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Test of Scaling in Muon-Pair Production by Hadrons
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We have measured the inclusive production of massive dimuons (7 ~M&& (-11 GeV/c )

by 200-, 800-, and 400-GeV protons incident on Cu in order to check whether the diD)en-
sionless cross section M&& [do/dM&&dy] 0 is a function of M&& /s alone, where s is the
square of the c.m. energy. The results support the scaling hypothesis.

There is growing confidence that the weak inter-
actions are indeed mediated by heavy vector bos-
ons, charged and neutral, and that their masses
may well lie in the range 40-100 GeV/c' (as indi-
cated by theories' which unify the weak and elec-
tromagnetic interactions). If so the intermediate
vector boson (W) would, at least energetically,
be within the reach of the colliding-beam ma-
chines likely to be the accelerators of the next
generation. Hence questions bearing on the 8'
production and its detection have received much
attention recently. ' '

Most of the theoretical estimates for the W-pro-
duction cross sections rely, among other things,
on the scaling hypothesis, i.e. , the hypothesis
that the dimensionless cross section nz'dv/dm
for electromagnetic production of a lepton pair
of mass m in P-P collisions is a function of m'/s
alone, where s is the square of the c.m. energy
of theP-P system. ' Scaling in itself is of course
an important theoretical issue; it is a conse-
quence of many models' of dilepton production by
hadrons —in particular, the well-known Drell-
Yan process' in which a dilepton is produced by
the annihilation of a quark-antiquark pair. It is
thus of great theoretical as well as practical in-
terest to investigate the scaling behavior of the
dilepton process. This Letter reports the results
of such an investigation. It was performed at
Fermilab with muon pairs of large mass (7-11
GeV/c') produced by 200-, 300-, and 400-GeV
protons incident on a Cu target.

At present the data, on scaling are rather sparse.
(The most recent compilations are given in Refs.
3 and 4.) Although measurements of dilepton pro-
duction cross sections are now available for a
wide range of energies and dilepton masses, they
involve different exPeximental accePtances; thus
a di~ect check of scaling is not possible. The

strength of the present experiment is that it uses
the same apparatus at 'all three c.m. energies
(19, 24, and 28 GeV), providing such a direct
test; its limitation is the statistical precision at-
tained for the available energy variation.

The apparatus is identical to the one described
in a previous publication' where our preliminary
results on the production of massive dimuons at
Fermilab energies have been reported. Briefly
stated, the apparatus consists of a highly asym-
metric double-arm spectrometer. One arm is a
magnetic focusing spectrometer of small solid
angle which can be adjusted to select, with high
purity, direct single muons produced at 0*=90
in the proton-nucleon c.m. system. The other
arm, the multihole spectrometer (MHS), consists
of ten large liquid scintillator detectors buried in
the ground; they detect muons with transverse
momentumPr)3. 2 GeV/c. The MHS covers in
the c.m. system at 400 GeV a polar angle of 60'
&8*(126' and an azimuthal angle of —8 (y*(25'.

Data are taken as a function of pr', the trans-
verse momentum of the muon observed in the
magnetic spectrometer. The rate of events for
which a second coincident muon is detected in the
MHS is recorded. For a given value of Pr' the
dimuon mass acceptance of the system is -2
GeV/c' full width at half-maximum centered"
about 2p, '. Thus this experiment cannot resolve
narrow resonances whose total yield in a 2-GeV/
c'-wide mass band is less than the p. p. -continuum
yield.

To evaluate the efficiency of the apparatus for
various dimuon masses we have assumed the pa-
rametrization

Z [do/d'Pd M&1,], ,~ exp(- 2pz /(pr))
for thepr dependence of the invariant production
cross section in the central region (rapidity y = 0).
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TABLE I. The cross sections per nucleon for the
production of muon pairs by 200-, 800-, and 400-GeV
protons incident on Cu. Errors are statistical only.
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For (pr), the average pr of the dimuons, we have
used 1.25 GeV/c, a value determined experimen-
tally from the azimuthal angular distribution of
the muons detected in the MHS with respect to the
plane containing the proton beam and the mag-
netic spectrometer line. (In the mass range 7-11
GeV/c' we measure (Pr ) = 1.25 + 0.30 GeV/c, in
agreement with Hom et aE."who observe 1.45
+ 0.25 GeV/c for dimuons of mass 6.5-11 GeV/c'. )

Table I gives for each energy the cross sections
PeI nucleon. We have assumed the cross section
to be proportional to the atomic number A. The
justification for the A' dependence comes from
our own measurements at Prs =4.6 GeV/c (M&&
= 9 GeV/c') of dimuon yields from Cu and Be tar-
gets of identical interaction length (40%%ug). We
find for the exponent 1.03 + 0.10. The reason for
quoting d'o/dM»dy1, , is that our apparatus is
only sensitive to dimuons produced in the rapidity
interval —0.3 c y ~ 0.2, i.e, , near y = 0.

Figure 1 shows the cross section d'o/dM»dy1, ,
versus M» for all three energies. We observe
an exponential falloff with M» and a strong ener-
gy dependence. If, however, the quantity M»'
&& [d'o/dM„„dy], , is plotted as a function of
M&&'/s, then the energy dependence all but dis-
appears, as seen in Fig. 2. This shows that with-
in the experimental uncertainties the scaling hy-
pothesis does hold in the energy and mass regions
under study. A X' fit of all data points by a uni-
versal curve (taken here to be an exponential)
yields X'=11.5 for 8 degrees of freedom, an ac-
ceptable fit. This curve transforms back into the
lines shown in Fig. 1 at each energy.

There are other available data relevant to scal-
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ing. " " However, as already mentioned, they
were obtained under vastly different experimental
conditions (acceptance, target material, etc.) and
various assumptions have to be made to extract
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FIG. 2. The scaling behavior of the data. The line
is an exponential fit to all points.
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FIG. 1. The cross section per nucleon d o/dM &&dye

for the production of muon pairs at three energies. The
lines represent the overall fit of Fig. 2 transformed
back for each energy.
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the cross section do/dm per nucleon. Moreover,
it is important that all data be treated in the same
manner. Such a treatment can be found in Ref. 4.

In conclusion it should be pointed out that the
Drell-Yan model, which carries a number of sig-
nificant implications, in particular scaling, can
be easily accommodated to our cross-section da-
ta. However, at least in its simplest form, the
model provides no appreciable Pr for the dilepton
system, in contradiction with the data.
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Note added. —After submission of this paper a
resonance structure was reported in the dimuon
mass spectrum at I» -9.5 GeV/c'. " We have
investigated the effect of this resonance on the
results reported here. While points in the region
of the resonance are lowered by -25/o, the con-
clusion that scaling holds to the precision dem-
onstrated in this paper remains unaltered.
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For example, the unified gauge theory of Weinberg
and Salam leads to a g of -60 GeV/c and a Z~ of- 75 GeV/c mass.
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The cascade-gluon model is used to show that the observed enhancement at 9.5 GeV can
be interpreted as due to the production, and subsequent cascade decay into S, states, of
at least two and most likely three sets of C = + bound states of quarks g of mass ~@-5
GeV and charge ——,'e.

The recent controversy concerning the "high-y
anomaly"' has cast doubt upon what had been the
best evidence for the existence of a heavy quark. '
Indeed, if the newest neutrino data' are taken in
isolation, it would be natural to accept the most
economical SU(2)@U(1) Weinberg model' for the
weak interactions, with only four quark flavors.
However, the small upper limits on parity non-

conservation in atomic physics4 and the apparent
existence of a heavy lepton' obviate the simplest
scheme. Both of the preceding experimental ob-
servations, taken in conjunction with available
theoretical models, suggest that further quarks
must exist. Therefore, it is a good time for ob-
servations directly indicative of new quark fla-
vors. This we believe is the case for the recent
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