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Properties of prompt muons produced by 28-GeV proton interactions
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We have measured prompt dimuon production from the interactions of 28.5-GeV protons with nuclear
targets. The dimuon differential cross section d o/dx and the prompt-muon-to-pion ratio are equal within
errors to that found at an incident proton beam energy of 400 GeV. The atomic-number dependence is found
to be the same as that of the total proton-nucleon cross section. The dimuon invariant-mass distribution is

presented.

I. INTRODUCTION

Prompt single-muon and dimuon production
have been studied extensively at Fermilab ener-
gies.! These measurements indicate that prompt
muons produced at different energies and angles
are unpolarized?®:®** and derived largely from the
production of pairs®’® and that the intensity is
roughly 3 times larger than expected from elec-
tromagnetic decays of known mesons.”’® We pre-
sent here the results of a prompt-muon experi-
ment performed at 28.5 GeV. We compare the in-
tensity and characteristics of muon production at
this energy with that at energies ten times higher.
These measurements support the view that a new
electromagnetic process which we identify, tenta-
tively, with the parton-annihilation mechanism
suggested by Bjorken and Weisberg® contributes
substantially to lepton pair production.

II. APPARATUS

The diagram of Fig. 1 presents a schematic view
of the essentials of the experimental apparatus.
Protons from the Brookhaven Alternating-Gradient
Synchroton (AGS) were focused onto a target as-
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FIG. 1. A schematic diagram of the experimental
design.

sembly which was designed to allow a wide variety
of targets to be placed before the beam; variable-
density targets of wolfram (hevi-met), iron, and
carbon were used for the single-muon intensity and
polarization measurements (the polarization mea-
surements are reported elsewhere?), while differ-
ent solid targets of wolfram, iron, and carbon
were used for the muon pair measurements. The
target assembly was followed by a 2-m-thick

steel hadron absorber and a 60 -cm thickness of
concrete which helped to attenuate evaporation
neutrons produced in the nuclear cascades in the
steel. This was followed by six scintillation-count-
er hodoscopes which are labeled A through F.
Each array covered an area 1.8 m by 1.8 m and
the arrays were separated by steel absorbers;

the counters A through F are separated by 60-cm
steel absorbers; hodoscope F is separated from
the counter assemblyE by a further 2.4 m of steel.
The A array consisted of 32 counters arranged to.de-
fine the path of the muon with a maximum uncertainty
of 7 cm at the position of the array for those mu-
ons which passed within 50 cm from the center of
the array and with a poorer spatial resolution for
muons produced at larger angles. The spatial re-
solution of the downstream hodoscopes was less
precise and they were used primarily, to differ-
entiate between the passage of one or two muons
through the plane which they defined.

The different trigger logic used for different
aspects of the experimental program set latches
for each of the 98 hodoscope counters and these
latches were read into a computer memory. Af-
ter a 200 nsec delay, the latches were read again
so that accidental rates could be monitored con-
stantly. While the information from each event
and from each machine pulse was written on mag-
netic tape for possible off-line analysis, most of
the results reported here were derived from an-
alyses of data written out in the course of the run.
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1. MEASUREMENTS OF THE PRODUCTION
OF SINGLE MUONS

Measurements of the fluxes of single muons
were made using techniques described previously®
which determine the ratio of single prompt-muons
to muons from meson decay in a dense target.
Such measurements are especially useful, inas-
much as the measurements define the ratio of
muon-pair production to the production of mesons
in a manner which is quite insensitive to system-
atic uncertainties. Here we consider the produc-
tion of muons produced by the interaction of 28.5
GeV protons with wolfram targets of various den-
sities. A target of solid wolfram (hevi-met) was
used as well as targets of wolfram plates separa-
ted by air so as to give average densities of 3 and
3 that of the solid target.

The variation of the intensity with respect to tar-
get density p can be written as

I (p,/p)=l,+I.% (p,/p) , @)

where p, is the density of the solid wolfram; the
values of (p,/p) are then 1, 2, and 3 for the various
measurements. With this parameterization, I,

is the intensity of prompt muons, andI,, is the in-
tensity of muons from the decay of mesons in the
solid target. The variation of do/dx for both me-
son production and dimuon production with x is
very steep, the cross sections decrease sharply
with increasing x. As a consequence of the steep-
ness of the spectrum, bothI, and/, take especi-
ally simple forms. In particular, to a good approx-
imation, we can write

I,=2(do/dx),A,dS, and I,=(do/dx),A .S, d2n,
@)

where A are longitudinal acceptances equal to

E ./ Emax —E ) for the decay of relativistic me-
sons and dimuons and E ., and E_;, are the maxi-
mum and minimum kinematically possible energies
from the decay of the parent state in the laboratory
system; the acceptances df2 represent the effect-
ive solid angles subtended by the target, and S,, is
the probability of a meson decaying in the target
material before-interacting and being effectively
eliminated from consideration. The value of S,
will be

Spm=L/(cTE /m), 3)

where L is the mean free path for the meson to
interact strongly in the target material, mis the
meson mass, E the meson energy, and 7 the mean
life. To a good approximation, the acceptance of
the apparatus covers the whole forward production

and d Q,=dQ,; A,= 2.5 while A, = 1, except for
that small portion of the flux where the invariant
mass of the muon pair is very small; the factor of
2 inI, accounts for the two muons produced by the
dimuon decay.

There are corrections in the simple picture out-
lined above: corrections for the production of

. muons from secondary mesons and nucleons, cor-

rections and adjustments to account for the con-
tributions of K mesons, as well as pions, to the
muon flux, and corrections which take into ac-
count the explicit variation of the dimuon flux and
the meson flux with x. But these corrections and
adjustments are all small, and the adequacy of the
very simple picture outlined above produces con-
fidence in the more complete calculations which
we use to determine the ratio of (do/dx),, and
(do/dx),. The ratios may then be in error by
about 15%, but it is most unlikely that they are
grossly in error.

The scaling properties of the single-muon pro-
duction may be important. If the dimuon differ-
ential cross sections obey a limited form of Feyn-
man scaling and (do/dx), is independent of ener-
gy, the known scaling of the meson production
cross sections requires that

([P/Im)zs GeV =([p /Im)qoo GeV>< (28'5/400)

X (184/63.6)17 @)

for any given value of x where the 400-GeV single-
muon intensities were measured using a copper
target with A =63.6 and the measurements re-

~ ported here used wolfram with A =184. The fac-

tor (28.5/400) represents the difference in time
dilation, and the two factors give the difference
in meson survival for the two situations. The
graph of Fig. 2 shows the ratios (I, /[, ) plotted as
a function of x for the 28-GeV data and for 400-
GeV data® taken previously at Fermilab multiplied
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FIG. 2. The ratio of prompt single muons to muons
produced in the decay of mesons in the solid target.
Dashed curve is drawn to guide the eye.
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by the appropriate differential factor. The agree-
ment of the two sets of data shows immediately
that the single-muon production scales and then
that dimuon production also scales if we accept
the evidence which suggests that the single-inclus-
ive-muon flux is derived from muon pair produc-
tion. We note that systematic uncertainties are
minimized by this simple manner of measuring
scaling.

IV. MEASUREMENTS OF MUON PAIR PRODUCTION

Measurements of the production of muon pairs
were made by requiring signals from two separate
muons in the downstream hodoscope counters.
Solid targets, 1-mean-free-path thick, of wolfram,
iron, and carbon were used. With these targets,
muons with energies upon production greater than
2.9 GeV would pass through the A plane while an
initial energy of about 9.9 GeV is required for
passage through the F plane. The trigger, devised
to detect muon pairs produced in the target, re-
quired a count in a 1.25-cm X 1.25-cm scintillation
counter situated just upstream of the target togeth-
er with two or more counts from both the A and B
hodoscope arrays. About 200 000 protons were ac-
cepted per AGS pulse generating about five trig-
gers per pulse.

The triggers were generated both by muon pairs
and by hadron showers which penetrate the shield-
ing. In an off-line analysis, both muons were re-
quired to penetrate to the C array; 4600 such
events were recorded. Assuming all particles
reaching the C array are muons the trimuon to
dimuon rate is 2%, while the requirement that one
muon penetrate to the D array results in a ratio
of 0.4%. The above rate of (nominal) trimuons is
consistent with rates expected from the hadronic
background. Thus the background in the dimuon
sample due to hadron showers is negligible.

The intensity of dimuons plotted as a function
of Feynman x is shown in Fig. 3. The errors
shown are statistical only. The data are well
represented over this range of x by the functional
forms

do/dx =40 pb e(~10.0 £ 0.3)x , 5)
xdo/dx =1.8 pb (1 — x)3°68 £0.09, (6)

Although corrections for muons from the decay of
mesons are negligible, there are important modi-
fications of the raw data to account for an accept-
ance which is a strong function of x. Since we are
only sensitive to muons with energies greater than
4.5 GeV, a correction must be made for those
muon pairs which decay such that one of the muons
does not enter the apparatus. This correction

will depend upon the angular distribution of the
muons in their own center-of-mass system. These
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FIG. 3. The intensity of dimuons plotted as a function
of x for pairs produced at 28 (solid circles), 150 (dashed
curve), and 400 GeV (solid curve).

acceptance corrections were made assuming that
the muons are emitted isotropically in their own
center-of-mass system. The data did provide a
measure of this decay distribution which was con-
sistent with that hypothesis.

We also show on Fig. 3 curves which represent
parameterizations of distributions at” 150 GeV and at®
400 GeV. Although the cross sections appear to

" increase slightly with energy, the differences of

the 28 GeV data reported here and the 400-GeV
results with the parameterization of the 150-GeV
data are not outside of the systematic uncertain-
ties which accompany these measurements, and
we do not consider that the set of results is incon-
sistent with the Feynman-scaling hypothesis that
the differential cross sections do/dx are independ-
ent of energy. This conclusion would be in accord
with the analysis of the single-muon data which is
subject to different and, we believe, much small-
er systematic errors. Dimuon production and
hadron production appear to have a similar s
dependence over the range of dimuon masses and
x studied here. The cross section!® for the inclus-
ive reaction pp -~ 7~ +X is approximately independ~
ent of s for beam energies greater than 28 GeV
and x> 0.20. Large-mass dimuon production,
however, is known to violate Feynman scaling over
this energy range.

The graphs of Fig. 4 show the distributions in
invariant mass for different ranges of x. Although
the mass resolution is poor—the resolution is
about 250 MeV/c? for a mass of 750 MeV /c?—this
does not much affect the conclusion that the mean
invariant mass increases with increasing x. The
graph shown in Fig. 5 shows the variation of mean
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FIG. 4. Dimuon invariant-mass distributions for vari-
ous ranges of x. The horizontal bar represents the mass
resolution.

mass as a function of x for these measurements
together with the results given by Chicago-Prince-
ton” parameterization of their data taken (with
much better resolution) at 150 GeV. The small
differences between the two expressions of the
data are probably not significant. The result is
also in agreement with an early conclusion® that,
at x near 0.50 at 400 GeV, the mean invariant
mass is 900 + 200 MeV /c2,

The atomic-number (A) dependence of dimuon
production yields information on the production
mechanism. The relative dimuon intensity as a
function of A is shown in Fig. 6. This experiment
measures the A dependence of the production
cross section relative to that of the total cross
section. We note that the flux is independent of
the choice of target indicating an A dependence
similar to that of the total cross section. Assum-
ing that the total cross section varies as A*”%, we
find a dimuon A dependence of A%*8 ¥0:03  This A
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FIG. 5. The mean invariant mass of pairs produced by
28-GeV protons in this experiment. The solid line
shows the mean invariant mass taken from data (Ref. 7)
at 150 GeV.
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FIG. 6. Dimuon intensity in arbitrary units as a func-
tion of the atomic number of the target.

dependence is not a function of dimuon mass or
energy over the range we measure. The A de-
pendence so measured is not quite that which
might be expected for hadrons. At an x of 0.45
which is about the mean value for the pairs con-
sidered here, Eichten et al.'* find a dependence
of pion production on A which can be written as
A°4, The low-mass dimuon A dependence is also
quite different from that of large-mass dimuon
production which has an A dependence!? of approx-
imately A!,

V. HIGH-RESOLUTION DIMUON MEASUREMENT

In a later run, the apparatus was changed to ob-
tain a high-resolution measurement of the dimuon
mass spectrum. The diagram of Fig. 7 presents
a schematic view of the essentials of the experi-
mental apparatus. The target consists of five
scintillation counters labeled T1 through T5:
T1-T4 measure 1.27 cmX 1,27 cm while T5 mea-
sures 3.2 cmX 3.2 cm, This was followed by two
planes (U and V') of proportional wire chambers
with 2-mm wire spacing and two planes (X and Y)
of scintillation counters to resolve ambiguities.
The active area of the wire chamber measures
25 cmX 26 cm with a dead spot of radius 1.8 cm
centered about the beam position. Thus the wire
chambers are insensitive to that portion of the
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FIG. 7. A schematic diagram of the experimental de-
sign.
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beam which does not interact in the target. The
wire chambers are situated 50 cm downstream of
T1.

A split calorimeter is situated downstream of
the B plane of scintillation counters. Each arm
of the calorimeter consists of thirteen scintilla-
tion counters separated by 10-cm steel absorbers.
The stopping power of the calorimeter is 2.0 GeV
and a muon requires at least 4.0 GeV to reach the
calorimeter. Thus only muon pairs with Feynman
x between 0.28 and 0.42 stop in the calorimeter.
The energy resolution is + 75 MeV. The trigger
for this part of the experiment was devised to
detect muon pairs produced in the target. It re-
quired a count from T1, an at least twice mini-
mum-ionizing count from T5, two or more counts
from the A and B planes, and a muon stop in both
sections of the calorimeter: T1°T5 (% 2)°A(=2)
*B(2 2)*CAL(2). The trajectories of the muons
are determined by their reconstructed positions
at the proportional wire chambers, and the pulse
height information from the five target counters.
This trajectory is required to intersect the re-
constructed position at the A array within the
Coulomb multiple -scattering uncertainty, We re-
quire a unique match between the wire-chamber
fits and the two A-plane fits. A total of 74 events
survive the above criteria.

Possible background to the above sample of
dimuon events include pion decay, hadron punch-
through, spurious wire-chamber fits, and incor-
rect muon identification. The first three sources
contribute about five events to the above sample.
The incorrect-muon-identification source of back-
ground has been studied by attempting to fit wire-
chamber data to the A-plane data of an unrelated
event. This source of background contributes
about eight events to the above sample. '

Figure 8 shows the dimuon effective mass dis-
tribution corrected for the acceptance of the ap-
paratus. We make no subtraction for the small
backgrounds discussed above. The mass resolu-
tion is about + 25 MeV/c2. The significant fea-
tures of this distribution are a prominent peak at
the p mass and a broad excess of events the bulk
of which lie below the p mass, We believe this
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FIG. 8. Dimuon invariant-mass distribution.

dimuon spectrum can be accounted for by p, w,
1, and ¢ resonance production and electromag-
netic annihilation of parton-antiparton pairs as
postulated by Bjorken and Weisberg.® We discuss
this hypothesis in much more detail in the follow-
ing article. In as much as the mass distribution
shown here is consistent within errors with that
of Ref. 7, taken at 150 GeV, we find the differen-
tial cross section do/dxdm to scale with energy.

VI. CONCLUSIONS

In conclusion, we have found a prompt-muon
signal for an incident-proton beam momentum of
28.5 GeV. Both the single-muon and dimuon data
are consistent with Feynman scaling—that is, the
intensity in the fragmentation region is independ-
ent of beam energy. The dimuon mass spectrum
changes with & both at 28 and 150 GeV —thus each
mass region obeys Feynman scaling separately.
The A dependence is consistent with a power-law
variation A2 in a x region where pion production
varies as A%%4,
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