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In this paper we will discuss five topies: 1imits c¢n pro-
duction of known meson resonances, properties of neutral current
events, some inclusive properties of charged current events, A(1232)
production, and searches for exotic interactions.

We have obtained a sample of charged and neutral current
neutrino interactions with free protons using the Fermilab fifteen
foot bubble chamber fllled yith hydrogen. The neutrino beam was a
broad band beam produced by 300 GeV/c protons and focussed by one
horn . Approximately 75000 pictures were used in the present
analysis.

An external muon identifier (EMI) consisting of a single 25m2
plane of proportional wire chambers behind 3 to 4 absorption lengths
of material was operated in conjunction with the bubble chamber.

It is essentlial to make use of the EMI hformation in order to
obtain a reasonably pure sample of neutral current events (section
III). For the other sections (unless indicated otherwise) the muon
selection and event reconstruction was by the BCM method.1 In this
method the muon is chosen to be the negative track with highest
momentum transverse to the neutrino beam direction. An attempt

is then made to reconstruct the event to estimate the neutrino
energy. To do thils the assumption is made that the direction of
total hadronic momentum is essentially in the direction of the
visible hadronic momentum. More precisely it 1s assumed that the
direction of total hadronic momentum is the projection of the visible
hadronic momentum onto the plane formed by the muon and neutrino
momentum vectors. With this assumption the total energy can be

estimated by transverse momentum balance.
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Some events fail to reconstruct by this method and are re-
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Jected as charged current candidates. This happens 1f the muon
and hadron momentum vectors are on the same side of the neutrinc
momentum direction, i.e., if the angle between the component of
the muon momentum perpendicular to the neutrino directionand the
component of the total visible hadron momentum perpendicular to
the neutrino direction is greater than 90°.

An examination of the reliability of this method and the
purlty of the sample thus obtained is given in reference 1. We
find there that use of this method results in an 86% pure charged
current sample. The energy resolution of the neutrino energy

estimate is such that 50% of the events have errors of less than

8%.

- «

I. Search for Known Meson Resonances Produced in Neutrino
Proton Interactions.

For thls search we have used a sample of about 500 charged
current neutrino events with visible momentum in the beam direc-
tion (ZP,) greater than 10 GeV/c. The EMI was used to help
identify the muon for the B and w° search only. For these events
if the EMI indicated the probability of a track being a hadron
was less than 10% and the probability of that track being a muon
was greater than 4%, the track was taken as a muon. For the
other channels and for those events in the B and w° channel with-
out EMI identification the muon was chosen to be the negative
track with highest momentum transverse to the neutrino direction.
One charged current event corresponds crudely to 4 x 10-40
cm2 at our mean neutrino energy of 38 GeV if the cross section
is proportional to laboratory energy. If the cross section is
constant above EV= 10 GeV one event corresponds to about 3 x 10

We wish to search for resonances in some neutral current
channels also. For the neutral current sample we require the
visible momentum in the beam direction to be greater than 5 GeV/c.
For the present purposes we accept an event as a neutral current
candidate if it faills to reconstruct as a charged current event.
About 55% of the neutral current events are expected to fail this
reconstruction. For neutral currents the above cross section
per event thus should be multiplied by 1.82.

In some of the channels to be dlscussed below we have res-

tricted the sample to events with an identified proton below 1 GeV/c.
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We have estimated our efficlency for identifying a track as a
proton by examining how often we identified a track as a proton

in events which turned out to have no missing outgoing neutrals,

since we could make constrained fits (3C) to these events. Further-

more, we chose to compare only with events having no electron
palrs or kinks, having fits to neutrino interactions involving
only protons and plons in the final state and having a confidence
level of greater than 5% for the fit. For the present events we
find that we identify 94 + 6% of the protons below .5 GeV/c and

48 1+ 10% of the protons between .5 and 1 GeV/c. These numbers
will be improved shortly due to a more sophisticated track fitting
method. We found no examples of a track being chosen as a proton,
which after kinematic fitting of the event was found not to be a
proton. If the proton momentum distribution goes as ~ e'6t
(t = 2MpKEp) typlcal of hadronic diffractive processes than

about 92% of the proton diffractive events will be below 1 GeV/c
and be ldentified.

Channels with 1 7° correspond to a 0-C fit, i.e., no con-
straints. Nonetheless, a number of events cannot be reconstructed
as 1 7° events, The events which can be reconstructed in this
manner contain a large number of 2 7° or 3 w° events which add
to the background.

Figures 1 and 2 show the results of searching for meson
resonances in several channels. The events in 2a and 2b are the
same events with the charged non-proton tracks taken to have 7
and k masses respectively. We have observed no signal above back-

ground in any channel we have searched to date. The number of

s- (

cvents in various mass bins for the appropriate resonance are
given in table I. In all cases these are no higher than the
general background.

Most of the events in the p region have the mass of the
7 + p in the A(1232) region. Relaxing the proton criteria allows
more events. However, no peak starts to appear and the events
have considerally more contamination.

There have been several calculationse’}’u for the p and
Al cross sections., Although the assumptions:are similar the
results vary by several orders of magnitude. We have consider-
ably fewer events than predicted by Gaillard, are getting uncom-
fortably low for Stodolsky and BRiketty, but our upper limit 1is
still above the value predicted by Roe.

If we look at the three plon (r'nir”) effective mass for
specifically non-diffractive events a possible enchancement above
Monte Carlo predictions in the .8 - 1.3 GeV/c2 mass reglon is seen.
(fig. 3) Here we have selected all five charged prong events of
the form vp-+ u'p wtrtr™ x. A somewhat relaxed proton criterion
was used for this plot. The t distribution indicates the non-
diffractive nature of the enhancement as does the fact that it
appears only in events with missing neutrais (x not 0). Because
of possible contamination of the sample of protons and because
of the paucity of statistics this effect is not yet on firm foot-
ing. The data for this plot are taken from a slightly larger

sample of events than the data in figures 1 and 2.
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II. Neutral Current Events
For this study we use the 70% of the total data sample in
which the EMI was in reliable operation. We have attempted to
select out a sample of neutral current candidates to examine their
properties. The philosophy followed was to reject an event if
it could be a charged current candidate.
We start with 639 neutrino event candidates with total vis-
ible momentum in the beam direction greater than 5 GeV/c.
An evenf 1s taken to be & neutral current candidate if it
satlsfies the following criteria:
a) No track is signalled as a non-hadron by the EMI, {i.e.,
we ask that the confidence level for being a hadron =
Ch> .07.
b) The event satisfies at least one of the following
three criteria:
1. The event falls to reconstruct using the BCM1
reconstruction method.
2. The event reconstructs but in such a manner that
the invisible neutrals carry away more than 60%
of the neutrino momentum in the neutrino beam
direction or more than 10% in the backward direction.
3. All tracks have Ch> .07, i.e., all tracks pass
through the EMI and a.) is satisfied,
¢) The confidence level for each track that passes through
the EMI to be a muon = Cu <.2.
d) No track taken as a muon has more than 2 GeV/c momentum

transverse to the direction of the sum of the momentum

of all of the other tracks.

7. (

%18 events are left. The above cuts are designed to
remove charged current background from the sample. Therefore,
we have lost a considerable number of the neutral current events
(30 to 50%). These losses are included in the Monte Carlo curves
which will be shown with the data.

The neutron and Ki background have been evaluated previouslyl.
It 1s clear that the background is low for ZPx> 5 GeV/c., We
estimate the neutron background to be about 12% above 5 GeV/c.

At present we have onl& upper limits for the Ki background.
It is possible that the neutron and K{ contamination is more
serious below the 5 GeV/c range and we are investigating this
point further.

The distribution of charged prong multiplicity for the neutral
current events in our sample is shown in fig. 4. We have almost
equal numbers of 3 and 5 prong events with cnly about 20% of the
events having higher multiplicity. The visible energy distribu-
tion is shown in fig. 5. This is compared with Monte Carlo events
generated assuming the quark-parton model, the experimental charged
current results for the x distribution and the momentum of hadrons
within the hadron jet, and for different neutral current possibi-
lities”, We have not included our data below 6 GeV in the Evisible
plot because we have not yet proven the neutron and Ki contamina-
tion is low. If further calculations show this region to have a
low contamination then as can be seen, we might hope to have
some ability to discriminate among some of the various neutral
current possibilities. '

We have examined the distribution of P,, the momentum of an

individual hadron transverse to the direction of the visible hadron
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system, (Fig. 6). The result is quite consistent with the rcsult
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for charged currents. Figure 7 shows the distribution of Z
the fraction of the visible energy carried by positive and negative
hadrons in neutral current interactions. The comparison curve is
for Z, the fraction of total energy (rather than visible energy)
carried by individual hadrons. Again, the data agree with charged
current neutrino results and with calculations from electroproduc-
tion dataG. The excess for negatives at high Z is perhaps due to
charged current contamination of our neutral current sample.

Finally some hadronic effective mass distributions are shown
in fig. 8 and are compared with Monte Carlo results, No obvious
resonances appear. The proton criterion used is less stringent than
used for most of section I. Here the momentum of the proton
candidate was required to be less than 1.5 GeV/c and the residuals

for fitting the track as a proton were required to be at least

5% better than the residuals for fitting the track as a pion.

III, Multiparticle and Inclusive Distributions
We have continued to examine inclusive distributions for
our charged current sample and compare them with comparable photo-

production, electroproduction, and hadroproduction data. We use

here a ZPx> 5 GeV/c cut. S = W2= the mass squared of the hadronic

system.

In fig. 9 we show the invariant cross section for negative
*

hadrons as a function of Feynman X (X = ?ir_ ). Here we have

i
slected events with Q2< 32 (GeV/c?). max

Figure 10 shows the corresponding data for hadron interac-

tions7 and photon interactionsS. It is clear these are in good

(

agreement with the neutrino data. In fig. 11 we compare our data

9

for the same ihvarient cross section with electroproduction data”,

-0 -

Again the agreement is quite good.

We next examine the ratio of positive to negative hadrons (R)
in the current fragmentation region, We consider events with the
effective mass squared of the hadron system (s) greater than i cev?
and consider those particles with rapidity greater than -1.0 in
the quark frame, Effectively this corresponds to choosing Feynman
x greater than O as 1s seen in fig. 12.

. For

B

Figure 13 shows this ratio as a function of w =
electroproduction R is in the range of 2 to 3. Since we expect
the outgoing current fragments to have a similar charge for both
neutrinos and electroproduction the results are in good agreement.

We have previously compared our multiplicity data to the
multiplicity in M using pp -+ p + M diffractive production. We
compared the data as a function of the mass of the produced
hadronic system obtaining good agreement. Good agreement is
also obtained if we compare our multiplicity distribution to
the total multiplicity in p-p collisions at a given center of
mass energy.

To attempt to distinguish between these two possibilities
we have examined the second moment, f2= <n2> - <n>2 - <n>, See
fig. 14. The data seem to favor comparison with p-p total
multiplicity.
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IV, 4(1232) Production
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We have examined our data for all events which fit yp- u'pn+
This is a three constraint fit., We accepted events with a chi-
squared less than 11.

The v+p effective mass is shown in fig., 15, It is clear the
reaction is dominated by the production of a(1232). From looking
at the events at masses above the 1232 resonance a sum rule limit
on the coupling to the weak current of other nucleon resonances
decaying to W+p below 2 GeV/c compared to the A(1232) of about
22% 1s obtalned.

For further work we accepted all events above EPX =5 GeV/c.
The energy distribution is such that the cross section is consis-
tent with being flat although the evidence is not compelling,

(fig. 16). Figure 16a shows the number of charged current neutrino
events of all kinds divided by energy. Figure 16b shows the number
of u r'pevents{with Mty < 1.4 GeV/c)versus energy. These graphs
should have the same shape for a constant A(1232) cross section.

The Q2 distribution for events in the mass region Mw+p < 1.4
GeV/c2 is shown in fig., 17. The lines correspond to the Adler10
predictions for MA = .96 GeV/c2 and Fy = 20 GeV. We have attempted
to normalize them to our data absolutely using the measured vp

total cross section results11

cross section measurementsle. We normalize to the data within the

and the measured neutron to proton

15 < E, < 35 GeV region. The curves shown correspond to plus
and ‘'minus one standard deviation for the normalization. The

errors are calculated assuming quoted experimental errors. We

(
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assume the total cross section is linear with neutrino energy
between CERN and Fermilab energies and that the ratlo of cross

sections from neutrons and protons remains constant.

V. Search for Exotic Events

We have previously reported13 an upper limit of 3.6% on
inclusive A° production via a 4S = -2Q current (90% confidence
level). We have not found any events fitting exclusive 4S= -4Q
channels with no missing neutrals.

We have searched our events with vees for possible mass
peaks. 'We have observed no exotic signal greater than 7 events
above background.

If fR is the fraction of our neutrino events containing a
"charmed" meson resonance M, or "charmed" baryon resonance B,

then the upper limits for T < 50 MeV/c2 are:

<

fMC * B.R. (Mc -+ K; + charged pions) < 2%

fz * B.R. (Bc + A + charged pions) <%
c

fy * B.R. (B, » pK + charged pions) 5 2%
c s :

We did, however, observe a standard resonance in this search,
the £(1385) (see fig. 18). If we correct for the branching ratio
into AT we find that about 4% of all our charged current events
have a £(1385). If the production cross section is approximately
independent of energy this amounts to about (.6 % .3) x 10'38 cm.
for the inclusive cross section.

We have searched for short lifetime neutral particles by

examining whether the primary vertex in our events could in fact
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be & double vertex. We found no such events with our cample,
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We determined that on the average we could distinguish two
vertices if they were 3.5 mm apart. This implies a 90% confi-

12

dence level limit of 7 < 8 x 107°° seconds (2% production rate)

<5x 1071°

seconds (5% production rate)

From about one-half of our candidates we secarched for kink-
ing particles with a high missing transverse momentum at the kink
vertex which would be 1nconsistcht with Z, K, w decay, or with
low transverse momentum elastic scattering with an invisibly

short proton stub. No such "charmed" hadron decays were found.

< 1.5%

This corresponds to fy * B.R. (o - kink of high PT)
c

(90% confidence level).

We have searched for even prong vertices corresponding to
particle decay;. Except for two prong vertices compatible with
gamma, K°, A°, or £° none were found. Since if present these
could have been induced by events in the chamber wall we have
a larger flux to which to normalize ocur data. The limits are
shown in table II.

We do have two events worth noting. We have one event with
ZP, of 19 GeV/c which has a clear R°. For hadron collisions of
comparable center of mass energy the ratio A°/7° is about O.l%lu
vet we have one } event and only 20 A events. We also have one
event with 3 vees, The ZPx for this event is 29 GeV, One vee is
a A, one 1s a K°, and one is ambiguous between A and K°. One
charged track of momentum 830 MeV/c fits the track reconstruction
program better with a K' than a v+ as the hypothesis, The event

thus appears to be double associated production.

(

One way to get enhanced ratios of these classes of events

- 13 -

would be to have exotic particles produced in the neutrino
interaction which then decay preferentially into strange parti-
cles.

With only two events these data are simply a curiosity.
We are presently analyzing a sample about four times greater
than the sample reported on-here and soon perhaps will be able

to determine whether this effect persists.
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Figure Captions

Effective masses of groups of pion:s for various
charged current neutrino interactions.
(8), (b)

three prong neutral current event candidates.

Effective masses of 7 and k pairs in the

(c) Search for vp » u N*(1232) p° + x.Scatter gram of

mass of WI p versus vgv- for five prong events,

Fig. 3. (a) Mass of v+w+v' for five prong events yp = u'v+v+v'p+x

Fig.
Fig.

Fig.

Fig.

where x is not zero. The solid histogram is for events

fitting vp -+ u'w+w+v’p. The curve is from a Monte Carlo
calculation of this distribution using assumptions out-
lined in Section III.
(b) t distribution for events with .8 = M(r'r'77) <

1.3 GeV/c2 .
Visible prong distribution for neutral current candidates.
Visible energy distribution for neutral current event
candidates. The curves are from Monte Carlo calculations
using various neutral current forms as lndicated in the
text.
Distribution of momentum squared of an individual hadron
transverse to the overall visible hadron momentum vector.
Distribution of Zvis the ratio of energy of an individual
hadron to the total visible hadronic energy. The solid
histogram refers to positive tracks, the dashed histogram to
negative tracks, and the straight line shows the Z distri-

bution of positives in electroproduction.

Fig. 8.

Fig. 10.

Fig, 11.

v

(a) Distribution of effective masses of xt Ln)up -+ ux’
(b) Distribution of effective masses of x° in vp- vpx°®
(c) Distribution of effective masses of x~ in vp~ y7+px'
The normalized invariant inclusive cross section for
negative hadrons as a function of Feynman X (X=P; /P;max) )
The x's correspond to the effective mass squared of the
hadrons in the 4-16 (GeV/cz) range and the circles corres-
pond to effective mass squared in the 16-100 (GeV/c2)2
range.

Normalized invariant inclusive cross sections for the
production of negative hadrons in photoproduction and
hadroproduction as a function of Feynman X. The closed
circles correspond to hadroproduction in the effective
mass squared range 1-20 (GeV/c2)2 and the open circles
to hadroproduction in the effective mass squared range

The line corresponds to photoproduction
2
)

20-50 (GeV/c?)Z.
data at S=M=18.3 (GeV/c®)? .
Normalized invariant inclusive cross sections for the

production of negative hadrons in neutrino and electro-
production. (Note the cross section here has an extra
factor of # compared to fig. 8 and 9.) The x's and open
circles correspond to neutrino production with effective
mass squared regions 4-16 (GeV/c2)2 and 16-100 (GeV/c2)2
regions respectively. The closed circles correspond to
electroproduction data with effective mass between 3.5

and 5.5 GeV/c2 and Q2 between 2 and 3 (GeV/e)® .
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12.

13.

14,

15.

16.

17.

18.
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Distribution of hadrons as a function of Faynman X.
The open histrogram shows the distribution for all
hadrons and the shaded histogram for those hadrons
with rapidity in the quark frame greater than -1.
Distribution of the ratio of positive to negative
hadrons as a function of w:l/x. Events are required

to have effective visible hadronic mass squared greater
than 4 (GeV/c2)2 and individual particles are required
to have rapidity greater than -1 in the quark frame.
Distribution of f2 = <if> - <ml- <n> as & function of

hadronic visible effective mass squared where m 1is

the multiplicity of charged hadrons. The data points
correspond to neutrino events, the solid line to xt in
pp~ pX+ in 100 GeV/c proton collisions, and the dashed
line to p-p total multiplicity at center of mass energy
squared:s:M2 .

Distribution of w+p effective masses for the reaction
vp -+ u'w+p .

(a) Number of charged current events divided by energy
as a function of neutrino energy.

(b) Number of wvp=+ u’r'p events with Mw+p < 1.4 Gev/c®
as a function of neutrino energy.

Number of events vp+ u n'p with Mw+p < 1.1 Gev/e® as a
function of Q2. The lines represent the plus or minus
one standard deviation normalization limits for the
Adler prediction as described in the text.

Distribution of Ar+ effective mass for events of the form

vp- woartx .
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