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Dimuon and Trimuon Final States in Deep Inelastic Muon Scattering
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32 dimuon and 11 trimuon events are observed in deep inelastic muon interactions at
150 GeV. The rate of diumuon production is greater than 5x 104 that of inclusive muon
scattering. High-inelasticity trimuons occur at a rate one order of magnitude lower.
These events are more numerous and the extra muons have qualitatively different pro-
duction characteristics than muons expected from conventional sources.

Multimuon events are observed' in a data sam-
ple of an experiment on deep inelastic muon-nu-
cleon interactions at 150 GeV.?® Production rates
and characteristics are inconsistent with either 7
and K decays or quantum electrodynamical (QED)
tridents being the source of these muons. The
assumption that production of “direct” muons by
virtual photons is similar to that. observed in had-
ron-hadron interactions leads to prediction too
low by two orders of magnitude.

Processes yielding one extra muon (2p) in the
final state (uN — wuX) are observed at a rate
slightly larger than 5X107* per deep inelastic
muon-scattering event, The acceptance of the
apparatus is approximately such that the muons
must have an energy larger than 17 GeV and an
angle larger than 13 mrad. In addition, the
events should not be accompanied by a penetrat-
ing charged particle at an angle less than 13
mrad. Events with three muons (3u) in the final
state (uN - pupX) are found to occur at a rate

roughly about 107* per deep inelastic muon-scat-
tering event. This Letter deals mostly with 2p
events,

The apparatus (Fig. 1) consists of a 194-cm-
long (1.57 x10% g/cm?) iron-and-scintillator tar-
get followed by three (79 cm long, 173 cm diam-
eter) toroidal iron magnets, interspersed by an
array of wire spark chambers. In the central
core of the magnets (at radii less than 15,2 c¢m),
the iron is replaced by lead-loaded concrete and
the magnetic field effectively vanishes in this re-
gion, Likewise at radii below 15.2 cm, there is
an inactive region in the spark chambers. Two
beam veto counters (30.5 cm in diameter) placed
before and after the last magnet reject those
events with a penetrating charged particle at a
small angle,!?

The present data sample derives from a total
of 6,1x10° incident muons (50.9% u™*, 49.1% u°)
of 150 GeV. The trigger requirement is for a
muon to penetrate all three toroidal magnets and
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FIG. 1. Layout of apparatus. P denotes proportional chambers, S spark chambers, T trigger counters, and V

veto counters.

register in each spark chamber, This corre-
sponds roughly to the energy and angle cuts men-
tioned above., In the exposure, 25550 single-pu
events are thus registered. The scanning crite-
ria for multimuon events are the following:

(1) The muon trajectories (both scattered and
produced u’s) extrapolate to the beam track to
within 2 ¢m; (2) muons penetrate the entire tar-
get-detector array [this condition is relaxed for
trimuon members (Epg 26 GeV)]; (3) u's canbe
momentum analyzed by at least one magnet;

(4) correct timing and hodoscope information for
all final-state muons; and (5) the origin of the
events must lie within the target. A total of 32
2u’s and 11 3u’s were observed in this manner,
In excess of 80% of 2. events were accompanied
by a shower which extends at least through 20 cm
of iron as seen by the iron-scintillator target ar-
ray.

The origin of the multimuons (both as calculated
by extrapolating the muon trajectories and as ob-
served in the iron-scintillator target array) is
uniform along the beam direction in the target.
This discriminates against the possibility that
these events are due to the small pion contamina-
tion of the muon beam (about 107° 7 per u). In-
dependently of the argument, a calculation based
on 150-GeV-pion-induced dimuon data* shows
this component to be less than 1% of the observed
2u-event rate. Likewise the charge structure
(see below) is inconsistent with a large fraction
of the 2u events being of hadronic origin,

The 43 multimuon events are divided according
to charge distribution as follows: (1) for incident
pt, 10 p*p, 10 pptu, and 4 prutp; (2) for
incident p°, 5 p u*, 7T upT, and 7 pTu"upt, In
2 u events of opposite charge the energy of the
scattered muon, E , is unambiguously deter-
mined and always exceeds the energy of the pro-
duced muon, E, . This feature is used to identify
the scattered and produced muon in pairs of the
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same charge. The results are shown in Fig. 2.
For all 2 events, (E, )/(E,,)=2.8 When the
incident-u* and - 1~ events are combined, the
produced u in 2u events appears equally likely to
be of either charge. The charge structure of 3u
events is consistent with produced muons being
always of opposite charge,

The assumption which identifies the leading
muon as the scattered muon defines the kinemat-
ics of the virtual photon, In contrast with neu-
trino scattering experiments the standard vari-
ables associated with the muon-scattering vertex
are here readily obtained: y=v/E,, ¢*=4E,E
xXsin%(6/2), x =¢?/2Mv, and W?=M?+2Mv —¢?,
where E is the incident muon energy, v=E,
~E,,, M is the nucleon mass, and 6 is the scat-
tering angle, Figures 3(a)-(d) show the distribu-
tion of the 2u events for each of the variables de-
fined above, Three 2. events are not shown in
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FIG. 2. Scatter plot of the energy of the members of
a dimuon of opposite sign (left) and of same sign (right).
Circles correspond to incident p*; triangles, to inci-
dent u~. The lines Ey=nFE, are drawn to guide the eye.
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FIG. 3. Histograms of single-muon and dimuon
events. (a) Invariant recoil mass, W; (b) fractional
energy of virtual photon, y; (c) scaling variable x;
and (d) four-momentum transfer squared, q°.

the graphs due to an ambiguity in E, measure-
ment. In Figs, 4(a) and 4(b) are shown, respec-
tively, the (integrated) energy distribution of the
produced p and the (differential) transverse mo-
mentum measured with respect to the virtual-
photon direction.

In summary, the most striking features of the
2 events as exhibited by the raw data are as
follows: (1) E, >E,, in opposite-sign pairs;

(2) no charge preference of the produced muon;
(3) apparent threshold in the invariant mass W;
(4) “flat” p, distribution up to 2.6 GeV/c, dN/dp,
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FIG. 4. (a) Integral energy spectrum of the slowest
dimuon member (number of events with E;, >E).
(b) Transverse-momentum (differential) distribution
relative to the virtual-photon direction of the slowest
diumuon member, Various background components are
shown: decay p from 7 and K in the hadronic cascade
following the u interaction (I), prompt p from the initial
interaction via conventional processes (II), prompt
muons produced by the hadronic cascade (III), QED tri-
dents with one muon undetected (IV), and total back-
ground (V). Errors shown are statistical errors only.

~exp(-2p); (5) no observed peak in the apparent
mass; (6) (x),,=0.05vs (x),,=0.11; (7) {(g%),,
=1.5 (GeV/c)? vs {¢*),,=15.0 (GeV/c)? and

(8) copious hadron production as seen in the iron-
scintillator target array.

The multimuon events are unlikely due to 7 or
K decays, This is indicated by the expected low
p values of decay muons and the small accept-
ance of the apparatus at low p,. A Monte Carlo
calculation confirms this.

The target-detector geometry and magnetic
field are included in all relevant details, The
muon-nucleus interaction is simulated using ex-
perimentally measured inclusive hadron produc-
tion distributions® at 150 GeV and a charged had-
ron multiplicity (W and ¢? dependent) from lower-
energy electroproduction,® Kaon production is
assumed to follow the same inclusive distribution
as for pions but with 1/10th of the multiplicity.
The particles produced in the initial interaction
are allowed to interact further in the target and
produce more secondary hadrons. This cascade
process is continued through the entire apparatus
down to sufficiently low energy of the participat-
ing particles,” The scattered muon and the decay
muons are likewise traced through the apparatus,

The hadrons participating in the cascade shower
can produce “prompt” muons, and this component
has been evaluated using fits of single-u produc-
tion of protons on nuclei at 200 GeV/c and below,*
Likewise the virtual photon can be expected to
produce prompt muons from conventional sources
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(e.g., vector mesons), To estimate this compo-
nent it is assumed that such prompt muons and
pions are produced in the same ratio as observed
in hadron-hadron collisions, (To the extent that
prompt p’s are emitted pairwise their contribu-
tions are overestimated,) Background muons
from electromagnetic tridents can be produced,
viz,, a Bethe-Heitler, bremsstrahlung, or deep
Compton production process.® The apparatus is
biased severely against QED processes which
occur mostly at low four-momentum transfers of
the virtual photon or muon propagators, In addi-
tion, to be observed as 2u events, one of the tri-
dent members must escape detection either due
to its low energy or its large angle (6, 200
mrad), In a separate Monte Carlo calculation,
the 2u yield from QED (coherent and incoherent
elastic) tridents surviving the experimental cuts
is calculated.® The background calculations are
summarized in Fig, 4. Other processes may
contribute at a far lower rate: QED events from
ue scattering, muon production via Lee-Wick
bosons, intermediate vector bosons, or Bethe-
Heitler heavy-lepton pairs.'* The total back-
ground discussed here is about 4.9 events, There-
fore, most multimuon final states do not appear
to come from readily identifiable sources.

The abundance of dimuons and trimuons as well
as the kinematic distributions suggest the produc-
tion and decay of heavy particles in deep inelastic
muon interactions,™2 Tt should be noted that the
measurement of the production cross section of
heavy particles permits the evaluation of the con-
tribution to deviations from Bjorken scaling at x
<0.1, However, it is presently far from clear
whether this could fully explain the observed
scale-breaking effects in deep inelastic muon
scattering,?31?

The net total of 27 dimuon events yield a cross
section—uncorrected for acceptance—of 5x1073¢
cm?/nucleon for the process uN — uuX. The re-
quirement that the fastest dimuon member be the
triggering particle provides the uncorrected rate
of 2y production relative to the number of ob-
served single muon events: o(uN — uuX)/o( uN
- uX)=5%x10"% The above values and the various
distributions presented here are strongly depen-
dent on the acceptance of the apparatus. The
present results can be extrapolated to predict the
total cross section and the distributions in terms
of the various kinematical variables only by as-
suming a definite model,*
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Classification of Yang-Mills Fields
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A classification of the Yang-Mills fields is presented using spinor methods. Each class
of fields is associated with certain values of five invariants, of which four are complex

and one is real,

In this Letter I give a classification of the clas-
sical Yang-Mills fields along with their invari-
ants using spinor methods."! Two diagrams are
consequently presented that describe the classi-
fication. Not only the problem of classification
of gauge fields is of interest per se, but it is of
considerable importance in obtaining exact solu-
tions of the Yang-Mills field equations. This
fact is well-known in general-relativity theory.

The problem of classifying the Yang-Mills
fields has recently been discussed using the
method of infinitesimal holonomy group.? As
has been pointed out® the classification obtained
in this method, however, is not gauge invariant.
Hence the physical meaning of such a classifica-
tion is not clear since one class of fields can be
transferred into another by a guage transforma-
tion. My method of classification is invariant un-
der the product of the space-time and gauge
groups. This group is taken here as SL(2,C)
® SU(2).

The invariants and the classification® of the
Yang-Mills fields were also discussed using the
vector methods.* A total of nine real invariants
were found that describe a complete set of inde-
pendent invariants. However, the method proved
to be useless for the classification problem. The
eigenvalue-eigenvector calculation becomes so
cumbersome that computer use was needed with-
out achieving the desired classification. The
problem of classification was thus left unsolved.
It was pointed out, however, that three types of
different fields can be isolated and associated
with different values of the invariants. These
are those fields for which (1) all invariants are
different from each other; (2) all invariants are
zero; or (3) the invariants satisfy a certain alge-
braic relation between themselves. It is well

The whole classification is described in terms of two diagrams.

known, however, that when the invariants satisfy
a certain relation between themselves, it is not
necessary that one obtain only one kind of field.
Both the electromagnetic and the gravitational
fields are of such nature. For example, when
all invariants of the gravitational fields vanish,
one obtains three different types of fields rather
than just one. In the Yang-Mills case the situa-
tion is even more complicated because of the
double group structure. I show in the following
that one has exactly six independent relations
between the invariants (see Figs. 1 and 2) rather
than the three relations that were pointed out us-
ing the vector method.* I also show that associ-
ated with these relations between the invariants
there are exactly twelve independent and physi-
cally different types of Yang-Mills fields (see
Figs. 1 and 2), rather than the only three fields
found so far.* I thus have a complete and maxi-
mally detailed classification of the Yang-Mills

Iv P#FQ#R#S#T#0

IV e Dv S—P #0,Q=T=0; R#0

NS\

ITIv — Nv P =

FIG. 1. Isovector diagram of classification. An ar-
row A— B indicates that type-B field is obtained from
type-A field. The symbols in the diagram are as fol-
lows: IV=X,aps5 IIV= By, DV =0yuByves TV =0,
(where oy, is defined by ay,0., = agay); Nv= Qa0 Y3
and 0 is the zero field (included for completeness), If
one chooses the vector vy, in case Dv to be real then
in addition to satisfying the conditions indicated in the
diagram it satisfies R =pp.

Q=R=8=T=0
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