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PARTICLE PRODUCTION BY NEUTRINOS

P. SchreLner
Argonno National Laboratory

Argonne, XUinais 60439

This paper is a review of particle production
by neutrinos in charged-current inclusive and exclu-
sive channels. In Fig. 1, I have compared the pro-
duction rates for various particles in neutrino-
nucleon interactions at a beam energy of 25 GeV.
The meson a are, of course, dominated by pion pro-
duction. The p°(760> rate is an order of magnitude
smaller. Strange and charm pseudoscalar meBona
are a further factor of two down in rate. The
strange vector mesons are suppressed by more than
an order of magnitude relative to K° production;
however, the charmed D*+{20I0) is only a factor of
two smaller in rate than the D°(1860). With regards
to the bar yon a, most o£ them are, of course, nu-
cleons. The A and Y (1385) rate* are down by one
and two orders of magnitudes, respectively. The
lower limit on the charmed Zg baryon rate is simi-
lar to the Y*(1385) rate. Finally, the quasielastic
and one-pi on production exclusive channels have
about the same cross section as that of the D .
associated production of strange particles in the
v n — ji "K+A channel and the AS = +iQ process
v p — u ~pK* are down by factors of five and twenty,
respectively, compared to the quasielastic cross
section.

E»~25GeV

I will, in order of increasing mass, review
the new data available on loine of these processes.

Low Masa Particles

One-pi on production is the only inelastic neu-
trino process with good dara available and corre-
sponding detailed theoretical calculations. There
are three neutrino and three corresponding antineu-
trino one-pion production reactions. As shown in
Table I, the amplitudes for the reactions can be de-
composed into isospin 1/2 and isospin 3/2 compo-
nents, with 4>j3 being the relative phase angle be-
tween them. One basic physics goal of the experi-
ments is to measure these amplitudes as a function
of TTN mass. What is usually measured are the irN
mass spectrum, the cross section fez any observed
bumps in the mass spectrum, and some correspond-
ing production and decay angular distributions.

Table II gives a summary of the six recent
experiments. 1~° The typical experiment hat a few
hundred events available ir. any channel.

Figure 2{a-b) shows :he pw + effective mass
distribution in the three-cenatraint process vp —
u."pn + for mean beam energies of 1 and 30 GeV; the
data are from the 12-foot1 and BE3C4 light liquid
experiments. At low energy, only th« i*+(1236)
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Fig, 1 Comparison of particle production rates
per event in neutrino-nucleon collisions at
E., - 25 GeV.

Fig. 2 The pw+ effective masa distribution in the
reaction v? — ̂ "pT"*" as measured in the
<a) ANL-CMU-P.Irdue 12-it deuterium ex-
periment and (b) :he Aachea-Bonn-CERN-
Munich-Cxford E£BC hydrogen experiment.



Table I; One Pion Production Amplitudes
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Table II: Summary of Recent One Pion Production Experiments

Experiment

ACMP1

ABCED2

BMSTL3

ABCMO4

FMBH5

ACMP6

Bubble Chamber

12-foot/D2

GGM/Propane + Freon

GGM/ Propane 4 Freon

BEBC/Hj

15-foot/H2

15-foot/H2

E (GeV)

0 . 5 - 6

1 - 8

1 - 8

5 - 100

S • 100

5 - 8 0

Reactions

vN - ,/NTT

vN - | i ' m

,p-,i>,+

v p -• (i P11

r Events

600

~ 600

~650

700

200

130

state is visible. At high energy, there are events
at high ma a a, but no peaks are apparent in the 1700
or 1900 MeV mass regions where several A states
are known to exist. The I = 3/2 Nir amplitude at
high mass is certainly not large.

Figure 3{a-b) showa the pir" effective mass
distribution in the three-constraint process vp —
u+pn~ for mean beam energies of 3 and 25 CeV; the
data are from GGM and the 15-foot chamber" ex-
periments. Even at low energy, there is consider-
able production of events with mass greater than 1.4
GeV. With the energy increased to - 25 GaV, the
A°{123E>) is hardly visible; the maas spectrum is
dominated by the 1400-1900 MeV region. Since we
know the I s 3/2 amplitude is small for MN > 1. 4
GeV, the X = 1/2 amplitude must be responsible for
this broad enhancement.

Figure 4{a) shows the energy dependence of the
v p — p.~A++ cross section from 0. 5 to 100 GeV. The
dita displayed are from three different bubble cham-
bers. '* *• ̂  The neutrino flux waa determined by
pion and kaon yields for the 12-fcot data. The other
two experiments have determined the flux by nor-
malizing their inclusive data sample to the measured
vN total cross section and using the QPM to fix the
neutron/proton cross section ratio. The three ex-
periments are in good agreement on the ji"A++ cross
section; for Ev > 5 GeV, cr = {0.64 ±0.03>x 10-38
cm2. Adler's model' with MA = 1.05 GeV, and
several quark models6"10, give good fits to the
data. Fig. 4(b) shows the energy dependence of the
Op -I n+pir' cross eection3*6 for MpTr- < i .9 GeV.
This mass selection presumably selects several N
etates along with the A°(1236), The slow rise of
the cross section i» due to (1) destructive inter-
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Fig. 3 The pT~ effective mass distribution in the
reaction v p - ji+?n" as measured in the
(a) GGM propaat-freon experiment and (b)
the Argonne-Carnegie-Mellon-Purdue 15-
ft hydrogen experiment.
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Fig. 4 (a) Energy dependence of the vp — H-" î2,36
cross section as measured in three bubble
chambers. The curve is the Adler model
prediction with MA set at 1. 05 GeV. _ (b)
Energy dependence of the i>p — u+pir
^.ross section, for MRTr _ < 1.9 GeV, as
•measured in two bubble chamber experi-
ments. See Table II for details of the ex-
periments.

ference between the vector and axial amplitudes and
(2) new N* thresholds being crossed as the energy
increases. One would expect the cross section to
become flat at high energy; the data is consistent

agreement with quark model predictions,

Xt ia clear that N and A spectroscopy with
neutrino bearrs is difficult. Only the A(I236) has
been clearly seen, although other higher mass
states are certainly being produced.

In the energy region below 8 GeV, several ex-
pertmentst~^ have extracted the isospin 1/2 and 3/2
amplitudes. Figure 5 compares amplitude results
from three low energy experiments ueing the 12-foot
and GGM chambers (see Table II for details). Be-
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Results for T. , ? /T
« from three o'nhe
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experiments listed in Table II. The open
points are the corresponding predictions of
the Fogli-Nardulli quark model. 8 A pre-
diction of the Adler model for the 12-ft
data is also shown.

•M"Afl

The measured Aj236 ^ecaY density matrix
elements from three of the experiments •
listed in Table II. The curves are the pre-
dictions of the Adler model for the low
energy 12-ft experiment; however, the
predictions are nearly the same at 30 CeV.



cause the beam spectra and experimental cuts differ
between experiments, some differences in the results
are expected. Nevertheless, there seems to be
agreement that the I = 1/2 amplitude is large even
at low Nn effective mass, and that the relative
phase angle is near 90°, The open points in the
figures are predictions of the Fogli-NardullL quark
model** where attention was paid to the experimental
conditions of each experiment.

The agreement with data is very gooH in two
cases, and only two standard deviations off for the
COM vU results. The Adler prediction'' is also
shown for the 12-foot caoo and the agreement is
fine.

Additional information on the A{J236) form
factors can bo obtained from ths production and de-
cay angular distributions. Figure 6 shows the three
A ""(1236) decay density matrix elements as a func-
tion oCQ^ using data from the low energy 12-foot
experiment* and the high energy BEBC and 15-foot
experiments. 4* Also shown is the Adler prediction
as calculated for the 12-foot experiment. However,
the decay distributions are predicted to be nearly
energy-independent so the curves may also be com-
pared with the — 30 GeV data. The experiments and
model seem to be in fairly good agreement. The
FMBH group claims to aee some "illegal" angular
momenta in the A decay, implying the presence of
non-resonant background in the final state. This ef-
fect still needs to be confirmed.

Finally, Fig. 7 shows the dN/dQ distribution
for the three neutrino reactions at low energy.
There is fairly good agreement with Adler's predic-
tion, although one would like bettor data on the p pn
channel. Figure 8 shows dcr /dQ^ for the VE.—
ji "A+f process at high energy. The 15-foot^ and
BEBC4 data are in very good agreement. The pre-
dictions of Adler with MA = I. 05 GeV and the Fogli
quark model (nearly identical) do not agree well with
th d t N hat the Q - 0* point is id

h h i h 2 i

q (y
the data. Nate that

g
constrained- %voi

by PCAC, and that the high Q2 curve is dominated by
the vector amplitudes. One can, of course, change
the value of M^ to improve the prediction, but the
<r rp prediction would then not be as good.

It should be remembered that there is little
previous data on exclusive neutrino reactions for
0 ^ 1.5 (GeV/c)^ &nd that no neutrino experiment
has ever made a quantitative measurement of a form
factor. Even for quasielastic scattering, vn — u~p,
the available data can be equally well /it by a mono-
pole, dipole, and a quark model-vector dominance
shape. This is shown in Fig. 9. So it is not sur-
prising that the low energy models do not correctly
predict the shape of the high Q^ distribution.

We can now summarize the one-pion production
data;
- the experiments are in reasonable agreement on

Mx» , dN/dQ^# ?—.„• and &*? measurements.
- the I = 1 /2 amplitude is large for all MN g 1. 9

GeV.
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Fig. 7 dN/dQ for three neutrino-induced one
pion channels as measured in the low
energy 12-ft experiment. The curves are
the Adler model predictions.

Fig. 8 do-/dQ for yp- f t"^ aa measured in the
15-ft FMBH experiment and in the BEBC
ABCMO experiment. The curve is the
Adler model prediction with Mj^ = 1.05 GeV.
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Fig. 9 The shape of the axial form factor F A at
low O2 using monopole, dipole, and quark
model representations.

- A, N* spectroacopy using neutrino beams i s diffi-
cult. No individual A or N* state has a cross sec-
tion larger than 107 of the a (A (1236)).

- the low energy models do describe the new high
energy data qualitatively.

Intermediate Mass Particles

The p°(760) has recently been seen in the in-
clusive process vp — u4p°X by the Argonne-
Carnegie-Mellon-Purdue 15-foot group. *' Figure
IO(a-b) shows the opposite sign and like sign wit
effective mass distributions. A clear p°(760) en-
hancement is seen. The rate can be given as p° /
event* 0 .20 ± 0 . 0 3 or p°/ir" = 0. 12 ± 0 .02 . How-
ever, the results are strong functions of various
kinematic variables. Figure II shows the p° produc-
tion rate as a function of total hadronic mass . The
number of p°/event quickly r i ses to 35%. Figure _̂
12 (a-f) shows the p° rate as a function of P x WRT Q,
Z= E H / ( E ; - E > a n d Y R = 1/2 log[(E+P,, ) / ( E - R « .
It c a n t o seen that (1) the Px distribution of the p" is
flatter than that of the IT", (2) 80% of the p°'s have
Z > 0. 2 , which i s often called the current fragmen-
tation region, and (3) 70% of the p ° ' i have Y R > 0,
with an apparent peaking for 0 .5 ^ Y R ^ 1.0 . Some
of these features of p° production have also been ob-
served in the process i N - u+p", ( p " ~ n'ir°) by the
FMBH group in the 15-foot chamber.

Turning next to K° production, similar results
can be seen. Figure 13 shows the rate of K produc-
tion as a function of W V I S in vN interactions as mea-
sured by the Columbia-BNL 15-foot experiment'2;
the observed rate i s quits s imilar to that of p° pro-
duction. Figure 14 shows the Xj- distribution of

0.S 1.0
H,,(GcV)

Fig. 10 The IT ?r~ and u r s ^ effective mass distri-
butions in the ACMP 15-ft antineutrino
hydrogen experiment. The curves repre-
sent an incoherent sum of a quadratic back-
ground and a p-wave Breit-Wigner formula.
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Fig. 11 The rate of p°{7cw( production in vp — y,
as a function 01 hadronic mass. The data
are from the ACMP 15-ft antineutrino hy-
drogen experiment.
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ACMP 15-ft antineutrino hydrogen experi-
ment.
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Fig. 13 The rate of K production as a function of
W,VIS in the Columbia-BNL 15-ft neon
experiment.

K°'s in vN, vp, and n"p colliaiona. '^ The vN and
vp data are very similar, but the ir'p results
(arbitrary normaUzation) also have a similar shape
in the target fragmentation region. Presumably,
associated production is the dominant mechanism in
each case.

Finally, Fig. 15(a-b) displays the fragmenta-
tion functions D|z) for K°/R° in >N and wN interac-
tions. 12, 13 Their distributions are clearly broader
than those of the pion. And it is interesting to note
that for z > 0. 5, DJjO = D^- and Dfeo = D^+. This
is not unexpected aincs one is observing the fragmen-
tation of the up quark in the case of v N » n " X and
the fragmentation of the down quark in vN — u*X.

0.005

0.002

Fig. 14 The X F distribution of K°'s in ZN inter-
actions as measured by the Serpukhov-
Fermilab-Moscow-Michigan 15-ft experi-
ment.

Fig. IS The D(z) distributions in >N and vK inter-
actions for K°, A, and IT as measured in
the lS-ft chamber by the Columbia-BNL
and SFMM groups.



Very little data haa been reported on the pro-
duction of K and Y* resonances. Some rates far
K*{890) and Y*+(t3B5) exist from the 15-foot broad-
band v neon experiment, but nothing is known of
their production mechanism. While there are de-
tailed models14 for th« production of p, K , Aj, u,
t\, . . . . they have yet to be confronted with data.

High Mass Particle Production

The expression for the charged hadronic cur-
rent in the standard QPM contains charm-changing
and charm non-changing components:

J«u [6'COsB-h e • sin5? + c[-d* Bin 9 + a • cos $] .
It follows that neutrino beam a can produce a charm
meson or baryon by interactions off a valence quark
in the nucleon, and in association with a strange
particle, by interactions off a sea, quark. Antineu-
trino beams, however, can only produce charm
mesons by interactions off the sea quarks. In naive
quark models, the expected charm particle rate is
5-tO%for vN - j T and 2-4% for t-N - u+. These
rates are large. Neutrino interactions have always
been viewed as a good process for discovering and
studying the properties of charm mesons and baryons.
In fact, e"*"e~ interactions now seem to be the ideal
place to study charm mesons. However, e"*~e~ ex-
periments have had difficulty in observing charmed
baryons, and until this Conference, most of the data
on charmed baryons has come from neutrino experi-
ments. The remainder of this paper will be a review
of the production rates of charm particles in vN —
tiX and attempts at doing charm baryon spectroacopy.
Since ditepton production has been, discussed by M.
Murtagh at this Conference, I will concentrate on the
strange particle tag for charm detection.

There is indirect evidence tor charm particles
in vp interactions as reflected in the inclusive
strange particle distributions. Table III ahowa the
expressions for d2o- /dxdy, as calculated in the QPM,
for various antineutrino processes. Events with no
strange particles or with associated production of
strange particles are seen to occur mainly at small
y, with a valence x distribution. Events with charm
occur mainly at small x, with a flat y distribution.
The AS = -1 events have a rate similar to that of
charm and occur at small y with a valence x distri-
bution. Thus, one would expect that charm produc-
tion will yield an excess of strange particles at small
x and large y as compared to the inclusive sample.

o This hypothesis has been teBted using 7-p —
(i V data from the Argonne-Carnegie-Mellon-
Purdue 15-foot experiment. ^ The only strange par-
ticles detected are K° and A decays, so to compare
with the OPM, it was assumed that K+ and K° rates
are equal and that the A, 2", 2°, £ rates are equal.
It was also assumed that the associated production of
strange particles in vp collisions is given by the
measured rate in non-weak lepton-nucleon interac-
tions. And finally, the non-charm Quark densities
were taken from a popular model. '°

Figure 16 displays the measured x and y dis-
tributions of Vees in vp — u+ interactions; the curves
correspond to the QPM with and without charm pro-
duction. It is clear that the charmed hypothesis is
favored. A fit to the x-y correlation yields x /DF =
20/9 for the prediction with charm and x 2 /DF =
60/9 for the prediction without charm. One can use

H T i '"J I I T— r —|

charm

0.5

Fig. 16 The rate of K and A production as a
function of x and y in v p •* ̂ + interactions
as measured in the ACMP 15-ft experi-
ment. The curves correspond to a QPM
calculation with and without charm par-
ticle production.

thia data to measure the following ratio of quark den-
sities

J*x S(x) dx
= 0.050 ± O.Qt4

Jx [0. 343 u(x) + a(x) + 8(x)] dx
for x > 0. 05 and 0.1 « y * 0. 8. This result is in
reasonable agreement with sea quark measurements
from dilepton experiments.

The dilepton events and the excess of strange
particles at low x, high y are the only evidence for
charm production by antineutrinos.



Table HI; QPM Predictions for vp — y.* Reactions
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Explicit Charm particle Rates

Direct evidence for charm particles in effec-
tive mass distributions and in constrained, exclusive
final states come from four bubble chamber experi-
ments.

Inclusive D°(1860) Rate; The first observation
of the D° in neutrino reactions was made by the
Columbia-BNL, 15-foot heavy neon broad-band i>
beam experiment last year . I 7 The group haa now
processed nearly twice as much film and have an up-
dated result on the D° rate. *2 In !06, 000 CC events
(134,000 pictures), all Ka and A decays were ana-
lyzed and effective mass combinations with the
quantum numbers of the D* were inspected. No D+

signal is seen, but a peak in the Kair+TT" spectrum
at 1850 ± 15 MeV is seen. After correcting for Kc

detection efficiency, the fallowing rate is observed;

U
vN -

• {0.40 ± 0.15)%

If one uses a D — K tf IT" branching ratio of 4. 0%
(not well known), then the inclusive D° rate in vN
interactions near 25 CeV beam energy is (10 ± 4)%,

D*+(2010) Rate: The Aachen-Bonn-CERN-
Munich-Oxford broad-band vH2 experiment1" using
the BEBC chamber has recently observed the D*+

in vp charged-current interactions. They first
searched for three-constraint kinematic fits in their
data sample of 6500 events to AS = -AQ final atatea.
Two candidates were found. The first is an example
of vp — u."pK~ir+ir+ at 47. 8 CeV neutrino energy.
The K" is identified by means of ionization, energy
loas, and a aecotidary scatter. The following maaa
values were observed; M(K"w IT+) S 2011 ± 6,
M(K'ir+> = 1865 ± 4, and AM = M{K~-n+rr+) - M(K"TT+)
= 145. 2 ± 0. 5 MeV. The current best value for the
rj*+ .. QO m a s s difference from e"""e~ experiinenta is
145. 3 ± 0. 5 MeV, Thus this event is a good candi-
date for vp — u~pD**. There is background to the
event due to the possible vp — n"pK"ir+tT~Ko

j and
vp — u"K K'lr+tr+n hypotheses, which cannot be
excluded. The total background is only 0.04 events
and therefore th« event is a highly probable AS =
•AO event.

The second event ia an example of vp — n~pK*
+ 4TT+ + 2TT" at 21. 3 GeV neutrino energy. The K"
ia identified by means of a secondary matter. The
following mass values were observed;
M{K"n+w"Nr+iT~) = 2013 ± 4, M{K"tr+ir+ir") = 1868 ±
4, and AM = 145.2 ±0 .6 MeV. There is, of course,
background to the event from possible associated
production hypotheses; the total background is 10-4,
and therefore the event is a highly probabls example
of vp - U"PD*+TT4TT".

These two events establish that the D*(2OIO)
rate is finite and possibly large since the above-
mentioned analysis is sensitive to only exclusive
channels with no missing neutrals. To get a better
estimate of the true D* rate, the experiment exploits
the fact that the mass resolution in M(D*+) - M(O°)
Is •- 3 MeV, The mass difference ia calculated for
the combinations (K"ir+)TT+, (K"ir+n+Tr~)Tr+, and
(Kair+n-)tr+ whenever M(Klv) = 1865 ±25 MeV. For
the first two of the above combinations, all negative
tracks are called K~ even if they cannot be identified
as K" by means of energy loss, iomzation, etc. Fig.
17 ahowa the measured AM distributions. There ia
a possible signal in each combination. From the
summed distribution, one obtains 7 ± 4 D** — D°
events (where 2 of the 7 are the exclusive events).
Correcting for K°, D°, and D** detection efficiencies
and branching ratios, the experiment obtains the
rate

M4.i±2.4)%

Charm Baryons; Two light liquid bubble cham-
ber experiments have observed thd .^£(2260) in ex-
clusive final states. As always in these kind of
studies, one is restricted to events giving three-
constraint kinematic fits with no missing neutrals.

The first neutrino-induced A- event was seen
by the BNL group19 in the 7-foot chamber in 1975.-
It is an example of
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Fig. 17

MASS CiFF

The AM = M(D*+J - M(D°) distributions
for various D° decay modes as measured
by the ABCMO experiment using BEBC.

at 13.5 GeV beam energy. The M(/\TT IT V~) value is
2260 ± 10 MeV. Four years later, a second event
was found in the BNL. experiment^ of the type

at 4 GeV beam energy. The following mass_ values
were measured; M(K°ir") = 913 ± 8 and M(K0pw+0
~ 2254 ± 12 MeV. It is probable that the K°TT" sys-
tem is a K*"(89Q) and therefore^ the strangeness of
the event is fixed at - 1 . The ji" track is identified
by penetration of three 2-inch thick steel plates; the
v* track interacts ID one of the plates. The fast
proton is identified by ionization; the ir + track is not
a K* or proton because of energy loss, The threa
associated production hypotheses vn — u'pK^K^,
t>n- u."pK"ir+, and v n * u."pKsir

+Tr"K^ cannot be
excluded, but their total background contribution ia
estimated to be only 0.012 events.

To determine a rate for Ac production based
on these two events, one notes that of the 5200 events
in the 1.1 x 10° pictures, only 700 have beam

The second experiment to see exc lus ive
charm baryon events i s the Tohoku-HT-Maryland-
Stonybrook-Tufts (TIMST] v-D% experiment in the
15-foot chamber at Fermilab. This new experiment
used a broad-band neutrino beam of ~ 25 GeV.
They have reported preliminary result* from 150,000
of their 328,000 pictures. In 10,000 charged-cur-
rent events, all events with an assoc iated K° or A
decay were processed and fits tried to £ S = -AQ
hypotheses; four candidates were found.

The best candidate i s an example of

where M ^ T T * * * * * ) = 2257 ± 17. M<An") = 1382 ± 3,
and M{A*+TT+*"!:*) = 2436 ~ 19 MeV. So there is aand M { A * + T T + * ! : ) = 2436 ~ 19 MeV. So there is a
suggestion that the following cascade has occurred;
£j™"-Ac"ir+, A i - Y * " * * » , Y * " - A « " . All of the
final state plena have momenta * 0.74 GeV/c and
ionizatlon favors tha pion mass assignment over the
kaon mas a in each case. The probability of a mis*
fling K° in the final state is only - 5 x 10'3 . Thus
the event is a solid A£ production candidate.

itiidi state pious nave iiiujjj^ntt* •*» u, i i uoy^c aaa

ionizatlon favors tha pion mass assignment over the
kaon mas a in each case. The probability of a mis*

th

The other three candidates in the experiment
are not as clean since associated production hypothe-
ses cannot ba excluded with high probability. How-
ever, they are useful to look at since they do provide
an indication of rates. Event 2 ia possibly a second
example of vd — u"Aiw+1*~(Ps) at 14.4 GeV beam
energy. The relevant mass values are MIA*+ir *•»•*" ir")
= 2509 ± 13 and M(ATT+TT+O = 2256 ± 12 MeV. How-
ever, the event also fits the hypotheses vd —
JJ.~AK Tr+Tr+T~ir" and, furthermore, the probability
of a missing K°̂  is b%.

Event 3 is a candida:e for the reaction vd —
(i"AMp ), with At — A"nT. The beam energy ia 22.8
GeV an% M(A*+) = 2266 ± 3 MeV. The event also
fits the hypotheaia vd - U"AK+(PB) . In fact, there
are 14 events in the experiment which fit that asso-
ciated production reaction; if the K* track is called
a IT'*' in each event, then there ia no other resulting
"A.* " effective mass within 100 MeV of M(AJ). SO
Event No. 3 must be viewed as a serious Ap" candi-
date, but one must await more detailed background
calculations. The final candidate. Event 4, ia con-
sistent with the hypothesis yd — n~Ac"ir+{n-a) w* t n Ai —
" ° — + - " . The beam energy is 18. 3 GeV and
M(pK°ir+tr") = 2246 ± 6,
M{ 121 ( 5 M V

= 914 ± 5, and
i

(p £
M{pTTT) = 121 ( ± 5 MeV. So there is a auggeation
that the following cascade has occurred: At —

^891)^1236* ^ u t o n c e a S a i n » ^ i B n 0 ' possible to ex-
clude all assoc iated production hypotheses .

One concludes that the 15-foot v D j experiment
has observed between 1 and 4 events of A . produc-
tion in 10,000 events, wi& three of the candidates
being off a neutron target. Thus the rate of exclu-
s ive channel charm production i s very low; one will
need 10 event experiments to do detailed studies of
charm react ions .

Since exclus ive charm rates are so smal l , one
next turna to the inclusive mode in hope of detecting
a larger signal. Figure 13 shows tha inclusive Air?
m a s s distribution from the TIMST experiment. 22
To enhance any A^ signal, a selection waa made that
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Fig. 19 The AM = M(Sj ) - M(AJ) distributions
for various A^ decay modes as measured
by the Columbia-BNL 15-ft experiment.

Fig. 18 The A* effective maas distribution with
the selection cos 0. > -0.75 as measured
in the Tohotcu-IIT-TMaryl and -Stony Brook-
Tufts collaboration neutrino-deuterium
experiment.

cos 0<\+ > -0. 75 where 9 ia calculated in the A»+

rest frame with respect to the A^+ line of flight. A
possible enhancement is seen at •*• 2260 MeV. After
the remainder of the group's 328K pictures are pro-
cessed, this distribution could contain a quite signifi-
cant A^ signal above a fairly low background.

A clear inclusive Ac signal ia certainly Been by
the Columbia-BNL 15-foot hydrogen-neon experi-
ment, " They do not see any convincing maaa peaks
for the Ac in uncut distributions, but they see evi-
dence for the decay chain Z^+ — &£.""*' AJ —
( \+ charged pions) or [K^p 4 charged pionsj. They
select Aw+

# K%, Y*+ir+w"", K*"pir+ particle com-
binations, with 2235 ^ M « 2285 MeV, when there is
another Tr* in the event. Then the corresponding
mass differences are hlstogramtned, aa shown in
Fig. j 9(a., c# d}; an enhancement is present near 166
MeV. The resolution is ±3 MeV. Fig. 19(b) shows
the Aw+w+ - Air+ mass difference when M. + s* M »
and no enhancement is evident. Selecting events ' c

with AM = 166 ± 6 MeV, Fig. 20(a,c#d) ahows the
corresponding effective mass combinations with the
quantum numbers of the A~. A total of 14 events over
a background of 6 are seen at 2260 MeV in Fig. 20(d).
Fig. 20{b) again ia a control region where AM - 154 ±
6 or 178 ± 6 MeV; no peaking is present in the 2200-
2300 MeV region. Table IV give* the S+ + — A J event
rate in each of the four decay modes considered; the
probability of the enhancement in Fig. 20(d) being a
statistical fluctuation ift 10"^.

Note that Che Kgg0 A+ decay mode
apparently small; at feast one model for
i f i h

decay mode of the A J is
p p y e model for A£ branch-

ing fractions has predicted that this two-body reso-
nance channel would be quite large compared to other
detectable modes.

/"UJL

1.6 2.0 2.4
MASK (GeV)

2.8

Fif. Z0 Effective maea distributions with the quan-
tum numbers of the At with the selection
that AM = 166 ± 6 MeV. Data from the
Columbia-BNL 15-ft experiment.



Table IV; Columbia-BNL. vN - Results

Ac Decay Mode

K°P +

Event*

a
7
4

20

Background

1.5
2.0
1.5
1.0

6 . 0

Corrected
Signal

17.6
25.5
12.4

55.5

1.
2.
1.

6

<r -B

8 ± 0 .
7 ± 1 .
5 ± 1.

± 2.

8 x l 0 " 4

6
4

3 x I0' 4

Finally, it is of interest to note that only one
of the above discussed 14 Z*+ — Ai-^+ eventB is a

tracks are pions from ranga, energy loss, or ioniza-
tion. There are no associated KT_ or neutrons in 2.5
interaction lengths of neon; and there are no asso-
ciated gammas in 7 radiation lengths. The event
balancos transverse momentum to 70 MeV/c. The
group concludes that the probability that the event is
associated production is only — 3%.

The only detailed theoretical predictions for
charm baryon production by neutrinos are for exclu-
sive channels. Table V gives cross section predic-
tions, at 10 CeV beam energy, for vn — JI"AJ and
v p - ^"Sj*, S*++ as calculated by four models. 2-1-27
There are rather large differences in the predictions.
It is difficult to compare the available data (~ 3
events) with these numbers because the Aj» branching
ratios are not known. If one assumes a ^c** ^tl
detection efficiency of 10%, then the combined HjH^
data from the 7-foot, 15-foot, and BE3C give
cr(vp - t-"2c, £*) - * x l0~ c m 2 a n d * « Columbta-
BNL 15-foot event in neon corresponds to "* 0.4 x
lO"1^ cm~. It is clear that unless there are few A+
decay modes with no ir°'a or neutrons, the exclusive
channel cross sections are smaller than many people
had expected.

Summary of Charm Production? One can use
the eight AS = -AC exclusive candidates to study the
production kinematics of charm particles. Fig. 21
shows the x, y, and O distributions for the eight
ever.ts. They have the expected valence x distribu-
tion. And since the events are generally quasi two-
and three-body final states, it is not surprising that
they are at fairly low Q2 values.

To determine the mass of AJ, I have averaged
the mass values from tha four "best" (lowest back-
ground) AS = -AQ exclusive events* the two 7-foot
events, the v-Dj 15-foot event, and tha v neon 15-foot
event. The result is 2259 ± 7 MeV. The Columbia-
BNL inclusive A^ — A"T+ events yield the value of
2257 ± 10 MeV.

Table VI is a comparison between experiments
that observe a charm particle signal and those that do
not. Inclusive D° - KJJir+ir-, inclusive £++ - AJTT+,
exclusive D**# and exclusive A.£ rates are compared
by giving the observed raw, uncorrected rates, and
the number of events one expects in the other experi-
ments. Note that the two BNL 7-foot A^ events are
seen in a fairly low energy experiment; to compare

KINEMATICS OF ALL
AS=-AQ 3C FIT CANDIDATES

0.5

'•BJ

1.0

0.5

Y

1.0

Fig. 21

Q2 (GeV/c)2

The x, y, and Q distributions for the
eight AS - -AQ neutrino events.



Table V: Exclusive Charm Daryon Rates

Model

Lee-Shrock
SU(4) Symmetry for Couplings
D* Dominated Dipole Form Factors

Amer et al .2 5

Quark Model + SU(4) Breaking

Finjoird-Ravndal26

Quark Model + "Nucleon" Form Factors

Avilz-Kobayashi-KbVner27

QM: 1977 mc = md

1979 mc * md

HIE, = 10 CeV) I040 cm2

yn — u c

23

3 2

1 2

30
7 .5

25

0. S

15
2 .5

Tabla VI; Comparison of Raw (uncorrected) Charm Rates
High Energy v Bubble Chamber Experiments;
All Rates Have Error* in 20-80% Range

Chamber

Liquid

CC Events > 4 CeV

< E v >

Observed Inc. D ° - K ° i r + n '

Expected/BG Events

Observed Inc. E*+ - A*n +

Expected Events

Observed Exc. D

Expected Events

Observed Exc. A

Expected Events if R = 4 x 10*4

Expected Events if R = 3 x lo"3

and <r + Constant ^ 4 GeV

BEBC

H2
6000

30

No

6/20

No

-s: '
2 events

(R=3xl0-4'

No

2

5

15-foot

H2
2500

25

No

3/2

No

•£ '

No

< 1

No

« 1

2

D2
8000

25

No

8/26

No

^ I"2

—

~ 2 events
(R=4xl0-*'

Neon

100,000

30

R = 1.4xlO"3

R=1.5xlO*4

—

1 event.
1 R=? '

7-foot

H2/D2

700

6

. 2 events
^=3x10-3 '

with the high energy data, I have assumed an exclu-
sive channel cross section independent of beam
energy above 4 CeV, Overall, there are no serious
conflicts between the five experiment a. But there is
no inclusive or exclusive rate that has been confirmed
by a second experiment.

It is clear that charm baryon spectroscopy is
difficult with present day neutrino beams and detec-
tors. As suggested by the dilepton data, much of the
neutrino flux in the broad-band beams iB at energies
where the charm rate is slowly rising from threshold.
The use of a much higher energy beam from the
Tevatron would be of great value to charm spectroa-
copy.

This research was supported by the U.S.
Department of Energy.
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P. Scnreiner
ANL

Like v p — u \7 - Yoe. Some events have
been observed. The Gargamelle experiment has a
sample, I think, of about 30 events in propane and
freon for that reaction, and the Argonne/Carnegie-
Mellon/Purdue 15' antineucrino experiment has about
a half dozen vp — (i+A events, but they are very diffi-
cult to see.

QueBtiona

F. Messing
Carnegie-Mellon

I have more a comment than a question. There
was a question raised earlier about the helicity ol
charmed particle production. I'd just like to point
out that the rise in strange particle production with
y makes an inescapable conclusion that there is a
strong left-handed component in charmed particle
production. If you assume a full Btrength charmed
particle production, then the size of the a sea agrees
with that measurement in the dileptona.

G. Snow
Maryland

I have a question about what can one say about
single strange bar yon production, not charmed baryon
production, just the simple Cabibbo antineutrlno nu-
cleon goes to a single strange baryon.


