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Strange-particle production in charged-current and neutral-current neutrino interactions has been studied using
the BNL 7-foot deuterium bubble chamber. A total of 37 charged-current and 9 neutral-current events in the data
sample contain one or more strange particles. Three events have AS40. The measured total rate for neutral V"
production in charged-current interactions is (4.2+1.0)%. Cross sections are given for low-multiplicity reactions

involving neutral strange particles.

1. INTRODUCTION

Strange-particle production in neutrino interac-
tions is in principle well described by the Glashow-
Liopoulos-Maiani (GIM) mechanism.! Associated
strangeness production (AS =0) and strangeness-
changing transitions of the type AS =AQ (AQ is the
change in charge of the baryon system from initial
to final state) are allowed. Although transitions of
the type AS =—AQ are forbidden, whenia charm
particle is produced its decay to a strange particle
produces an apparent AS = - AQ transition. In
practice few experiments can isolate the different
classes of strangeness production and thus little
detailed information has been obtained to date. All
the present data come from bubble-chamber ex-
periments where neutral-strange-particle decays
(Kg=m*n~, A~prn~) are easily observed. However,
in these experiments it is very difficult to identify
charge kaons and hyperons by their decays or to
separate kaons from pions by ionization.

We report here on an experiment to study strange
particle production near threshold in neutrino in-
teractions in a light liquid. In this energy region
the particle momenta are usually low and this,
coupled with a light target, allows the use of kine-
matic constraints to identify charged kaons. A
total of 37 charged-current and 9 neutral-current
events were found in a 1000 000 (200 000) picture
neutrino exposure of the BNL 7-foot bubble cham-
ber filled with deuterium (hydrogen) liquid. Pre-
vious results from this experiment reporting
events where AS #0 have been published.?'* This
paper presents the results of the analysis of the
complete strange-particle sample. The contents
of this paper include a review of the AS #0 events,
inclusive strange-particle production rates and
distributions, a discussion of neutral-current
strangeness production, and the study of exclusive
strange-particle final states.
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Two other experiments have published results on
strange-particle production near threshold. The
ANL 12-foot chamber experiment* was a deuterium
experiment. However, the neutrino flux peaks
significantly lower than that in the present experi-
ment. Consequently the statistics are smaller and
the probability for charm production is negligible.
The Gargamelle bubble-chamber experiment in
the CERN Proton Synchrotron neutrino beam® is a
relatively-high-statistics experiment. However, it
uses a heavy liquid as the target. Consequently,
one cannot use kinematic constraints to identify
charged strange particles and large nuclear-cor-
rection effects must be taken into account in the
statistical calculations for the various strange-
particle production mechanisms.

II. EXPERIMENTAL PROCEDURE

The results presented here come from an ex-
posure of the BNL 7-foot bubble chamber filled
with deuterium (hydrogen) in the Alternating Gradi-
ent Synchrotron (AGS) broad-band neutrino beam.®
The neutrino energy spectrum peaks at about 1.0
GeV with 33% of the events above the threshold
for strange-particle production (Fig. 1). The 7-
foot bubble chamber operates in a 25-kG magnetic
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FIG. 1. Distribution of the calculated neutrino energy
E, for the charged-current events.
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field and has an internal volume of 10 m®. Four
2-in.-thick stainless-steel plates were inserted
into the bubble chamber to provide muon identifi-
cation and to aid in the selection of neutral-current
events. The film was scanned for events contain-
ing at least two charged tracks at the primary ver-
tex or at least one charged track at the primary
vertex and one or more V%s (neutral strange par-
ticles). The total event sample contains 5000 (385)
charged current events in the D, (H,) exposure.
The background from incoming charged particles
was removed by requiring that the total visible
momentum |P | be greater than 300 MeV/c and
that the angle between 'I:’vis and the beam direction
be less than 50°. Approximately a quarter of the
film was rescanned, yielding a single-scan effici-
ency of 94% for finding events containing at least
one V° All events were measured, reconstructed,
and kinematically fitted to appropriate reaction in-
terpretations. Each event was then reviewed by
a physicist to check the results of the measure-
ment and where possible to identify the particles
using ionization information. The V° events were
separated into charged-current and neutral-cur-
rent samples on the basis of the existence of a
muon candidate. A muon candidate is defined to
be a negative track that leaves the chamber without
interacting, stops in the plates with a range con-
sistent with a muon interpretation, or decays into
an electron. Although most charged-current
events have a single muon candidate, when an am-
biguity exists the candidate with the largest trans-
verse momentum with respect to the hadron di-
rection is selected. Charged-hadron ambiguities
are resolved if possible using ionization informa-

TABLE I. Topologies of the 37 charged-current events
with strangeness.
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TABLE II. Topologies of the 9 neutral-current events
with strange particles produced.

Observed

Reaction events

vn—vh'h KO
vp—Vvh*A
vp—vrtA?
vp—~vKIAT*
vp—vh'TT A
vp— vh*K '

I R

2This event, which has a positive track that is over-
stopped as K* event, is most likely vp— vK'Ar*,
bPhoton from ¥ is visible.

tion and kinematic fitting. The remaining hadron
ambiguities are left unresolved. This has an effect
on the calculation of neutrino energy that we will
discuss later. The V° data sample contains 37
charged-current events and 9 neutral-current
events (Tables I and II). For 23 of the 24 charged-
current events that have no,missing neutrals, an
unambiguous choice can be made for the V° using
the three-constraint production fit. As the re-
maining ambiguous event could be interpreted as
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FIG. 2. Momentum distribution of (a) A, (b) K%, and
(¢) K*. The K*’s are identified by constrained kinematic
fits at the production vertex.
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either u "K°K*p or u K'n*A, it is assigned to both
categories with a weight of 3. Only two Vs in the
sample of events with missing neutrals had am-
biguous interpretations. Inthese events the A in-
terpretation was chosen over the K;.” Figure 2
shows the momentum distribution of the K¢, A,
and K* produced in the neutrino events. The K*s
are identified in the three-constraint production
fits. The K° momentum distribution is important
for the discussion of backgrounds in the neutral-
current channels.

III. SINGLE-STRANGE-PARTICLE PRODUCTION

Three of the charged-current events are not con-
sistent with being associated strange-particle pro-
duction. In a light liquid at the energies encount-
ered in this experiment the kinematic-fitting pro-
cess distinguishes very well between different hy-
potheses. For example, Fig. 3 shows the longi-
tudinal constraint )

C,,:Z (E; =Py;) =M,

(E, is the energy, P, the momentum in the beam
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FIG. 3. Distribution of the longitudinal constraint C,
for (a) AS=0, (b) AS=#0, and (¢) vd =y pr'ng events
used as a control sample. The AS # 0 events in (b) are
shown in (a) as unshaded when interpreted as normal
AS=0 events.

direction for an individual charged secondary par-
ticle, and M, is the mass of the target), for the
AS =0 events, AS #0 events, and a control sample
without strange particles. Since the neutrino has
no mass, C,=0 (within errors) if there are no
missing neutral particles. When there are miss-
ing neutrals C,<0. The region C,>0 (outside
of errors) is unphysical for neutrino interactions.
However, if light particles in the final state are
incorrectly identified as heavier particles (e.g.,
7" as aK"), then events will appear in the C,> 0
region. The three AS #0 events when interpreted
as associated production are shown as unshaded in
Fig. 3(a).® When interpreted as AS#0, C, is
consistent with zero as shown in Fig. 3(b).

From Table I it is clear that production
of strange particles in neutrino interactions is
dominated by AS =0 processes where the total
strangeness in the final state is equal to zero (the
total strangeness of the initial state). The rarer
AS #0 processes can also occur in neutrino inter-
actions. The AS =-1 process is forbidden unless
associated with the decay of charm. It can only
occur above the threshold for charm production
(only 14% of the events are above this threshold)
and is expected to be suppressed by sin*9.. The
AS =1 process’is allowed if a % or s quark from
the sea is struck. This process is expected to be
smaller than charm production since it is suppres-
sed both by sin®9. and by the probability for find-

ing the # or s quark. However, since the energy

threshold for this AS =+1 process is lower than
the threshold for associated production or charm
production, more flux is available to this reaction
(an order of magnitude more than for charm) and
one might expect the rate to be comparable to
charm.

One of the three AS #0 events was published® as
the first example of a charmed baryon, the re-
action being

vp ~ W (2426)
1\\}(2260)17?
Artmrir,
The A%, mass and the =" —A] mass difference in
this event were found to be 2260+ 20 MeV (Ref. 9)
and 166+ 3 MeV, respectively. A second charm
event? that was found decayed through the kaonic
mode.
v~ WAL
Ig*'(890)p7r*
K,
The third event, corresponding to the reaction
vp—~uKsn'p, is interpreted as single strangeness
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TABLE III. Summary of properties of AS#0 events.

E, w
Reaction AS (GeV) x y (GeV) M A; (GeV)
vp— u ArtTtrtn -1 13.5 0.31 0.28 2.426 2.260
vn—u prtr KO -1 3.9 0.23 0.74 2.254 2.254
vp—u pr*KO +1 5.2 0.11 0.39 2.059
vn—u Ar*ntm a 9.0 0.50 0.69 2.271 2.271

2The fourth event can also be interpreted as vn—u AK*r*n .

comparison,

production off the quark sea. The K" effective
mass is in the vicinity of the K*(890) suggesting
AS =+1 for this event. The scaling variable x =Q?/
[2m,(E,-E,)] is 0.11, favoring the interpretation
of sea production for this event. A fourth candi-
date for AS #0 was found. This event, although
consistent with quasielastic production of A} de-
caying to An*r*n~ with M,$=2271+ 13 MeV, could
be interpreted equally well as vp—~u "AK *r'*r~ since
the momentum of a positive track is too fast to dis-
tinguish between K* and 7* hypotheses. The AS =0
interpretation will be used for the rest of this pa-
per. Table III summarizes the properties of the
AS #0 events. The ambiguous candidate is inclu-
ded for comparison. Correcting for the V° detec-
tion efficiency the production rate for charmed
baryons, where the charmed-particle decays into
only a V° and charged tracks, relative to the rate
for charged-current events above the effective
charm threshold,'® is (1.0+0.7)%. The total
charm-production rate includes modes that pro-
duce 7%”s and/or a neutron to which this experiment
is not sensitive. Correcting for these neutral de-
cays yields a total rate at the level of ~3~5%,
which is compatible with the expected Cabibbo rate
in the GIM model.

IV. ASSOCIATED STRANGE-PARTICLE
PRODUCTION

The rate for total neutral-strange-particle pro-
duction in charged-current events is determined
in a fiducial volume where the event normalization

It is included in this table for

is well understood. Seventy-two percent of the
charged-current V° events are within this volume.
The following corrections have been made in the
calculation of this rate.

(1). Losses from V° scanning inefficiencies
(€gqn~0.95).

(2). Losses of Kg’s or A’s that decay too close
to the origin to be distinguished. A cut is made
for V%s closer than 1 cm to the origin where the
detection efficiency is poor. Using the K g and A
lifetimes we calculate that this cut removes 12%
of the events.

(3). Losses of Kg’s or A’s that leave the cham-
ber or hit the plates before they have a chance to
decay (~5%).

(4). Corrections for Vs that decay into unseen
modes (such as Ks~7%° K,, A —~nn° etc.).

The overall efficiency for seeing a K° (A) is €40
=0.26 (¢, =0.53). Table IV shows the raw and cor-
rected numbers for single-K°, single-A, K%,

and K°A events. The corrected single-K° (single-
A) events are mainly the K% * (K*A) channels but
the AS#0 events are included in these numbers.
Normalizing to the number of charged-current
events above the threshold for strangeness produc-
tion (W>1.6 GeV, E,>1.5 GeV) we find

owd—=uvo...)
o (Vd"“.-‘ . .)
o (vd—=uK° )
o (Vd"}l—' . .)

= (4.2+1.0)%,

=(2.4£0.9)%,

TABLE IV. Raw and corrected number of strange-particle events.

Charged current

Neutral current

Raw Corrected Raw Corrected
events events events events
Single K 9.5 249+ 3.6 3 77+ 7.0
Single A 23.5 319+ 6.8 5 5.1+ 6.5
Kk 0 0 0 0
KA 3 20.3+11.7 1 6.8+ 6.8
Total 36 77.1+14.0 9 19.6 + 11.7
Estimated
background 1 2 2 1.5 3.3+ 3.0
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ple. Similar distributions for the normal charged-cur-
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The rate for V° production counts events that con-
tain more than one V° only once, so this rate is
less than the sum of the K° and A rates. The
CERN-PS Gargamelle experiment’! measures a
total strange-particle charged-current rate of
(8+2)%. The ANL 12-foot bubble-chamber ex-
periment'? gives a rate of (3.4+1.3)% for visible
neutral-strange-particle production. Both of
these measurements are consistent with the result
obtained here.

In Figs. 4(a)~4(e) the E,, W, x, y, and @ dis-
tributions are presented for the sample of charged-
current events containing at least one V°. Q2 is
the negative of the square of the four-momentum
transfer from the neutrino to the muon, W ={m,?
-2m,(E,~E,) - @2 is the total hadronic mass,
x=Q*/2m,(E,~E,), and y =(E,-E,)/E,. The neu-
trino energy used in these calculations is estima-
ted in the following manner: The fitted energy is
used when there is a constrained fit. When par-
ticles are missing, the neutrino energy is esti-
mated by using the average of the minimum en-
ergy obtained assuming a missing strange-particle
topology and the minimum energy obtained assum-
ing a missing-nonstrange-particle topology. The
superimposed curves in Fig. 4 are the same dis-
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tributions for the total charged-current (TCC)
sample with the cuts, E,>1.5 GeV and W >1.6
GeV, to simulate the strange-particle threshold.!3
Figure 4(a) implies that strange-particle produc-
tion is small near threshold and rises rapidly with
energy. The x and y distributions are similar for
the strange-particle charged-current (SCC) sam-
ple and the TCC sample. This is expected because
both associated strange-particle production and
normal charged-current processes are dominated
by production off the valence quark. The absence
of events at low y is a kinematic effect due to the
strange-particle-mass threshold. Figure 5 shows
the rate for visible V° production as a function of
W. Also shown are similar results for the ANL
12-foot bubble-chamber experiment? and a Fermi-
lab 15-foot bubble-chamber experiment.'* The
agreement between experiments is good.

In deuterium one can separate interactions in-
volving a proton target from those involving a
neutron target on the basis of charge multiplicity.
Figures 6(a)-6(d) show the E, and W distributions
for events off neutrons and protons separately.
Because the reaction vn— u"K*A has the lowest
threshold, we expect neutron-target events to
start at a lower energy. All of the V° events pro-
duced on neutrons with E,<4 GeV correspond to
the reaction vn— KA.

The nine events with V% s that do not have a
muon candidate are interpreted as neutral-current
events. Table II lists the topologies of the events.

RATE (%)

®BNL 7 FOOT BC
. OBNL-COL I5 FOOT

OANL 12 FOOT

(e} 1 I
(o] . 5 10
W (GeV)
FIG. 5. Rate for visible strangeness production as a

function of the hadronic invariant mass W. Results
from the ANL experiment (Ref. 2) and the BNL-Columbia
experiment in the Fermilab 15-foot bubble chamber are
presented for comparison (Ref. 12).
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FIG. 6. E, and W distributions for reactions on pro-
tons, (a) and (c), and on neutrons, (b) and (d), are
shown.

It is not possible to say if there are missing neu-
tral hadrons in any of these reactions since there
is always a missing neutrino. Possible back-
grounds in the strange-particle neutral-current
sample (SNC) from neutron, K,;, and ¥ sources
have been investigated. The neutron flux has been
obtained from a scan for events corresponding to
the reaction np —ppr~. Fourteen events with one-
constraint fits for this reaction were found. From
the incident neutron momentum distribution ob-
tained from the np - ppn~ events, the neutron flux
is found to be negligible above the strange-particle
threshold. The V-induced background is expected
to be small.’® The largest background comes from
K, interactions. The source of this background is
neutrino interactions producing K;’s upstream of
the bubble chamber. From the observation of K ¢
produced by neutrino interactions inside the bubble
chamber, the estimated K, flux is 45+ 30 par-
ticles. Using the momentum distribution of the
Kg’s (Fig. 2) and K° reaction cross sections, we
estimate the K; background to be 1.3+ 1.0 events.
As a check on the validity of the background esti-
mates, the visible hadronic energy of the SNC

SNC
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o
S 8r vyigl GeV)
}_.
z scc
>
w oLl
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(0] 2 4 6 8 v 10
' vviB(GeV)

FIG. 7. The visible hadronic energy v, for (a) the
strange~particle neutral-current events and (b) strange-
particle charged-current events.

events is shown in Fig. 7. The SCC visible had-
ronic energy is shown for comparison. The SNC
hadronic-energy spectrum is higher than would be
expected from the momentum distributions of the
K3 of n background events.. The total background
in the neutral-current events is 1.5+ 1.2 events.
There is a loss of 0.5 SNC events which have a
negative hadron which is interpreted as a fake u".
The relative rate of strangeness-producing neu-
tral-current to strangeness-producing charged-
current interactions is

owd-vv°- . )

T TR LD =0.22+0.14,

where V° represents K° or A corrected for miss-
ing-neutral modes. Gargamelle has reported a
ratio® of 0.34!%2% for strange-particle neutral-cur-
rent events to strange-particle charged-current
events. Since the Gargamelle ratio includes both
charged and neutral strange particles, it cannot

be directly compared to our result.

V. EXCLUSIVE STRANGE-PARTICLE FINAL STATES

At BNL energies v interactions are dominated by
a few low-multiplicity final states. Table V shows
the raw and corrected (for the above-mentioned

TABLE V. Flux-averaged cross section for low-multiplicity exclusive reactions.

Events in Flux-averaged Number of
fiducial volume (E,) Corrected cross section constraints
Reaction 1.5<E,<6 GeV (GeV) events (10740 ecm?) in fit
vn—u K*A 8 3.6 16.6 4.0+14 3
vp—~uw K*r*A 2 3.8 3.9 0.9 +0.7 3
vn—p Kor*A 1 5.5 3.4 0.8+0.8 3
vp—~vK*A 2 2.8 3.8 0.9+0.6 0
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TABLE VI. Cross section for vn—u K*A for different energies.

Events in Cross section Theoretical cross
E, (GeV) fiducial volume (1074 cm?) section (10 % cm?)
1.5-3.0 3 1.7+ 1.0 0.6
3.0-4.5 3 15 + 8 2.7
4.5-6.0 2 33 124 4.8
1.5-6.0 8 40+ 1.4 0.93

Ve efficienéies) number of events in various ex-
clusive channels. The cross sections listed are
normalized to the quasielastic channel® vn—u~p,
where the cross section can be calculated theo-
retically. The listed cross sections are averaged
over the flux between 1.5 and 6.0 GeV. The mean
energy of the v flux in this region is 1.8 GeV. How-
ever, the mean energy of the observed events in
the channels listed in Table V are higher, indicat-
ing that these cross sections are rapidly growing
in the energy range accessible to this experiment.
Since there are no kinematic constraints for the
neutral-current channels, these channels may in-
clude missing hadronic neutrals.

It is interesting to compare our cross section
for vn—u"K*A with a theoretical calculation'® for
the reaction based on the BORN approximation.

We have integrated the theoretical cross section
over the flux obtained from the quasielastic events.
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FIG. 8. E,, W, and @ distributions for the reaction
vn — " K* A. The superimposed curve gives the (un-
normalized) form of the distribution expected from inte-
grating the Shrock results with the BNL flux.

Table VI gives our experimental cross section and
the theoretical cross section in three energy bins
along with the overall average. The experimental
cross section is ~4 times as large as the cross
section predicted by Shrock.!” This is similar to
the results on vz~ u " K*A from the ANL 12-foot
bubble-chamber experiment. Figures 8(a)-8(c)
show the distributions of E,, W, and @ for the

i K*A events. The superimposed curve is that
obtained from the Born approximation with arbi-
trary normalization. Although the statistics are
small, the events fall off in W faster than the cal-
culated curve implies. Assuming that the fraction
of K*A events with undetected missing neutral had-
rons in the final state is the same for neutral-cur-
rent events as for charged-current events, one
can calculate the ratio for the reaction vp—-vK*A
tovn—-uK*A:

o(VK*A)

R =K M) v0(u K°AXY)

=0.18+0.13,

where X° represents undetected neutrals. This re-
sult is consistent with the Shrock model.

No events for the reaction vn -~ vK°A were found
in our data sample. Such an event would appear

2
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FIG. 9. (a) A7*, and (b) K A masses from vd ~K7n* A
events.
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as two Vs pointing to a common origin where
there are no visible charged tracks. We find that
the 90% c.l1. upper limit for such an interaction is

o a(VK°A)
o(u"K*A) +o (uK*AXO)

<0.20.

The u K*r*A and u " K°*A events were examined
for evidence of resonance structure in the An* of
K*9A masses. Figure 9 shows the A7* and K7
masses for these events. All of these events have
the A7* mass between 1.300 and 1.45 GeV, although
the distribution about the Y*(1385) mass is broader
than the resonance width.

VI. CONCLUSION

In this experiment all three mechanisms for
strange-particle production present in the GIM
model have been observed. The number of charm
and AS =AQ events observed while consistent with
the model are too few to yield a good measurement

of their respective rates. The measurement of
associated production is consistent both with other
measurements near threshold and with higher-en-
ergy results. At the energies available in this
experiment a few exclusive channels dominate the
strange-particle production. The number of events
observed in the channel vz~ "K*A is not consis-
tent with present theoretical calculations.

We have observed neutral-current strange-par-
ticle events. The rate of production is consistent
with that reported by the Gargamelle collaboration.
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