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We report the observation of 46 u”u~ events in high-energy neutrino-nucleon collisions
at Fermilab. Measurement of the production rate of the p~p~ events relative to that of
u ut events in targets of different hadronic absorption lengths give NPTO™PY(y~ ")/
NPTOMPY,” %) = 0.06 +0.05 for p, >5 GeV/c, and 0.12+0.05 for p, >10 GeV/c. The proper-
ties and possible origins of these events are discussed.

The subject of dimuon production by high-ener-
gy neutrinos and antineutrinos has been of con-
siderable interest since its discovery.! More re-
cent experiments? have confirmed the earlier ob-
servation and supported the interpretation of the
opposite-sign dimuon events (1" u*) as evidence
for a new hadronic quantum number—charm.3**
However, the nature and the origin of the ob-
served like-sign dimuon events (u”u”, p*p*) re-
main unknown. A consequence of the smaller ob-
served rate for these events is that the back-
ground due to the decay in flight of pions and ka-
ons from ordinary deep-inelastic neutrino events
~ may account for a large fraction, if not all, of
the events observed. It is important to determine
whether “prompt” like-sign events exist, because
the rate and nature of prompt u"u~ events would
provide important clues to the understanding of
another facet of multimuon phenomena, namely,
the recently discovered. trimuon events.® We re-
port in this Letter the result of measurements,

using a data sample of about seven times our pre-
vious statistics,? of the relative rate N(u ™)/
N(u"u*) in targets of different hadronic absorption
lengths, which suggest the presence of a prompt
K u” signal,

The apparatus for this experiment was described
in detail elsewhere.® Briefly, the target detector
consists of three parts of different density, an
iron target (FeT), a liquid-scintillator calorime-
ter (LiqC) and an iron-plate calorimeter (FeC).
The effective hadronic absorption lengths and
fiducial masses for each of the three targets are
listed in the first two columns of Table I.

The data reported here were acquired at Fermi-
lab in three runs, using a quadrupole triplet (QT)
and sign-selected bare-target beams (SSBT),
with 400-GeV incident protons. The character-
istics of these beams and the numbers of useful
protons on target were summarized in a previous
Letter.® The QT and SSBT(v) runs yielded 199
W'u” and 46 "u” events, predominantly v, in-

725



VOLUME 41, NUMBER 11

PHYSICAL REVIEW LETTERS

11 SEPTEMBER 1978

TABLE I. Numbers of observed dimuon events and calculated numbers of dimuons
from pion and kaon decays in the three targets. Also shown are the fiducial masses
and effective absorption lengths for the three targets. These absorption lengths include
the spacings within each target and the end effects for each target.

Fiducial Abs.  N°PS(u~u*)
mass length p,>5 p,>10

Ndecay(“-u-r)
p”>5 pu>10 pu>5 pﬂ>10 p“>5 pu>10

N®smp™)  Ndeay )

Target (tons) (cm) GeV  GeV GeV  GeV GeV  GeV GeV  GeV

Iron

(FeT) 198 31 75 50 11.7 3.1 12 8 8.1 1.9

Iron

cal.

(FeC) 42 61 42 23 11.1 2.3 10 4 7.8 1.8

Liq.

cal.

(LiqC) 36 120 56 32 23.5 6.9 16 6 16.3 3.8
Total 173 105 46.3 12.3 38 18 31.7 7.5

duced. The SSBT(V) run yielded 49 £'1” and 2
u*u* events, mostly produced by 7,.

The relative rates K(u 1" )/R(u") in each tar-
get are difficult to determine because of differ-
ences in acceptance and trigger requirements
between dimuons and single-muon events, How-
ever, the ratioN(u u”)/N(1 n*) was verified to
be independent of these systematic effects, for
to a good approximation these effects were the
same for both the p ™ and p”u* events. The ob-
served numbers of dimuon events from each tar-
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FIG. 1. Ratios of the number of observed p™u~ events
to p~u* events in three targets of different hadronic ab-
sorption lengths for (a) p, >5 GeV and (b) p, >10 GeV.
Also shown are ratios of the number of observed ™y~
events to the number of prompt u~pu* events vs hadronic
absorption length for (c) p, >5 GeV ({, data from Ref.
8) and (d) p, >10 GeV. The straight line is a linear fit
to the data of this experiment. ’
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get are listed in Table I. The ratios N°®(u"u")/
N(u" %) plotted against hadronic absorption
length are shown in Figs. 1(a) and 1(b) for muon
momentum cuts p,>5 and 10 GeV/c, respectively.
To simplify the interpretation, the fraction of

U~ 1" events due to pion and kaon decays should

be subtracted from N°*(u"u*), This background,
listed in Table I in the column labeled N¥(u " u*),
is obtained from a calculation which uses among
other data momentum spectra and multiplicities
of charged pions and kaons measured in neutrino
interactions. The ratios N(u u”)/NPP"P (1™ ")
obtained after this correction should then exhibit
only the dependence on absorption length of the
observed 4 uu” events. This is shown in Figs.

1(c) and 1(d). Linear fits to the data, with both
the slope and intercept as free parameters, are
also shown.

We observe that (i) the decay of pions and ka-
ons account for a significant fraction of the u u”
events for the case p,>5 GeV/c; (ii) the fitted
slope decreases by a factor of about 4 as the
minimum momentum cut of the muons is raised
from 5 to 10 GeV/c. This factor of 4, which re-
sults from the reduction of pion and kaon back-
ground as the momentum cutoff is increased, is
verified in our detailed calculation of pion and
kaon decay. Note that the fitted slopes empirical-
ly determine the pion- and kaon-decay contribu-
tions to the u”™p” events. The value of the fitted
slope for the p,>5 GeV/c data in Fig. 1(c) is
(3.0+£1,3)X107% ¢cm™?, in agreement with the val-
ue (4.0£1,0)X10°2 ecm™* obtained from the cal-
culated numbers? N%°¥(1"11") shown in Table L
This agreement checks the validity of the decay
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FIG. 2. Number of prompt u"u~ events relative to

the number of prompt p~u* events in each of the three
targets for p, >10 GeV.

in flight calculation and gives us confidence in
using the calculated numbers N%¥(u™ ") to deter-
mine the magnitude of the prompt 1" u” signal in
each target for the p, >10 GeV/c data. We em-
phasize that a statistical test of the data of Figs.
1(c) and 1(d) can be made by assuming the inter-
cept in Fig. 1(d) to be zero and simultaneously
requiring the slope to be consistent with the slope
exhibited by the p,>5 GeV/c data of Fig. 1(c).
The confidence level for the absence of a prompt
u p” signal in the p,>10 GeV/c data determined
in that way is 1.5%. The ratios NP """ (y"u”)/
NPO™Y(," ;") shown in Fig. 2 are seen to be sys-
tematically nonzero and independent of absorp-
tion length. Averaging over all three targets we
obtain N PP (", 7)/N PO (4" 11*) = 0,12+ 0,05 for
P, >10 GeV/c.

Using the dichromatic beam at CERN, M. Hold-
er et al. reported the observation of 257 wout
events and 47 u u” events, with a minimum muon-
momentum cutoff at 4.5 GeV/c.® The target-de-
tector of their experiment is mainly iron with an
average hadronic absorption length of 30 cm.

The ratio N(u”u”)/NP°"™ (1 u*) for p,>5 GeV/c
may be obtained using the reported muon momen-
tum spectrum and 7,K-decay contributions to the
u"u* events,® and is 0.17+ 0,03, The good agree-
ment between the two experiments [Fig. 1(c)] sup-
ports our measurement in the iron target.

The two u*u* events observed in the SSBT (V)
run each have one very low-energy muon (<5
GeV/c). Pion and kaon decays are estimated to
yield 4+ 2 events. Hence the two observed u'u*
events are compatible with background., If a
prompt u*u* signal were to exist at the same rela-
tive rate as the u"u” signal, we would expect to
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FIG. 3. Scatter plot of muon momenta for the y~p”
events.

observe a total of seven events.

Some interesting properties of the u”™u” events
are shown in Figs. 3 and 4. Figure 3 shows the
scatter plot of the momentum of the fast u~ vs
the slow p~. A large momentum asymmetry be-
tween the two muons is observed, similar to that
in the u”u" data. The distribution in the azimu-
thal angle between the two muons* is shown in
Figs. 4(a) and 4(b) for the u"u” and p"u* events.
Both distributions peak at Ag =180°, suggestive
of a hadronic origin for the second muon.
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FIG. 4. Distributions of relative azimuthal angle be-
tween the two muons for the (a) p"u~ and (b) p~pu*
events.
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What are possible origins of prompt p™p”
events? Only u"u* are expected if charmed par-
ticles are produced singly by neutrinos. Any
mechanism to explain the u” 1.~ events that in-
vokes new physics beyond charm® must be meas-
ured against the following alternatives: (a) radi-
ative or direct muon-pair production in deep-in-
elastic charmed-current interactions,'®!! (b) as-
sociated production of charmed particles.’? How-
ever, U i events could result from the mecha-
nisms in (a) only if the u* escapes experimental
detection. Calculations® for mechanisms (a) lead
toR(u u")/R(L"u u*) <1, contrary to the experi-
mental observation.'®* Therefore mechanism
(a) is not likely to be the dominant source of like-
sign dimuon events. Both u"p” and u p u* are
expected from associated charm production. The
ratio R(u"pu"u*)/R(u™1”) is expected to be roughly
B(C~pu+v+X)=~0,1, which is compatible with our
observed ratio, The distributions shown in Figs.
3 and 4 are also consistent with this mechanism.
However, the calculated rate for associated charm
production may be too low.'?

"~ In conclusion, we have presented evidence for
the production of prompt like-sign dimuons (1" u")
by neutrinos., The rate of prompt u u” events
relative to the prompt u"u* events is measured
to be 0,06+ 0,05 for p,>5 GeV/c, and 0.12+ 0,05
for p,>10 GeV/c. The properties of the u™u
events are similar to those of the u™u* events,
We have no evidence for prompt u*u* events pro-
duced by antineutrinos.
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I compare gauge-theory—model predictions for exclusive pion production by the weak
neutral current, incorporating corrections for scattering off nuclear targets where ap-
propriate, with all the available data. I find that, based on these data, no model should

be completely ruled out.

Recently there has been much interest in ex-
tracting from data restrictions on the values of
the neutral-current couplings of the » and d
quarks. The restrictions imposed by neutrino
elastic scattering have been investigated for vari-
ous gauge-theory models by many authors.™? In-
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clusive neutrino interactions have also been in-
vestigated,?® and two sets of values for the neutral-
current couplings, labeled A and B by Hung and
Sakurai,* have been found to be consistent®* with
both the elastic and inclusive data. Values for

the parameters of various gauge-theory models
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