the distributions of high-
mass interaction events and of the K decays.
Within statistics there is no evidence for any dif-
ference.

On the basis of these tests it appears to us highly
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FIG. 10. Distribution in R/c(7) for (a) high-mass in-
teraction events, (b) K decays, both upstream and down-
stream of V, (c) interaction events from RS data, and (d)
low-mass interaction events. » is the distance between
the projected and measured points in the muon WSC’s.
The last bin includes overflows. Backgrounds have been
subtracted from plots (a), (b), and (d).
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FIG. 11. Distribution in A¢ between the two muons for
(a) high-mass interaction events, (b) K decays, both up-
stream and downstream of V, and (c) low-mass inter-
action events. Backgrounds have been subtracted.

unlikely that more than 15% of the low-mass di-
muons could be due to sources other than genuine
events occurring in the Cu target.

VII. INTERPRETATION OF THE MASS PLOT

The most natural interpretation of the high-mass
(m,, >0.5 GeV/c?) spectrum is in terms of the
three well-known vector mesons: p, w, and ¢.
Our resolution is insufficient to resolve the p-o
and ¢ peaks. Figure 12(a) indicates the Monte
Carlo calculated distributions expected for pure
w, p, and & production, arbitrarily normalized
to the same production cross section times
branching ratio into u pairs. For comparisons,
Fig. 12(b) shows the expected dimuon spectrum
resulting from K decays superimposed on the
actual distribution. The fair agreement of the
two illustrates the level of our understanding of
the resolution. Finally, Fig. 12(c) illustrates the
comparison of several different mixtures of the
P, w, and ¢ mesons with the actual high-mass
data.

The presence of low-mass dimuon events in
hadronic events has been somewhat of a mystery
during the last few years. We would like to dis-
cuss next whether our experiment requires new



17 PRODUCTION OF MUON PAIRS IN Kg-Cu INTERACTIONS 699

5 T T T T and will be followed either by pion decay before
(a) p» w, ¢ Resolution its interaction or by pion punchthrough. The cal-
4r 7] culation here is quite straightforward. We start
3L _ by calculating the number of K decays at each
density in the decay region, i.e., between the V
2 ] and P counters. We correct for the small dif-
VL | ferences in the detection efficiency and the decay
pathlengths for the K and 7 at each density. The
0 . . absorption length in Cu is taken to be 15 cm when
(b) K Decay Resolution calculating the 7 and K flight path. We also as-
200 7 sumed a 1073 pion punchthrough probability which
is our estimate of the total probability for a pion
150 - N to fake a muon by all the possible mechanisms.
On the basis of a previous experiment®® with this
g 100 - ] apparatus, we believe this estimate to be good to
W Monte Carlo 50%. The fact that this probability can only be
w50+ ] estimated with a large uncertainty is not too im-
o i . A | portant since it only contributes less than 10% to
. the total “decay” process. The raw and corrected
(c) prw: ¢ Mixture T '/3 fup::) i numbers are shown in Table VI. The K decays
40 I- g,,wﬂ/g P with like-sign muons are predominantly two K9
decays accidentally in time (see Fig. 7).
30 - Using now the flux, as determined above, we can
calculate the number of events for each density
20 | i where either both decays (i.e., K% and 7) occur
after the @ counter, or the K‘i decays after @
counter and the 7 manages to penetrate through
10 1= 7] the Cu block. The pion penetration accounts now
for 50% of these events at high density and 34%
o] 1 L at low density, so this background calculation is
(0] 0.4 0.8 1.2 14

mup  (Gevrc?)

FIG. 12. (a) Resolution for p,w, ¢ production, (b) ob-
served m,, spectrum for K3 decays followed by 7— pv
together with the expected Monte Carlo distribution, (c)
observed high-mass dimuon spectrum and fits for vari-
ous mixtures of p, w, and ¢.

sources to account for these dimuons, or whether
they can be explained by the more conventional
mechanisms, such as K decays in the Cu target,
Bethe-Heitler pairs, or radiative decays of 1 and
w.

(a) K decays. A certain number of K%’s will de-
cay in the Cu target between the @ and R counters,

more sensitive to the pion penetration level than
the flux calculation. The calculated numbers of
these events are shown in Table VII, line (b).
(b) w decays. To estimate the number of po-
tential u*y” pairs originating from w—-mu*u"
decays we have used the following input®:

() R=(w—mp*yu)/(w-p*u")=0.64;

(ii) one quarter of all high-mass dimuon events
are due to w’s;

(iii) the relative efficiency for detection
w-=mup*u" to w—~ p*u” as calculated by Monte
Carlo is 0.5.

The calculated numbers for each density are
shown in Table VII, line (c).
(c) n decays. The best theoretical estimates

TABLE VI. K decay normalization.

Relative Relative
detection decay Corrected
N, _ Niyj-- N=N,—N,,/-- efficiency efficiency N
0cm 700 37 663 1.0 1.0 633
4 cm 519 20 499 0.889 0.927 608

8 cm 439 19 420 0.833 0.853 592
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TABLE VI. Calculated sources of low-mass dimuons.
The contribution from n—u*u~y is discussed in Sec.
VIc.

0cm 4cm 8 cm
(a) Low-mass signal 55+16 78+13 44+11
(b) K decays 11+6 167 22+8
(c) w decay 6 4 4
(d) Bethe-Heitler I 73 51 48
(e) Bethe-Heitler II 13 9 9

give®?

* -
DR EY _985x10™.
n—-all
Combined with the experimental measurement
of%

T=BW _(5.2:0.8)x10°
n-all

and the relative Monte Carlo detection efficiency
of 2.5 in favor of the two-body decay, this leads
to the conclusion that we should see about
5n—u*u"y events for every n—pu*u”. Even though
no 71— p*u” peak exists in our data, we could not
exclude the existence of 15-20 events of this type,
or 75-100 events from n-pu*u”y, enough to ex-
plain the remaining low-mass events. It remains
to ask what that would imply about the total 7
production rate. Again on the basis of our Monte
Carlo calculation and assuming that

BD*ZMUD =Bw—>2ucw = %Bo _,2,‘00,

this would imply that #’s are produced at a rate
comparable to that of the w mesons. We know of
no data which either support or contradict this
production rate. We can only note for reference
that in K™p interactions at lower energies the ex-
clusive w production channels tend to be a factor
of 3-5 higher than the corresponding 7 channels.?*

(d) Bethe-Heitler Processes. We should con-
sider here two sources of parent ¥ rays which
then could convert to u*u” pairs, namely Y rays
from 7°’s arising from K} - 37° decays, and ¥
rays from 7°’s produced in K}-Cu interactions.
The first source has been shown to be completely
negligible (<0.1 event) based on Monte Carlo
studies. To estimate the second source of poten-
tail background, we start by assuming that the
xr and P distributions for the inclusive 7° produc-
tion by K3’s in our energy range is the same as
that of 7’s in K™p interactions at 32 GeV/c.®® This
is a reasonable guess, 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

3.5 above the mean energy of K$’s producing our
detected muons. Furthermore, we take the aver-
age ™ multiplicity to be 1.6, i.e., the same as 7~
multiplicity quoted in Ref. 35. Combining this with
the probability that a ¥ converts to a u*u” pair as
calculated by Tsai,*® we arrive at the contributions
due to the Bethe-Heitler process indicated in Table
VII, line (d). On the other hand, if we use the xp
and P, distributions as given in equation (1), we
obtain the Bethe-Heitler contributions shown in
Table VII, line (e). Thus the Bethe-Heitler con-
tribution to the low-mass events is highly uncer-
tain due to its high sensitivity on the production
dynamics in the high x region for K°N - 7X.

VII. CONCLUSION

Muon pairs have been observed in K interac-
tions and they fall into two categories: low mass
(m,, <0.5 GeV/c?) and high mass (m,,>0.5 GeV/c?)
corresponding to vector -meson decays. Using
reasonably orthodox assumptions one can conclude
that there is no need to invoke any new sources
to explain the observed dimuon production. Al-
ternatively, if one tries to add up the minimum
required contributions to the low-mass muon
pairs from the known sources, e.g., K decays,

w radiative decays, the Bethe-Heitler processes,
we can set an upper limit on the production cross
section of new-source low-mass muon pairs with
xp>0.25 of 20 nb per nucleon. In deriving this
upper limit we have used our Bethe-Heitler cal-
culation from Table VII(e), taken the 7 production
cross section to be negligible, and assumed that
the production cross section for pu pairs has the
same A dependence as the total K cross section.
We choose to quote the cross section for x>0.25
since for our K momentum spectrum the detec-
tion efficiency for muon pairs falls to zero below
the value, due to the requirement that the muons
penetrate the full length of the Cu and Pb ab-
sorbers.

This upper limit of 20 nb can be compared with
the preliminary data from the experiment per-
formed with the SLAC streamer chamber studying
dimuon production in 16-GeV/c mp interactions.®’
Owing to their better mass resolution and negli-
gible Bethe-Heitler background, they are able to
argue that the observed low-mass dimuon pairs
have a broader spectrum than that expected from
w and 1 Dalitz decays. They conclude that they
observe an excess of events (not accounted by
these decays) with a production cross section of
about 50 nb for xz>0.3. For comparison, we note
that Anderson et al.® find a cross section of
140 £ 30 nb for the production of all dimuon pairs
in mp interactions at 150 GeV/c with xz>0.3 in
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the range 0.21<m,,<0.45 GeV/c?

Our resolution is not good enough to resolve the
three neighboring vector mesons p, w, and ¢.
The mass spectrum is fitted well by assuming that

Y
BD»2MOD Bw-’zu w‘ZBo»zqu’

where By, ,, is the branching ratio of a given
vector meson into muon pairs, and o is the
production cross section of that vector meson
integrated over our K9 spectrum.®® The as-
sumed production angular distribution for x>0,

do

dpapy “L-xele™ e,
F

appears to fit the data reasonably well. The cross
section per nucleon for high-mass uu pair produc-

tion with xz>0.25 is 55+ 10 nb per nucleon. Again,

we assume the same A dependence for uupair
production as for the total K° cross section.
Even though our acceptance (see Fig. 5) de-

creases rapidly at high masses, we still retain
some sensitivity at the $(3100). No events were
observed in this vicinity. Averaged over our K
momentum spectrum, this gives an upper limit

on B, ,,,0,(x»>0.25) of 35 nb per nucleon at a 90%
confidence level. This upper limit was calculated
by application of the same production model as the
lower -mass vector mesons.
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