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ABSTRACT

.Thirty-two dimuon and eleven trimuon events are observed in deep inelas-
tic muon interactions at 150 GeV. The rate of dimuon production is greater

than 5 x 107%

that of inclusive muon scattering. High inelasticity trimuons
occur at a raté one order of magnitude lower. These events are more numerous
and the extra muons have qualitatively different production charécteristics
than muons expected from conventional sources. The data suggest the produc-

tion and subsequent decays of heavy particles.

* ork supported in part by the National Science foundation under Grant
No. GP29070 and by the U.S. Energy Research and Jevelopment Administration.



. ' 1. ' . .
Multimuon events are observed’ in a data sample of a previous experi-

2’3_ Production

ment on deep inelastic muon-nucleon intéractions at 150 GéV.
.rétés aﬁd'tﬁéfacteriétics are inconsistent with eifher 7 and K decays or low
mass quantum electrodynamical (QED) tridents being the source of these muons.
Assuming production of "direct” muons by virtual photons to be similar to
that 6bserved:in hadron-hadron interactions leads to prediction too low by
two orders of magnitude. '

Procésses yielding dne extra muon (2u) in thé final state (N - upX)
are observed to occur at a rate slightly larger than 5 x 10_4 per deep in-
elastic muon scatteking event. The acceptance of the apparatus is approxi-
mately such that the muons must have an energy larger than about.17 GeV and.
an angle 1argér than about 13 mrad. In addition the events should not be
accompanied by a penetrating charged ﬁarticie at an angle less than 13 mrad.
Events with three muons (3uw) in the final state (uN -+ puuX) are found to
occur at a rate roughly about 10-4 per deep 1ne1astic muon scattering event.
This Letter deals mostly with 2y events. Analysis of trimuon events will
appear separately.

' The apparatus (Fig. 1) consists of a 194 cm (1.57 x 103 g/cmz)‘1ong iron-
and-scintillator target followed by three (79 cm 1dng, 173 cm diameter} tor-
oidal iron magnets,-interspersed by an array of wire-spark chambers. In thé
central éore of the toroidal magnets (at radii less than 15.2 ém) the iron
is replaced by lead-loaded concrete and the magnetic field effectively van-
ishes in this_region. Likewise at radii below 15.2 ¢cm there is an inactive
region in the spark chambers. de beam veto counters (30.5 cm in diameter)
placed befqre and after the last magnet reject those events with a penetrat-

ing charged particle at a small angle. More detail about the apparatus is

given in Refs. 1-3.
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- The presént data sampie derives from a total of 6.8 x 109 iﬁgident mucns
of 150 GeV. The .trigger requirement is for a muon to penetrate all three.
toroidal magnets and register ‘in each spark chamber. This corresponds rough-
ly to the energy and'aﬁéie cuts mentionéd above. In the exposure 25,550
single u events are thus registered. The scanning c;iteria to search for
multimuon events are: 1) the muon trajectories (both scattered and produced
muons) extrapdlate to the beam track to withié 2 ém; 2) triggering muon and
the accompanying muon(s) ﬁan_be momentum analyzed by at least one magnet; 3)
correct timing and hodoscope informatipn is observed for all final statg muons ;
and 4) the origin of the event§ must lie within the iron target. A total of

32 2p's and 11 3u's are observed in this manner. Most 2u events were accom-

panied by a shower which extends at least through 20 cm of iron as seen by

the iron-scintillator target array.

The observed origin of the multimuons is uniform along the beam direction
in the target. This unfformity discriminates against the possibility that
these events are due to the small pion contamiﬁatioh of the muon beam (about .
10-5 x per u). Indépendent?y of the argument a calculation based on 150

4

GeV pion induced dimuon data” shows this component to have an upper limit of

about 1% of the cbserved 2, event rate. Likewise the charge structure (see

~ below) is inconsistent with a Targe fraction of the 2y events being of hadronic

origin.

The 43 multimuon evenis are divided according to charge distribution as
follows: 1) for u* incident: 10 » i, 10 vtu’, 4 w'uu™s 2) for ™ incident:
50 u, 7wy and 7w uu’. In 24 events of opposite charge the energy‘of
the scattergd‘muon Eul is unambiguously determined and is found to exceed the
energy of the produced muon Eﬁz in each event. This feature is used to iden-
tify the scattered and produced muon in pairs of the same charge. The results

are shown in Fig. 2. For all 2y events €, /€ >=2.8. When u and w0
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incident events are combined the produced p in 2y events appears to be equally

likely of either charge. The charge structure of 3p events is consistent with ¢

produced muon.pairs being always of opposite charge. h f"
The assumption which identifies tﬁe Teading muon as the scattered muon

defines the méss:and momentum of the virtual photon. + In contrast wjth neu-

trino scattering experiments the standard kinematical variables associated

with the muon scattering vertex are here readily obtained: y = v/Eu, q2 =

2 2

n

BEE, sin? (/2), x = q2/2Mv and W2 = M + 2My - q° wﬁere E 45 the incident
muon energy, v = E‘J - Eu1’ M is the nucleon mass and @ is the scatter%ng angle.
Fig. 3 (a-d) shows the distribution of the 2y events for each of the variables
defined above. Thrée 21 events are not shown in the graphs due to an ambiguity
in Eul measurément. In Fig. 4 (a) and (b? are shown respectively.the (inte-
grafed) energy distribution of the produced u and the transverse momentum
measured with‘respéct to the virtual photon direction.

Summarizing the most striking features of the 2y events as exhibited by ‘-)
the raw data:. {1) Eul > Eu2 in opﬁosite sign pairs; (2) no chargé prefer-
ence of the produced muon; (3) apparent threshold in the invariant mass W; -
(4) "flat" pf distribution up to 2.6 GeV/c, dN/de N exp(—ZpT); (5) no ob-
served peak in the apparent mass; (6) x>, = 0.05 versus <x>lu = 0.11; (7)

<q2>

oy = 7.5 (GeV/c)2 versus <q2>lu = 15.0 @eV/c)z; and (8) copious hadron

production as seen in the iron~scinti]1ator-target array.

-The multimuon events are unlikely due to « or K decays. This is indicated
by the expected low Pr values of decay muons and the small acceptance of the
apparafus at low Py A Monte Car]é calculation confirms this. The target-
detector geométry énd magnetic field are included in fairly detailed manner.
The‘muon—nuéleus interaction is simulated using experimenta]1y'measured in-

clusive hadron production distributions5 at 150 GeV and a charged hadron ° <«



2 dependent) from lower energy e1ectroproduction.6 Kaon

multiplicity (W and q
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 inter-
action are.aliowed,to interact further in the target:-and produce more secondary
hadrons. This cascade process is continued through the entire apparatus down

7 The scattered

to sufficiently low energy of the participating particles.
muon as well as the decay muons aré likewise traced th}ough-the apparatus.

The hadrons participating in the cascade shower are expected to produce
."prompt“ muons, and this component has been evaluated using fits of single u
prodﬁction of .protons on ﬁuciei at 200 GeV/c and be’low.4 Likewise the vir-
tual photon can be expected to produce prompt muons from conventional sources
(e.q. vector ﬁesons). To estimate this component it is assumed that such
prompt muons and pions are produced in the same ratio as observed in hadron-
hadron colliisions. (To the extent that prompt W's are emitted pairwise their
contributions are overestimated). |

Background mdons from electromagnetic tridents can be produced both co-
herently and incoherently via a Bethe-Heitler, bremsstrahlung or deep Compton
. production process.a‘ The detection apparatus is biased severely against QED
processes which accurs ﬁost]y at Tow four-momentum transfers of the virtual
photon or muon propagators. In addition, to be observed as 2u events, one of
the trident members must escape detection either due to its low energy or due
to an excessively large angle of emmission (92 > 200 mrad). In a separate |
Monte-Carlo calculation, the 2u yield from QED tridents surviving the exper-
imental cuts is ca?cu‘iated.9 The background calculations are summarized in
Fig. 4. ther processes may be expected to contribute at a far lower rate:
" QED events ffom pe scattering, muon production via Lee-Wick bosons, interme-

n

diate vector bo'scms;]0 or Bethe-Heitler heavy lepton paifs.' The total back-
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ground discussed here is abouﬁ 4.9 events. Therefore most multimuon final .
states do not éppear to come from readily identifiable sources. -

The abundance of dimuons and trimuons as-we11 as the kinematic distribu- “J(:
tions strongly Suggéét ;he peruction and decay of heavy particles produced |

- in deep inelastic muon interactions. ' *12

it shou1d;be noted that the measure-
ment of the broduction cross section of heavy parti¢1es permits the evaluation
of the contribution to deviations from Bjdrkgn éca]ing at x < 0.1. Héwever,
it is presently far from clear whéther this could explain all of the observed

scale-breaking effects in deep inelastic muon scattering.2’3’]3

“The net total ¢f 27 dimuon events yield a cross section--uncorrected for

acceptance--of 5 x 10'36 cmzlnucleon for the process piN N wuX. Requiring the

fastest dimuon member to be the triggering particle provides the uncorrected
rates of 2u production re]at%ve to the number of observed single muon events:

-4

o{uN + puX)/o(uN - pxj = 5 x10 The above values as well as the various

distributions bresented here are strongly dependent of the acceptance af the -4[
apparatus. The present results can be extrapolated to predict the total cross
section and tﬁe distributions in terms of the various kinematical variables only
by gssuming a- definite muon production mode].]4' Qur analysis of the data based
on éssociated production of charmed hadrons (as well as other hypothetical
particles produced at the laptonic vertex) énd their.subsequent decay in the
apbaratus will appear elsewheref' By comparing the corrected dimuon and tri-
muon rates an estimaté of the muonic branching ratio of these produced parti-
cles is possible, at Teast in principle.

To further investigate‘mu]timﬂon'production a high statistics experiment
at Eu = 275 GeV has recently beén complieted at Fermilab. This experiment

5\ .
provides a 50-fold increase in Tuminosity as well as a substantial reduction

in energy and angle thresho1ds.]5 - v
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- Figure Captions

Layout of apparatus. P denotes proportional chambers, S spark

chambers, T trigger counters, and V veto counters.

. Scatter plot of. the energy of the members of a dimuon of opposite

sign {left) and of same sign (right). Circles correspond to inci-

dent-ﬁ+, triangles to incident w . The lines EI = nE2 atf drawn to

guide the eye. ’

Histograms of single muon and dimuon events.

(a) 1invariant recof} mass, W

(b) fractional energy of virtual photon, y
(cJ. scaling variable x and

(d) = 4-momentum transfer squared, q2.

(a) Integral energy spectrum of the slowest dimuon member (number
of events with Eu2 > E).

(b) Transverse momentum distribution relative to the virtual photon
direction of the slowest dimuon member. Various background com-
ponents are shown: decay u from = and X in the hadronic cascade
following the u interactién (1), prompt u from the initial
interaction via conventional processes (II), orompt muons pro-
duced by the hadronic cascade (III}, QED tridents with_one muon
undetected (IV}, and total background {V¥). Errors shown are

statistical errors only. .
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