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We report on the production by neutrinos of an event with negative strangeness. In an
exposure of the Brookhaven National Laboratory 7-ft cryogenic bubble chamber to a
broad-band neutrino beam 335 events were observed, one of which fits the reaction vp

—u” ASmrmtot,
ty greater than 3x 1075,

Alternative explanations are examined and none found with a probabili-
The event thus represents a large violation of the AS =AQ rule

or alternatively the production and decay of a charmed baryon state. The most plausible
mass for this state is found to be 2426+ 12 MeV.

The recent discovery of high-mass (~3 GeV),
narrow (I"'~100 keV) boson states at Brookhaven
National Laboratory and Stanford Linear Acceler-
ator Center! has given rise to and revived a wide
variety of theoretical speculations? concerning
the nature of such phenomena as well as increas-
ing experimental activity in the search for fur-
ther such states. In this light we wish to report
the existence of an event apparently initiated by
a high-energy neutrino interacting in hydrogen
producing a single strange particle, namely, a
A°, The most plausible interpretation of this
event is

vp— u AT rm T, (1)

which is a clear violation of the AS= AQ rule, so
well satisfied in low-energy weak interactions.?
One is led to speculate that this indeed is the
first example of the production of a “charmed”
baryon.? In this case the most likely mass for
the charmed baryon is 2.426+0.012 GeV, a value
consistent with that expected when extrapolating
from the observed narrow boson state at 3.1 GeV.

The data come from an exposure of the Brook-
haven National Laboratory 7-ft cryogenic bubble
chamber to a broad-band neutrino beam with
maximum flux near 2 GeV. The event reported
here is one of 100 neutrino events obtained from
an analysis of 62000 pictures taken with the
chamber filled with hydrogen. 68 000 pictures
with a deuterium fill have also been analyzed,
yielding an additional 235 neutrino events. Ap-
proximately 14% of all events have visible ener-
gies greater than 4 GeV and 1.5% have observed
energies greater than 10 GeV.

The event is shown in Fig. 1; space limitations
prevent inclusion of a table of track parameters.*
The event is seen to have two negative tracks,
three positive tracks, and a single V pointing to

the vertex. The V is clearly a A° associated with
the primary vertex; its mass is measured to be
M,=1116.9+3 MeV. The alternative hypothesis
ofa KS°—~7*n" yields a mass 370+ 7 MeV and is
clearly ruled out. The two negative tracks (tracks
1 and 4) leave the chamber without interacting and
are thus consistent with being either 7~ or u~.
None of the positive tracks can be a K*. The
first positive track (track 2) is observed to de-
cay into a u* which subsequently decays into a
positron. On the second positive track (track 3),
momentum 588 MeV/c, there is a 6 ray mea-
sured to be 4.1£0,4 MeV. The maximum energy
of a 6 ray on a kaon is 1,95 MeV, thus ruling out
the kaon hypothesis. The third positive track
(track 5), momentum 211 MeV/c, scatters elas-
tically from a proton. Ionization strongly favors
the pion interpretation but is not conclusive.®
However, from a consideration of the overall
kinematics of the event, this third positive track
cannot be a K*, This we now proceed to discuss
in greater detail.

FIG. 1. View of event as seen in camera 3.
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A lower limit on the mass of the incoming par-
ticle, My, can be calculated from a knowledge of
the momenta and masses of all the visible parti-
cles:

M2 =(E o - mp)2 - Py’
2(Evis_"19)2—Pvis2=]uviszy (2)

where m, is the proton mass, E ., and P, are
the summed energy and momenta of all outgoing
tracks, and E; and P are the summed energy
and momenta of the visible outgoing tracks. The
assumptions of Eq. (1) yield M;2>-0,17+£0.20
GeV? consistent with a value M,=0 expected for
an incoming neutrino. This is to be contrasted
with a value of M;2=+17.5+0.2 GeV? if we assume
that track 5 is a K*, from which we conclude that
track 5is a 7*. Similar kinematic considerations
applied to tracks 2 and 3 also eliminate their in-
terpretation as K™s, thus corroborating the con-
clusion reached via the 6-ray analysis and ob-
served decay. The possibility that any of the pos-
itive tracks are K *’s that decay either at rest or
in flight is also eliminated by these considera-
tions.

We find not only that the incoming mass M2 is
consistent with zero but that the vector sum of
all visible track momenta is consistent with the
neutrino beam direction (0,47°+£0.6°). There is
thus no evidence of a missing outgoing neutral.

If we assume an incident neutrino, and lepton
conservation, then the above considerations iden-
tify the reaction to be that shown in Eq. (1), the
only ambiguity being between the .~ and 7~ tracks,
This hypothesis satisfies the three-constraint fit
with 60% probability, the neutrino energy being
13.52 GeV.®

We will now discuss the background from alter-
native but improbable interpretations. The first
is from associated production of strange parti-
cles by neutrinos, fewer than two of which would
be expected with energy above 4 GeV. We first
consider the possibility that two of the charged
pions emerging from the primary vertex come
from a decay of K° whose track length was too
small to be observed. There are six possible
7*T” combinations, only one of which has a mass
near to that of a K° tracks 1 and 3 with M(7*7")
=461+ 6 MeV.” An extrapolation of these particu-
lar charged tracks (1 and 3) back to the vertex
indicated that this intersection lies within 0.5 mm
of the primary vertex. The probability for such
a 1.8-GeV/c K° decaying in 0.5 mm is 5x1073;
this coupled with the mass deviation yields a
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background of less than 107° from this hypothesis,

A second possibility is that the K° remained un-
observed through either its K;° component or the
neutral decay mode of K, We note again that
the calculated square of the mass of the incom-
ing particle (M,;>?) is consistent with zero, The
presence of a missing particle must increase
M2 Thus we find that a missing K°, if it exist-
ed, would have to have high momentum (so as not
to increase M ;2 too much) and be directed in a
2° forward cone (so as not to introduce an imbal-
ance in the transverse momenta). If we allow a
2 or more standard deviation error in M;>? then
a K° with a momentum of 5.0 GeV/c or more is
required. This, of course, increases the re-
quired incident neutrino energy to 18.5 GeV or
more where the calculated neutrino event yield
(flux times cross section) is a factor of 25 less
than at 13.5 GeV. If the 9.8-GeV/c track is a mu-
on and we assume the presence of a 5,0-GeV/c
K° in the forward direction, then we find a trans-
verse momentum of 705 MeV/c for this K°, de-
termined with respect to the computed mean had-
ron direction. It has been seen in both electro-
production and neutrino interactions that there is
a characteristic exponential falloff of transverse
momentum with respect to the mean hadron mo-
mentum direction, similar to that observed in
strong interactions. Under the assumption of an
exp(— 4.4P ,?dP 2 inclusive distribution of kaon
transverse momenta,® then the calculated proba-
bility of having a K° with 705 MeV/c transverse
momentum produced within a 2° cone is 1,5x1072,
The further probability of the required error in
M;&, coupled with the flux reduction factor mul-
tiplied by the appropriate number (one) of asso-
ciated events, yields an overall probability for
this hypothesis of 3X107%, The calculation has
been repeated for different values of K° momen-
tum, and the integrated probability is found to
agree with the above value. Similar considera-
tions for the case in which the 1.2-GeV/c track
is the muon and the 9.8-GeV/c track is the pion
yield a probability of 2x1074, But this is re-
duced to a negligible value by the abnormal longi-
tudinal and transverse momentum of the 9.8-
GeV/c pion.

Two other alternative explanations of this event
involve invoking different neutral particles initi-
ating the reaction, namely an antineutrino or a
K ,;° which we now discuss. The antineutrino con-
tamination in this horn-focused beam is 1%,
which, taken together with the known ratio, 3, of
antineutrino to neutrino cross sections, would
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predict a total of one antineutrino-induced event.
The distribution of such events in the variable y
=1 -E,,/Eu is expected and observed® to vary like
€ +(1-€)(1-1y)2 with a value for € on the order of
10%. If this event is indeed induced by an antineu-
trino, then track 3 is the only u* candidate and
the value of y is 0.956. The probability of a val-
ue of y so near to 1.0 is then only 1.3%. However,
single-strange-particle production, which is al-
lowed and observed at CERN, proceeds at a rate
of only 4%.1° In addition, the likelihood of this in-
terpretation is further reduced by the presence

of track 4 which must be identified as a pion with
transverse momentum 1.20 GeV/c; the probabili-
ty for one of four tracks having this much or more
transverse momentum is less than 1%. The com-
bined probability for this interpretation is thus
0.5x1077, clearly negligible.

We will now discuss initiation by K;”s. A K,°
must be produced by neutrinos in the last interac-
tion mean free path of material in front of the
chamber, in this case the magnet coil. The ex-
pected number of events in which a neutrino in-
teracts in the copper coil and the emerging K° in-
teracts in the bubble chamber is four, consistent
with three such possible candidates observed. To
simulate the observed event the neutrino energy
has to be greater than 13.5 GeV (1x1079); the
emerging K° must have an energy of 13.5 GeV
and emerge from the neutrino interaction within
0.6° of the neutrino direction (5x1073%), yielding
2X107* event. However, this is reduced to a neg-
ligible value by the abnormal longitudinal (72% of
E,; 1% probability) and transverse momentum
(1.24 GeV/c; 0.6% probability) of track 4.

We conclude that the most likely alternative ex-
planation is that of strange-particle associated
production with a missing K;° in the forward di-
rection, with a probability =23 X107%, All other
explanations, and there are many that have been
considered,! have calculated probabilities of 10 ¢
or less.

It is clearly difficult to establish unambiguous-
ly a new effect with one event since alternative
hypotheses, although improbable, still have a
finite probability. However, ignoring a priovi
prejudices, the most straightforward interpreta-
tion of this event is that of single—strange-parti-
cle production by neutrinos. Since the hadron
charge changes from +1 to +2 and the strange-
ness from 0 to — 1 in going from the initial to fi-
nal hadron system, the simplest interpretation
of the event is that of apparent AS= AQ violation
in semileptonic interactions at high energies.

However, the rate of production (one in forty
events above 4 GeV) implies a strength of AS

=-— AQ comparable in magnitude to AS=+AQ, in
striking variance to the limits of a few percent

in amplitude® measured at low ¢%. This rate argu-
ment as well as the hadronic effective masses
suggests charmed-baryon production.

For the purposes of deriving masses, we as-
sign the 9.75-GeV/c particle as the u~. To do
otherwise implies the production of a pion of un-
reasonably large longitudinal and transverse mo-
menta. Given this assignment we obtain for the
total recoiling hadron mass (An*n*r*nr") 2426+ 12
MeV.™

This mass is in reasonable agreement with the
values predicted by De Rijula, Georgi, and Gla-
show™ for the lowest-lying charmed-baryon states
of charge +2, 2420 MeV (J¥=3"*, I=1, Z.*) or
2360 MeV (JF=4%*, I=1, =), if one takes into ac-
count the uncertainty of 50—-100 MeV in the pre-
diction of absolute mass values. Of equal signif-
icance is the expected decay mass, the dominant
mode for both the above states being via 7* emis-
sion to a baryon of charge +1 with mass 2200
MeV (J¥=3*, I=0, A.). This yields a mass dif-
ference of 220 MeV for the former (Z *—~ A.) and
160 MeV in the latter instance (- A.). There
are three 7™’s and thus three possible mass dif-
ferences derivable from this event; these are ob-
served to be 166+ 15 MeV, 338+ 12 MeV, and
327+£12 MeV. The first of these differences is
in remarkable agreement with the 160 MeV pre-
dicted for the decay of a spin-3 charmed baryon
Z ¢ decaying into a charmed A.

We conclude then by noting that the signature
(AS=- AQ), rate, and decay-mass pattern are
consistent with charmed-baryon production. All
dynamical variables are normal under this hy-
pothesis. In contrast other explanations involve
extreme fluctuations and thus represent small
probabilities, 3X107® or less. With the obvious
caveat associated with one event, we find this ob
servation to be strongly indicative of charmed-
baryon production.

*Work performed under the auspices of the Energy
Research and Development Administration,
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trino flux.
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Upor instance: associated production by neutrons,
associated production by neutrinos on a deuterium nu-
cleus, associated production of a A and K9 in which the
K decays within 1 mm to 77"y or 7 pu*v, production
of a K which decays into 77"y, 7 u*y, or p rtv in
each case mimicking a A, and production of a neutron
that interacts such as to mimic a A.

121f the 1.21-GeV/c track is taken to be the pu~ this
mass becomes 4604+ 54 MeV,

13pe Rijula, Georgi, and Glashow, Ref. 2.
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