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In a run with a predominantly ¥ beam we have observed seven dimuon events which
show clearly that dimuons are produced by ¥ as well as by v. Using the signature of
those events we tentatively identify twelve dimuon events from earlier runs as P-induced.
The characteristics of the total sample support the explanation that dimuons arise from

new hadron production.

In previous papers''? we have reported the ob-
servation of neutrino-induced dimuon events.
The most probable explanation of the observed
properties of these dimuons involves the produc-
tion and subsequent weak decay of one or more
new hadrons (Y particles) with mass in the re-
gion 2 to 4 GeV/c? and lifetime much less than
107® sec.’* The Y particles necessarily possess
a new, as yet unidentified, quantum number con-
served by the strong and electromagnetic interac-
tions, but not conserved by the weak interaction.

The dimuons observed thus far were produced
by mixed neutrino-antineutrino beams in which
the neutrino component was predominant.’’? As
a consequence it was not possible to ascertain un-
equivocally from those data whether dimuons
were produced by antineutrinos as well as by neu-
trinos. Since this is clearly an issue of consider-
able importance in the interpretation of dimuons,
we have carried out an experiment at Fermilab
in which the antineutrino component of the inci-
dent beam was made significantly larger than the
neutrino component by the use of a double-mag-
netic-horn hadron focusing system in conjunction
with a beam plug.® The results of that experi-

ment are presented here.

The calculated fluxes of v and v for two-horn
hadron focusing with an absorptive beam plus are
shown in Fig. 1(a), where it is seen that the ¥
flux is expected to be roughly an order of magni-
tude larger than the v flux in the energy region
30 to 100 GeV. These calculated spectra are con-
firmed by the measured energy spectra of single-
muon events produced by the inelastic scattering
of ¥ and v in the same beam. The observed ratio
of single-u* to single-u~ events is about 10.

The brief run (~2x10'" protons on target) on
which this experiment is based yielded a total of
seven dimuon events, of which five had muon
pairs of opposite charge (+/-) and two had muon
pairs of the same charge (+/+). Furthermore,
in four of the five (+/~) events the momentum of
the positive muon p, was significantly larger than
that of the negative muon p. [see Fig. 2(a)]. This
is in severe contrast to the dimuons reported
previously,'”® among which p, was observed to
be greater than p. for only twelve events out of
a total of 65 (+/—) events, and there were three
(+/+) events and seven (—/-) events. Hence the
data from the latest () run, despite their low
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FIG. 1. (a) Calculated v and v spectra for the double-
horn ¥ beam with an absorptive plug based on measured
yields of pions and kaons. (b) Corrected distribution in
E, ;.. Events obtained during the v run are cross-
hatched.

statistical significance, indicate unambiguously
that dimuon events are indeed produced by v, and
that the signature of such events is p,>p..

The clarity of the dimuon signal from the pre-
dominantly ¥ run suggests that the twelve dimuon
events with p,>p. observed earlier might be
identified as V-induced. This assumption allows
the formation of a sizable sample of V-induced
dimuons in which the contamination of v-induced
events is probably less than the statistical uncer-
tainty of the sample. In the presentations of data
that follow, the events from the ¥ run are special-
ly indicated.®

Figure 1(b) shows the distribution of events in
E,;s, where the total visible energy Ey;,=E, +E,
+E. and Ey is the measured hadronic energy. No
events are seen below 40 GeV even though the
antineutrino flux below 40 GeV is appreciably
higher than that above 40 GeV in the 7 run. This
is the primary reason for the low dimuon yield
in the ¥ run [see Fig. 1(a)]. The data of Fig. 1(b)
are compatible with a threshold for dimuon pro-
duction near 30 GeV as reported earlier.! Above
this threshold the event rate roughly agrees with
a cross section rising linearly with energy.
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FIG. 2. (a) Scatter plot of p, versus p. of all dimuon
events with p, >p.. The triangles signify events from
the ¥ run and the numbers are values of Ey, in GeV as-
sociated with calorimeter events. (b) Distribution in
the projected transverse momentum F" of the negative
muon. (c) Distribution in the azimuthal angle, Ag¢, be-
tween the two muons in each dimuon event.

The measured ratio of V-induced dimuons to 7-
induced single muons, 0,,{)/0,#), for the re-
stricted sample obtained in the ¥ run is consis-
tent with that for the complete sample within the
large statistical errors. For the complete sam-
ple we find 0, ,#)/0,@) =(2+1)X1072, Hence,
taking’ 0,(F)/0,(v) =%, we obtain® 0,u®)/0y, )
=0.8+ 0.6, which does not distinguish between a
dimuon cross-section ratio of unity or <.

Figure 2(a) shows a scatter plot of p, versus
p - for the sixteen events with by>p-. For these
events the ratio (p.)/{p,)=0.35+0.08, while for
the restricted sample of four events obtained with
the ¥ beam (p.)/{p,) =0.24+ 0.09. These values
should be compared with the result (p.)/{p,)
=6.1+ 0.8 reported previously®'® for 42 events
with p.>p, obtained with a beam with substantial-
ly higher flux of neutrinos than antineutrinos.

Figure 2(b) shows the distribution of projected
transverse momentum p,” of the 4~ with respect
to the plane formed by the incident 7 and the u*,
The distribution cuts off at p," =1 GeV/c as did
the distribution in p,* for the previous dimuon
sample.?® Figure 2(c) presents the distribution
in the azimuthal angle A¢ between the u* and u”
momentum vectors projected on a plane normal
to the incident ¥ direction. There is a tendency
for the two muons to appear on opposite sides of
the ¥ beam, as would be expected if one of the
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FIG. 8. Distributions in (a) yyi*, (b) %y3,*, and (c) v™.
Events obtained during the ¥ double-horn run are cross-
hatched.

muons arose from the decay of a hadron of mass
not more than a few GeV/c?.

If the 4~ arises from the weak decay of a had-
ron, it is appropriate to consider the variables
Vyis' = Eyis —E4)/Eyis, v "2(E+/m)51n2(9 /2), and
Xvist =0*/¥yis’. The ¥ from the decay of the had-
ron will carry off unobserved energy and thus
Yvis® and x y;," are the lower and upper limits, re-
spectively, of the Bjorken scaling variables y and
x. Distributions iny,is*, xyis*, andv* are shown
in Fig. 3. The v* distribution is consistent with
that observed for deep inelastic antineutrino sin-
gle-muon events. The distributions in x,;;" and
Vyis~ e€xhibit a strong similarity to the distribu-
tions in xy;s~ and yy;s  and v-induced dimuons,
and show that the events occur at low x,;* and
relatively high y,;s*, suggesting a connection with
the anomalous flaty distribution observed at
small ¥ in V-induced single-muon data.®

Figure 4(a) shows the observed corrected dis-
tribution in dimuon invariant mass M, , and Fig.
4(b) gives the distribution in W;;*, the minimum
total mass recoiling against the positive muon.
These distributions are consistent with the ob-
served distributions for M, , and W;,” for neu-
trino production of dimuons.?

In summary, dimuon production by ¥ has been
observed with a rate relative to dimuon produc-
tion by v of 0.8+ 0.6, The characteristics of
these V-induced dimuons are consistent with an
interpretation in which the 4~ (and an unobserved
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FIG. 4. (a) Distribution in the dimuon invariant mass
My, . (b) Distribution in Wiin*» the minimum mass re-
coiling against the u*.

7,) come from the decay of a new hadron, the
antiparticle (V') of the Y particle necessary to ex-
plain v-induced dimuons. The distributions in p,*
and W,,; " support an estimate of the mass of Y
in the region 2 to 4 GeV/c?, the same as that of
Y. Furthermore, the distributions in xy;s*, yvis',
and v* strongly suggest a connection between the
V-induced dimuons and the previous observation®
of an anomalous y distribution at low x for single-
¥ production by 7. This connection is through
the leptonic (or semileptonic) and hadronic weak
decay modes of ¥, with the former yielding di-
muons at about 0.1 the rate at which the latter
gives rise to single muons. Both event types ex-
hibit anomalously large y values for production
by 7. In this interpretation, the energy threshold
for dimuon production and the apparent scale-in-
variance violation in single-u* production E5
= 30 GeV) are also explained, as is the apparent
charge-symmetry-invariance violation in single-
u* production.®

These data were made possible by the flexible
program policy of and the variety of neutrino
beams at Fermilab. We thank R. B. Jensen for
help in the data taking.
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We have analyzed dimuon distributions due to the diffractive production of a new had-
ronic vector boson in neutrino scattering. Characteristic features that distinguish this
mechanism from heavy-lepton-mediated dimuon distributions are presented.

Observed dimuon characteristics! in neutrino-
induced reactions are not compatible with the
events being mediated by heavy leptons.? The
more probable source is the production of had-
rons with new quantum numbers. However, the
attendant dimuon characteristics will be depen-
dent upon the details of the production mecha-
nisms, which are unknown at the moment. To
appreciate the kinds of characteristics expected
from such reactions, one must appeal to models.
If the new hadron can carry spin 1, then the dif-
fractive mechanism would play an important role.
In this note we examine dimuon distributions due
to the diffractive production of a new vector had-
ron, F**, Specifically, we consider

v(R)+N(p)— ™ () +F* (f)+X(p,) (1a)
Lyt )+ x 407 (10)

We shall only be concerned with dimuon distribu-
tions, in this initial analysis of hadron-mediated
dimuon events, which are largely independent of
the details of the model for (1a), and are basical-
ly controlled by the kinematics of hadron produc- |

tion. Thus we shall not discriminate among cur-
rently popular hadron spectroscopic schemes,
nor shall we specify quantitatively the precise
coupling strength of the hadrons, 2{11 of which in-
formation can only be forthcoming with further
analysis of the data. For definiteness in the fol-
lowing discussion, we assume a mass, My, of 3
GeV/c? for the F*, although our results are in-
sensitive to variation in M, for M,<5 GeV/c?

Although the precise way in which the semi-
weak diffractive scattering occurs is yet unclear,
the following features may be deduced from pho-
toelectroproduction of p mesons.® Firstly, there
is a pronounced peak in the square of the momen-
tum transfer, t=(p —p.)?, from the nucleon to
the hadrons, with a width 1/b. This means that
the recoil hadrons get very little energy in the
laboratory frame. Secondly, s-channel helicity
conservation apparently holds; finally, diffrac-
tive dissociation of the target gives a distribution
in recoil hadronic mass of the form f(3,%)~1/M?
for fixed /. We shall assume that all these fea-
tures persist in Reaction (1). The inclusive
cross section for (1a) will be controlled by the
structure function

Wua;u6~2x QN‘ JV+I X;Fﬂ*+><X;Fa*+l Jul N)54(CI+P —f_X), (2)
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