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An examination of experimental data bearing on the production of muon pairs in nucleon-nucleon inter-
actions demonstrates the existence of a large continuum for pairs with invariant masses less than 1.0 GeV/c .
The ratio of the pairs to the production of pions, J(pp)jI(x ), is of the order of 5 X 10- in the fragmen-
tation region. The production of the pairs obeys Feynfnan scaling in the fragmentation region; the cross
sections d2 o/dm dx are nearly the same for the interactions of 28-GeV protons and 150-GeV protons and
the assumption of scaling is consistent with less detailed measurements at 400 GeV over a region of Feynman
x such that 0.15 (x ( 0.6 and for values of the invariant mass m &1.0 GeV jc2. The invariant-mass spectrum
of this continuum varies with x; the mean mass changes from about 450 MeV/c~ at x = 0.2 to about 700
MeV jc 2 for x = 0.6. The dimuon production varies with the target nucleus as A 2~3 in an x region where
meson production varies as A0.5 . The production is discussed in terms of parton bremsstrahlung, the anni-

hilation of parton pairs produced by the hadron interaction (the Bjorken-Weisberg process) and line broaden-
ing of p-meson production.

I. INTRODUCTION

Early measurements' of the intensity of single
leptons which were produced directly in hadron-
nucleon interactions were difficult to understand
in terms of conventional or well-understood pro-
cesses: the intensities seemed to be too great
by nearly an order of magnitude. The results of
these measurements did indicate that, excepting
pairs with small invariant masses, the intensities
of muons and electrons were comparable and the
charge ratios were near 1. . It was not then clear,
however, if the leptons were produced in pairs,
as one might expect from electromagnetic origins,
or if they were produced singly, as from the weak-
interaction decays of short-lived heretofore un-
known particles.

A series of later measurements then indicated
that the muons produced in the fragmentation
region certainly were derived largely from the
production of muon pairs; measurements of
prompt muons produced at values of x„(the Feyn-
man variable) of the order of 0.5 by the interaction
of 400-GeV protons with nuclei gave a value for
the proportion of single muons attributable to pair
production' of 1.0~0.10 and measurements cover-
ing a broader kinematic region' were interpreted
as indicating a ratio of 0.7 +0.2.

If the prompt leptons were derived largely from
the weak-interaction decays of intermediate par-
ticles, the muons would, almost certainly, be
polarized along their direction of motion. 4 Mea-
surements' of the longitudinal polarization of
muons produced in the forward direction at an
x~= 0.45 by the interaction of 400-GeV protons
gave a value of 0.00~ 0.10 for the longitudinal

polarization of positive prompt muons suggesting
that no important part of the flux was derived from
parity nonconserving processes. A group at Ser-
pukhov' have reported a value of P„=-0.85+0.35
for the polarization of muons produced at large
transverse momenta (& 2.0 GeV/c) by the interac-
tion of 70-GeV protons and recently a value of
P„-0. 14+ 01 7(for P, =1.9 GeV/c). These results
were not supported by similar measurements of the
polarization of muons produced with transverse
momenta of about 2.0 GeV/c by 400-GeV protons'
(P„=-0 06+ 0..16) or by 28-GeV protons' (P„=
-0.10+0.15).

In summary, the characteristics of the produc-
tion of prompt leptons are consistent with the op-
erational hypothesis that they are produced in
pairs and they are not polarized. In turn, such a
conclusion is consistent with the view that the lep-
tons are produced primarily through electromag-
netic processes, and it is most difficult to recon-
cile our knowledge of the production with any
model which demands a substantial production
through weak interaction processes. There is,
however, one caveat which is pertinent; it is
certainly possible that some more exotic process
may dominate lepton production in some specific,
restricted, kinematic region. There are, however,
a variety of electromagnetic processes of greater
or lesser importance to us at this time, and the
question of the details of the production are still
important.

II. CONVENTIONAL SOURCES OF MUON PAIRS

Muon pairs with invariant masses less than or
of the order of 1.0 GeV will be produced through
the two-body decay of vector mesons: the p, cu,
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and g, and through the three-body decays -of the

q (q-y+ p.'+ p ) and the &o (e-&+ p.'+ p, ). There
are very small contributions from the decays of
other mesons and other decay modes which we
neglect. ' Contributions from these sources will
be proportional to the product of the production
of the parent mesons in nucleon-nucleon inter-
actions and the branching ratios for the decays
to two muons.

Although the steepness of the spectra imposes
difficulties on the determinations of absolute cross
sections, the ratio of the production cross sec-
tions for the different mesons and for dimuons
seems to be almost independent of x or of the cen-
ter-of-mass energy, and direct measurements
have been made of the ratio upon production of the
mesons of interest to pions as well as measure-
ments of the ratio of pions to dimuons. In particu-
lar, the ratio of the inclusive production of p' and
m' in proton-proton. interactions has been deter-
mined in various bubble-chamber experiments"
for proton bombarding energies of 12, 24, 69,
and 205 GeV and over a variety of center-of-mass
energies of the mesons. The measured ratio,
R =I (p')/(&'), is of the order of 0.10 for all condi-
tions. We consider, specifically, the measure-
ments" at 205 GeV where the ratios are presented
as a function of x. They find R = 0.10+ 0.03 for
x&0.18, R=0.12+0.03 for 0.18 &x&0.35 and for
x~ 0.35, they find no p' signal and their data is
consistent with R = 0.00+ 0.10.

There are no completely comparable measure-
ments of the ~' inclusive cross sections inasmuch
as the co', which decays primarily to three-body
states, is not so easily identified. There are some
semi-inclusive measurements of which the most
important is the measurement of the cross section
for the reaction, p+p-~'+ charged particles,
measured" at 24 GeV. This cross section was
found to be almost identical to the similar cross
section, p+ p -p' + charged par'ticles, over wide
ranges of rapidity. We assume then that the
whole inclusive cross sections are also nearly
the same and the cross sections for p' and e' are
the same at other energies.

The production of the p' is inhibited by the
Zweig-Iikeda rule and we can then expect that
the cross section for 4' production will be much
smaller than the cross sections for the other vec-
tor mesons. A value of 0.045+0.012 for the ratio
o($)/&(p') has been reported by Blobel et al "for.
an incident proton energy of 24 GeV. The magni-
tude of this ratio. is confirmed by the dimuon mea-
surements we discuss later; it is only important
for our purposes to note that the cross section is
small.

Jaeger et al."have measured inclusive m' pro-

TABLE I. Production and decay parameters for the
decay of mesons to muon pairs.

Meson
decay

Branching
ratio B 0(mes)/0'(zo) B x(a~/0„)

(d ~2p
~2p

'0 2p+'Y0

cu'-2@+ n.

4.8 x10 ~ 0.10 +0.2

7.6x10 ' 0.10 +0.2
28 x 10 0.0045 + 0.0012

29 x10 ~ 0.04 +0.01

4.8 x10 ' 0.10 +0.02

4.8x10 6

7.5 x10 6

1.3 x10 6

11.6x10 6

4.8x10 6

duction in 12 GeV PP interactions; however, they
detect no g' signal. This implies the upper limit
on q' production

o(Pp - rf +X)
)

& 5% (95% confidence level).
og)p ~ & +X

Bartke et al" have measured the ratio of the semi-
inclusive cross sections for the g and p, and ~
production with charged particles for &' -p inter-
actions at 16 GeV. We should expect that the re-
sults of those measurements in the backward di-
rection are not very different from that which
might be expected from proton-proton interactions
(or proton-nucleon interactions) and this q'/p'
ratio is determined to be about 0.34 and does not
vary much with rapidity. There seems to be no
reason for the ratios of inclusive cross sections
to be much different.

The values of the ratio of production of these
mesons and the production of ~' mesons is given
in Table I together with the branching ratios for
the decays of the mesons to dimuons. The branch-
ing ratios for the two-body decay of the vector
mesons to muon pairs are taken using informa-
tion from the Tables of Particle Properties"; the
decay rates for the three-body decays of the g and
&o are listed from calculations by Lai and Quigg'
and by Quigg and Jackson" where the form factors
were calculated using the p-meson. pole contribu-
tion (vector dominance): The decay rates will be
about 30% smaller if this contribution is, in fact,
not important.

The last column in Table I, which lists the pro-
duct of the production cross section and the branch-
ing ratio to muon pairs, is an indication of the con-
tributions from each source of muon pairs. How-
ever, as a consequence of the steepness of the
meson production spectrum, the relative contri-
bution of the two-body and three-body decays will
be a function of x, the Feynman variable. The dif-
ferential cross sections for the production of the

p and ~ in the fragmentation region appear to be
the same and appear to be adequately represented"
by a form such as

xdo/dr~(1-x)''.
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We assume that al.l of the meson cross sections
appear to be adequately represented by this form
and, more important, that the ratio of the different
meson production cross sections in the fragmenta-
tion region, for 0.15&x& 0.6, does not change very
much. (We have seen that this is the case for the
p', aP, and iI'. ) With this form for the production
spectra we can calculate the x distribution of the
muon pairs from the decays. The resuLts of such
calculations are seen in the curves of Fig. 1 which
show the ratio of muon pairs from the two-muon
decays of vector mesons (B~I„) and from all me-
sons (B„I„)to the production of x' as a function of
x. At large values of x, the three-body decays
contribute, reLative1y, to a smal. ler extent than
the canonica1 ratios defined by TabLe I; at smaller
values of x, the three-body-decay pairs are repre-
sented to a larger extent.

The invariant-mass distributions are determined
by the natural width of the resonance for the p for
most experimental conditions, by the resoLution
of the apparatus for the &o and Q two-body decays
to muon pairs, and by dynamic considerations for
the cu and q three-body decays to muons. We as-
sume an instrumental resolution of 30 MeV/c'
[half-width at half maximum (HWHM)] and use calcu-
lated' "invariant-mass distributions for the three-
body decays to construct invariant-mass spectra for
meson decays. Even as the relative importance
of the two-body decays and three-body decays
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FIG. 2. The dimuon invariant-mass distribution. The
curves show the expected contribution from the elec-
tromagnetic decays of known resonances.

O

M
4h

varies with x, the spectrum is a function of x. We
show, in the curve of Fig. 2, the invariant-mass
distribution for a11 pairs produced by meson de-
cay such that x&0.15.

III. MEASUREMENTS OF SINGLE MUONS
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FIG. 1. The ratio of prompt dimuons to x for copper
and hydrogen targets. I„ is the dimuon intensity derived
from single-muon measurements. The lower curve
labeled B~I+I, o shows the dimnon to w ratio expected
from the electromagnetic decays of known resonances.
B Iz is the dimuon intensity expected from the two-body

P
electromagnetic decays of p, ~, and P.

Since the spectra for the mesons produced in
nucleon-nucleon interactions falls steepLy with
the measurement variables, P, and x (which is
essentially proportionaL to the energy of the me-
son), there are uncertainties in absolute cross
sections which are not reflected in determinations
of the ratios of cross sections. It was, of course,
for this reason that the production of the heavier,
unstable mesons, has been described in terms of
the ratio for the production of these mesons with
respect to pions; these ratios, unlike the absolute
cross sections, are not strongLy dependent upon
the production kinematics. Measurements of the
single-muon spectra are particularly valuable



MUON PAIR PRODUCTION IN PROTON-NUCLEON. . .

in establishing the total intensity for dimuon pro-
duction as these measurements constitute, pri-
marily, measurements of the ratios of dimuons
to pions and can then be compared to the bubble-
chamber measurements of the ratios of vector
mesons to pions so as to determine, in a manner
especially free from large errors, as to whether
the heavy meson decays to dimuons can account
for all of the dimuons observed.

The primary measurement, in our determina-
tions of the single-muon spectra which we con-
sider, "are measurements of the ratio of prompt
muons to muons produced by the decay of m mesons
and K mesons jn a long dense target. The kinematics
of the decays of the pions to a two-body final state
of a muon and neutrino are so similar to the kine-
matics of the decay of virtual photons to final
states of two muons, that the relative acceptances
of the detection system can be calculated very
simply in a manner which would seem to admit
no serious error. We discuss these measurements
in some detail, from this viewpoint, to establish
the reliability of the results.

These single-muon measurements are made by
determining the flux of muons of a given energy
which are generated in the interaction of a high-
energy proton beam interacting in a long, dense,
target. Muons of a given energy, defined by the
amount of material traversed by the particles, are
detected as they stop in, or pass through, a coun-
ter assembly placed downstream from the target
in line with the incident proton beam. Measure-
ments made with different effective densities serve
to differentiate between the prompt-muon flux,
where the muons are generated very near the pro-
ton point of interaction, and the flux from the de-
cays of the longer lived mesons, the K mesons
and pions; the production of prompt muons is in-
dependent of the target density while the flux from
the meson decays is inversely proportional to
density even as the mean free path of the mesons
is inversely proportional to the density.

Although the detector subtends only a small
solid angle at the target, the multiple scattering
of the muons produced in the target region by the
considerably shielding near the target acts to en-
sure that the detector samples the production over
a sufficient range in transverse momentum so as
to include most of the production. In these experi-
ments, the rms transverse momentum from multi-
ple scattering, P, , is about 600 MeV/c and the
relative detection efficiency for muons with a
transverse momentum p, is about exp( —P, '/P, ').
Even if the ratio of prompt muons to muons from
meson decay varies sharply with transverse mo-
mentum, the measured flux of muons at large
transverse momentum is sufficiently small so

that no serious error will be induced in the mea-
sured ratio by the variance. We can then con-
sider the measurements to adequately represent
the ratio of prompt muons to muons from meson
decay at a given x for the production integrated
over all transverse momentum.

These ratios of prompt muons from meson de-
cay can be related to the ratio for the production
of prompt muon pairs to the production of the
long-lived mesons in a manner which is largely
independent of any likely differences in produc-
tion spectra because of the deep similarities in
the decay spectra of mesons and unpolarized
heavy virtual photons as seen in the laboratory
system. Consider the "decay" of a virtual y,
with a mass which is appreciably 1arger than the
mass of two muons, traveling with an energy E'
in the laboratory system. The product muons,
of either charge, will be emitted with equal pro-
bability in any energy interval dE between 0 and
E' if the virtual photon is unpolarized. Muons
from the decay of pions with energy E' will be
evenly distributed over a range of energy between
0.58 E' and E' while muons from the decay of K
mesons with energy E' will be distributed evenly
over the range between 0 and E'. For equal inten-
sities of virtual photons and pions and for any
muon energy greater than 0.58 E', the intensity
of muons from pion decay will be (1.0 —0.58) '
= 2.4 greater than from the decays of photons or
E mesons. As a consequence of the steepness of
the spectrum as a function of E for all particles,
the higher-energy muons from any decays are
much more heavily weighted than the lower-energy
decays and the factor of 2.4 is a good approxima-
tion to the exact weight factor except for very
small values of xz or E/E'

Although all of the muons from the prompt elec-
tromagnetic processes will be accessible to de-
tection, it is a good approximation to consider
that only those mesons will contribute to the muon

flux through their decays which undergo no colli-
sion before '.hey decay. Again, because the meson
intensity falls off so rapidly with energy, it is a
good approximation to consider that any meson
interaction —th'ough it may produce lower-energy
mesons —eliminates the interacting meson from
the effective flux. The probability of a meson of
mass m and energy E decaying to a muon before
interacting in the dense target is then just P
= I,/(cd/m) where I, is the mean free path for ab-
sorption in the target and v is the meson mean life.

We can then estimate the ratio of prompt muon
pairs to pions of a specific charge, assuming for
the moment that we can neglect the contributions
from K mesons, as

I& /I = (I& /I ) x 2.4x P, (i)
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where I&/I, is the ratio of the production of muon
pairs and pions and I/I„ is the ratio of the mea-
sured intensities of prompt muons from meson
decay. More nearly exact calculations, using
numerical techniques, lead to small deviations
from the approximation of Eq. (1) and the contri-
butions from K mesons, which contribute about
2 of the muon flux, must be considered also.
We note also that the effective energy for the ratio
I /I, will be somewhat greater than the energy at
which the ratio I~ /I„ is determined, but the dif-
ference will not be large (typically the difference
will be of the order of Z„/10, where 8 is the
kinematic maximum of the muon ene'rgy) and since
the ratios are found to vary only slowly with muon
energy, no important uncertainty is so introduced.

The assumption has been made in these calcula-
tions that the virtual photons, considered as par-
ents of the muon pairs, are not polarized. The
extreme decay distributions which can follow from
complete photon polarization have the form
1+P' cos'8 and (1 —P ') + P' sin'8 where P ~ 1 is the
velocity of the muon in the rest frame of the heavy
virtual photon. Taking the actual distributions as
having the form 1+A. cos'8, where )A~&1, Eq. (1),
is modified by a factor of (1+A)/(1+A/3) which
is not likely to be important for any plausible posi-
tive values of A and negative values of A, corres-
ponding to a preponderence of photons with zero
component of spin in the direction of the beam,
seems somewhat unlikely from theoretical con-
siderations. If the pair origin of the single muons
is accepted, the measurements of the ratio of
single muons to pairs made at 400 GeV set the
absolute value of A as very nearly zero.

The values of I& /I„, derived from the measure-
ments of I~/I„ for the copper target used in the
experiment, are shown in Fig. 1. We wish to com-
pare these results with the values of I /I„ the
ratio of muon pairs from meson decay to r' pro-
duction, derived in Sec. II. Since the measure-
ments of the prompt muon production concerned
production in copper targets and the ratios of the
heavy mesons to pions were measured for proton
targets in bubble chambers, the A dependences
of the relevant production mechanisms must be
considered if these two sets of results are to be
compared. The A dependence of the low-invariant-
mass muon-pair production has been measured as
A. , where e = 0.64 + 0.03 for pairs produced by
28-GeV protons and n is reported to be 3 at higher
proton energies. At large x, the production of
mesons per interaction is known to fall off for
targets of large A: The curve of Fig. 3 shows the
variation of n, the exponent of A, taken from
measurements" at 24 GeV. Similar A dependences
have been demonstrated at much higher energies. "
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FIG. 3. Atomic-number dependence of pion production
as a function of Feynman x from Ref. 20.

The labeled curve (I&/I„)~ in Fig. 1 then shows
the values of I&/I, corrected for the A dependence
of the pion intensity I, so as to represent the re-
sults for proton-proton interactions where A = 1.
An inspection of Fig. 1 then indicates that about
three times as many muon pairs are produced
than can be accounted for by the decays of the
heavy, short-lived, mesons.

do/dx~ =A(1 x~)c (2m/b—'x~), (2)

where the parameters A. , 6, and C have different
values for different ranges of invariant masses.
These values are given in Table II. '

Measurements made at one specific energy can
be used to illustrate general phenomena only if
some scaling behavior is established. We con-
sider then the possibility that the production of
such pairs follows Feynman scaling in the frag-
mentation region. If this is the case, the varia-
tion of the production as a function of x will be
independent of the center-of-mass energy W&.

In particular,

—(do/dx) = 0.8
es

IV. MEASUREMENTS OF MUON PAIRS

A number of measurements have been made of
the production of muon pairs by interactions of
different particles, with different particles and at
different incident-particle energies. We believe
that the measurements of Anderson et al."con-
cerning the production of muon pairs as a function
of invariant mass, Feynman variable x~, and
transverse momentum from the interaction of 150-
GeV protons with nuclei (beryllium) are the most
useful for our consideration. They have presented
their results in a form, which we can modify
slightly, and write
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TABLE II. Parameters describing the production of
rpuon pairs by 150-GeV protons incident on beryQium ac-
cording to the formulas of Eqs. (2) (3).

M (Gev/c2) A (pb) b
«/d ()b)

C x=0.2 &=0.4 @=0,6

0.21-0.45
0.45-0.65
0.65-0.93
0.93-1.13

26.7
9.0
6.52
1.61

4.63 6.03 10.12 0.893 0.516
4.58 4.34 5.12 0.734 0.0842
379 279 765 1710 0369
3.93 4.06 1.32 0.205 0.0263

Total d&/dx(Be)
Total dc/dx(nno leon)
do /dx = 67 exp(-10.4x ) (Pb)

24.28 3.554 0.5315
5.61 0.821 0.1227
8.37 1.045 0.131

We have shown in Fig. 3 of the preceding article"
the cross sections do/dx calculated from 'Table ll
together with cross sections derived from a rela-
tion used to fit much less weQ-defined data on
pairs produced by the interaction of 400 GeV pro-
tons with copper:

do/dx = 67 e "' '"~mb), 0.2 & x %0.7 (3)

and the results of measurements of the cross sec-
tions for muon pairs produced by the interaction
of 28-GeV protons with tungsten. While the data,
taken at face value, might seem to indicate a
variation from scaling inasmuch as the cross sec-
tions are seen to decrease somewhat from 400 to
150 to 28 GeV, the uncertainties in the 400-GeV
data and in the 28-GeV data are certainly of the
order of 20% and then neither set of data seri-
ously disagrees with the more precise 150-GeV
results and the assumption of scaling. A compari-
son of measurements on single-muon production
at 28 GeV with similar data at 400 GeV is com-
pletely consistent with the assumption of scaling
and this kind of comparison is somewhat less
subject to systematic uncertainties than the com-
parisons of absolute cross sections for the pro-
duction of pairs.

Of course, it is possible that the cross section
for the whole range of invariant masses scales,
but that the distribution in invariant mass varies
with s. The mean invariant mass of the pairs is
shown to increase with x at 150 GeV. The values
of the average mass, calculated from Eq. (2) and
the values of the parameters listed in Table II,
are.plotted in Fig. 5 of the preceding article"
together with the values of the mean mass mea-
sured as a function of x at 28 GeV. Again, within
small factors of the order of the uncertainties in
the experiments, the variation is the same. Still
more striking evidence for the detailed scaling of
the differential cross sections da/dx and do/dm
is found in the comparison of the invariant-mass

distribution for x~ & 0.15 presented at 150 GeV
with the high-resolution results at 28. GeV mea-
sured for pairs produced with a mean value of
x~= 0.33. We estimate the mean value of x for
the 150-GeV data, as about 0.25, not very different
from the mean value of x for the 2&-GeV data. The
similarity of the two distributions, shown by the
histograms of Fig. 2 is striking evidence for the
detailed scaling of the muon pair production. Al-
together, there seems to be no serious deviation
from Feynman scaling in the fragmentation region
for muon pairs with masses less than 1.0 GeV/c'
for proton-nucleus interactions where the incident-
proton energy ranges from 28 to 400 GeV.

Since the muon pair production, measured at
different energies, concerned production from
targets of different nuclei, the results might have
been affected by an A dependence of the production
mechanism. We have assumed implicitly that the
production varied as A' ' and then the number of
pairs per interaction was independent of A (even
as the total cross section varies approximately as
A'~'). Though the production of pairs with much
higher invariant mass varies as A", it is known
that at high energies or at 28 GeV, as discussed
above, the production of pairs in the mass region
below 1.0 GeV, which concerns us, the cross sec-
tion varies as A' ' and the number of pairs pro-
duced per interaction is independent of the target
material.

Knowing the invariant-mass spectrum of the
low-mass pairs, we- can ask if this spectrum can
be explained in terms of the production and decay
of heavy mesons to muon. pairs. Making the same
assumptions concerning meson production and de-
cay as presented in Sec. II, we can calculate the
invariant-mass spectrum as a function of x. The
spectrum for all pairs produced such that x& is
greater than 0.15 is shown as the solid line of the
lower graph of Fig. 2. The constraint on x~ cor-
responds to the cut on the experimental results
given in the histogram. The contribution is nor-
malized so that the vector mesons, the p and the
&u, contribute 2 of the total cross section. The
total cross section contributed by all meson de-
cays is then about 40/o of the total muon-pair cross
section. The ratio of total muon-pair production
to the pair contribution from meson decays is
then about 2.5/1 in quite good agreement with the
ratio of about 3/1 derived from the analysis of
the signle-muon production described in the last
section. The solid curve in the gzaph at the top
of Fig. 2 shows the calculated spectrum for
x= 0.32, corresponding to the histogram presented
in that graph. Again, the production was normal-
ized so that the contribution of the pairs from the
meson decay was 40%%up of the total production.
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V. SUMMARY AND CONCLUSIONS
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FIG. 4. The dimuon invariant-mass distribution. The
spectrum of muon pairs from heavy-meson decays has
been subtracted.

We have presented analyses, which are largely
independent, of the results of the measurements
of the production of single muons and of the re-
sults of measurements of muon pairs which indi-
cate that about 60/g of the pair production is de-
rived from mechanisms other than the decays of
the known heavy mesons. Subtracting the calcu-
lated spectrum of muon pairs from heavy meson
decays, as shown by the solid curves in Fig. 2,
from the experimentally determined spectra
shown by the histograms, we can gain a rough
concept of the continuum spectrum and the results
of this subtraction, for the 150-GeV data, are
shown in Fig. 4. It is clear from the uncertainties
in both the experimental results and the calcula-
tions, that the character of the continuum is not
defined with any great precision. In particular,
the exact shape at the kinematic boundary, where
the invariant-mass m is nearly equal to the mais
of two muons is affected by assumptions concern-
ing the experimental acceptance and resolution.
The exact shape near m= 775 MeV/c' is also un-
certain as the shape here is quite sensitive to
the exact magnitude of the subtraction for the
contribution of the p and u pair production. How-
ever, the general character of the distribution is
probably presented correctly.

The distribution shown in Fig. 4 represents the
continuum for all pairs produced such that x& 0.15.
Since the continuum appears to be the larger part
of the whole, and the larger part for all values of
x (as indicated, particularly in Fig. 1), the varia-
tion of the average mass shown in Fig. 4 of the
preceding article" and the general conclusion
that the production of pairs with small invariant
masses falls off with x much faster than for large
invariant masses, would seem to hold for the con-
tinuum alone as well as for the total production.

For the same reasons, we must conclude that the
continuum, as well as the total production, scales
according to the Feynman prescriptions and the
A. dependence of the continuum production is not
likely very different than the A dependence of the
total pair production and that production is known
to vary as A. '~'.

We summarize the conclusions of the analysis:
(1) There is a large continuum cross section

for the production of muon pairs in proton-nucleus
interactions. This cross section is of the magni-
tude of 5x10 ' times the cross section for the pro-
duction of neutral pions and is about 2.5 times
larger than the contribution from all meson de-
cays and 5 times greater than the contribution
from the decay of vector mesons to a muon pair.

(2) The continuum production cross section
varies with Feynman x~ in much the same manner
as is observed for meson production. However,
the production of the low-mass pairs falls off more
quickly with x~ than the high-mass pairs. The
mean invariant mass is near 0.5 GeV/c' for all
pairs produced in the fragmentation region,
x &0.15.

(3) The production of continuum pairs per inter-
action appears to be nearly independent of the tar-
get material unlike the production of mesons which
falls off with increasing A: In the fragmentation
region, for x~~ 0.25, the pair production varies
about as A. ' ' while meson production varies about
as A.' ".
These properties of the continuum should help to
define the character of the electromagnetic pro-
cesses responsible for the production of the con-
tinuum. There are a number of largely separable
processes which may contribute.

Drell and Yan23 have discussed the production of
the lepton pairs in hadron-hadron interactions
where a valence quark in one hadron is annihila-
tion by an antiquark in the resident sea of the sec-
ond hadron. For large lepton-pair invariant
masses, the production appears to be described
rather accurately by considering the interaction
as between the quarks of undistrubed hadrons in
an impulse approximation where the disturbance
of the hadrons by their whole interaction enters
only in the disposition of the final-state quarks
into final-state hadrons. Other processes might
be expected to dominate the production of pairs
with smaller invariant masses, i.e. , masses
& 1 GeV/c'. In particular, such pairs can be ex-
pected to be produced through the internal con-
version of photons generated by the acceleration
of the partons in the collision (parton bremsstrah-
lung)" and by the annihilation of the |Iuarks and
antiquarks which were created in the collision
(by the Bjorken-Weisberg mechanism). " We must
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also admit the possibility that there may be a con-
tribution to the pairs from the p-meson decays
where the p is in a region where the pions from
the decays are scattered in final-state interacti'on
while the muons escape.

The magnitude of the production cross sections
seems to be at least an order of magnitude greater
than that to be expected" from the simplestdescrip-
tions of the Drell-Yan mechanism. The invariant-
mass distribution, particularly at large values of
x, argues against the possibility that the brems-
strahlung mechanism is the dominant mechanism
responsible for the bulk of the cross section. How-
ever, the general character of the production is
quite similar to that suggested by Bjorken and

Weisberg. We suggest that the Bjorken-Weisberg
mechanism which attributes the production to the
annihilation of quark-antiquark pairs, where the
particles are largely pzodzeed in the interaction
of the hadrons, is probably the dominant mecha-
nism. It seems likely that there is an appreciable
contribution of pairs from the internal conversion
of photons from parton bremsstrahlung. We could
then expect to see some flux of single photons of
the order of 1% of the neutral pion flux.

There may also be a mell-defined contribution
from the decay of a portion of the p production.
While the p is characteristically traveling at a
very high velocity (or momentum) with respect to
the center-of-mass of the interaction, the particle
is not necessarily traveling with so large a mo-
mentum with respect to the center of mass of the
several particles produced in the fragmentation
region —the center of mass of that which we might

call the fireball or nova descended from the
hadron initially moving in the direction of the
final-state muon pair. The p momentum in this
reference frame might reasonably be set as about
equal to the mean transverse momentum of the p-
meson or about 500 MeV/c. From this view, apart of
the p production of the order of 140/500 will decay
within a pion Compton wavelength of the center of
a region of space dense with particles. Pions from
the p decays will likely interact with the hadronic
matter in the region, muons will not. We might
then expect some production of muons which will
not be balanced by an accompanying production of
pion pairs which can be recognized as production
from the decay of p mesons. The muon contribu-
tion from the strong-interaction region will prob-
ably be centered at the p mass (though some line
shifts could occur) and we would expect the line
width to be broadened even as that part of the pro-
duction takes place during a very short interval.
The dashed lines of Fig. 4 separate the continuum
into two parts, one part ostensibly derived from
these line-broadened p decays, and the other part
from other mechanisms such as the Bjorken-
Weisberg process. We emphasize, however, the
uncertainties in the shape of this continuum and
the suggestion in that shape that there is a real
p-type contribution is certainly not demanded by
the treatment of the data we have advanced.

ACKNOWLEDGMENT

This research was supported in part by the
U. S. Department of Energy.

~L. M. Lederman, Phys. Rep. 26C, 151 (1976). B. G.
Pope, in High Energy Physics, proceedings of the
European Physical Society International Conference,
edited by A. Zichichi (Editrice Compositori, Bologna,
1976). J. H. Christenson et al. , Phys. Rev. D 8, 2016
(1973);J. P. Boymond et al. , Phys. Rev. Lett. 33, 112
(1974); J. A. Appel, ibid. , 33, 722 (1974).

2H. Kasha et al. , Phys. Rev. Lett. 36, 1007 (1976).
3J. C. Branson et al. , Phys. Rev. Lett. 38, 457 (1977).
4The helicity of p' from two-body decays of a spin-zero

particle to a muon and neutrino will be -1; for all other
decays, the helicity will be very near + l.

L. B. Leipuner etal. , Phys. Rev. Lett. 36, 1011 (1976).
¹ Z. Anisimova et a/. , Phys. Lett. 858 (1976); V. V.
Abramov et al. , Phys. Lett. (to be published).

~M. J. Lauterbach et al. , Phys. Rev. Lett. 37, 1436
(1976).

D. M. Grannan et al. , Phys. Lett. 698, 125 (1977).
SC.-H. Lai and C. Quigg; Fermilab document FN- Re-

port No. 296, 1976 (unpublished).
K. ,BBckmann, in High Energy Physics, proceedings
of the European Physical Society International Confer-

ence, edited by A. Zichichi (Editrice Compositori',
Bologna, 1976).
R. Singer et a/. , Phys. Lett. 608, 385 (1976).
V. Blobel et al. , Nucl. Phys. 8111, 397 (1976).

3K. Jaeger et al. , Phys. Rev. Dll, 1756 (1975).
J. Bartke et al. , Nucl. Phys. 8118, 360 (1977).

~Partic/e Data Group, Rev. Mod. Phys. 48, Sl {1976).
8C. Quigg and J. D. Jackson, Report No. UCRL-18487,
1968 (unpublished).
K. J.Anderson et al. , Phys. Rev. Lett. 37, 1117 {1976).
L. B. Leipuner et al. , Phys. Rev. Lett. 35, 1613 (1975).
M. Binkley et al. , Phys. Rev. Lett. 37, 571 (1976).

0T. Eichten et al. , Nucl. Phys. 844, 333 (1972).
T. Ferbel, private communication-.
W. M. Morse et al. , preceding paper, Phys. Rev. D 18,
3145 (1978).

23S. D. Drell and T.-M. Yan, Phys. Rev. Lett. 25, 316
(1970).
G. R. Farrar and S. C. Frautschi, Phys. Rev. Lett. 36,
1017 (1976).
J. D. Bjorken and H. Weisberg, Phys. Rev; D 13, 1405
(1976).


