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Cross-section estimates are presented for the charged- and neutral-current associated-production reactions

v„N ~ IKA and v„N ~ IKX, where I = p, or v„, respectively. The neutral-current reactions are considered

within the framework of the Weinberg-Salam theory and theories in which the hadronic neutral current is

proportional to the electromagnetic current. The calculations are performed using the Born approximation for

the range of incident neutrino energies relevant for present experiments, from threshold to 3 GeV. %Ye find

flux-averaged cross sections much smaller than those indicated by preliminary Argonne data. Finally,

calculations of the longitudinal polarization of the hyperons are presented.

Low-energy exclusive neutrino reactions have
the capability of yielding much detailed informa-
tion about the structure of weak interactions which
complements that obtainable from high-energy
inclusive processes. Recently, data on several
such exclusive reactions have become available
from a bubble-chamber experiment at Argonne
involving neutrinos incident upon hydrogen and
deuterium. ' Further data will soon be forthcom-
ing from similar experiments at Brookhaven
National Laboratory and CERN. It is thus of im-
mediate interest to estimate the total and differ-
ential cross sections predicted by the standard
V-Atheory for the charged current reactions and

by various gauge theory (and other} models for
the neutral current processes. The pion produc-
tion reactions have been analyzed in considerable
detail by Adler and other authors. ' Here we con-
sider the associated production reactions v„N- /KA and v„N- LKZ, where l= p. , v„ for charged
and neutral currents, respectively. In a set of
945 000 pictures the Argonne experiment observed
two v„n- p, -K'A events, one v&n- v„KOA event,
and no v„P- v„K'A or V„N-/KZ events. ' These
are the data, admittedly a very small sample,
with which we shall compare our cross-section
estimates.

These reactions are important for several rea-
sons. The charged-current processes afford a
new test of the Cabibbo theory, while the neutral-
current processes give information on matrix
elements of this current between nucleon and KA

or KZ states, which will be valuable in testing
the various gauge theories of weak interactions
and in providing a guide for further model build-
ing. Moreover, the KA reactions have the special
attraction that, since the A analyzes its polariza-
tion in its decay, it is experimentally feasible to
measure this polarization. ' In contrast, such a
measurement in the vN- /N'm reactions would
necessitate the rescattering of the final nucleon,
which would be quite difficult with the present

vn- p. (K'A, K'Z', K Z+),

vP~ p. K

and the neutral-current processes

vn v(KA, K Z, K+Z ),
vP- v(K+A, K'Zo, K Z') .

(1)

(2)

(3)

(4)

There are also corresponding antineutrino reac-

neutrino beam intensities and the small magnitude
of exclusive weak-interaction cross sections.
However, the KY (Y=A, Z hyperon) reactions are
not enhanced by any strong resonances, in con-
trast to weak pion production, at least by charged
currents, which is dominated by the A(1232).'
For this reason, and also because the KY reac-
tions have higher thresholds and consequently less
phase space available at a given energy, the cross
sections for associated production are smaller
than those for pion production at the same energy.
What is actually measured is, of course, not a
cross section at a given energy, but rather a cross
section integrated over the neutrino flux. The
energy range in which the Argonne neutrino beam
has a reasonably large flux is shown in Fig. 1.
The flux P(E} is sharply peaked at an incident
neutrino energy E ~ 0.5 GeV and falls rapidly at
higher energies; for E = 3 GeV it is less than 1~/g

of its maximum value. ' The flux at Brookhaven
and CERN is similarly restricted to low energy,
and is peaked at E~ 1- 2 GeV. This has the effect
of further suppressing the KY reactions relative to
the mN ones, because in the energy range in which
the flux is maximal the latter reactions are well
above threshold and have sizable cross sections,
whereas the former reactions are either below
threshold (the case at Argonne) or only slightly
above. The importance of the KY reactions
should, however, more than compensate for their
smaller cross sections.

The specific reactions of the type vN- LKY are
the charged-current processes
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tions, but we shall concentrate primarily on the
reactions of Eqs. (1)-(4) because the antineutrino
flux at these accelerators is considerably smaller
than the neutrino flux. For example, as is evident
from Fig. 1, at Argonne the flux of antineutrinos
is consistently more than an order of magnitude
smaller than that of neutrinos. Furthermore,
we shall focus on the KA reactions, since they
have cross sections larger than those for the KZ
reactions.

The calculation is performed using the method
of the generalized Born approximation, which
consists of including only tree diagrams, but
using full form factors for the current-hadron
vertices. This is a reasonable approximation to
use near threshold if there are no strong nearby
resonances in a particular reaction. This con-
dition is met for both the KA and EZ reactions;
the lowest-lying resonances in these channels
are the N* S»(1700) and N* P»(1780), which decay
mainly into Nm and Nxm. They are not observed
as strong resonances even in these dominant chan-
nels and, moreover, their branching ratios into
KA and KZ are quite small (& 7%). Of course,
the Born approximation would not be accurate
near resonances in the KA and KZ channels. It
also becomes less accurate as one gets farther
and farther away from the Born poles, and fails
at high energies, among other reasons, because
of the nonrenormalizable Pauli-magnetic-moment
couplings which it includes (even given the damping
due to the form factors). Accordingly, our most
reliable results are the differential cross sections
sc(E, W)/sW, where Wis the invariant mass of
the KY' system, for W near threshold W,„=(mr+ mr),
independent of E. Thus in order to test the pre-
dictions given in this paper it would be best for
experimentalists to measure the Wdistribution.

IO

I
0"I

As regards the total cross section c(E}, the Born
approximation is most accurate at low E, since
this also forces Wto be small. Although experi-
mentally, only the flux-averaged cross section,

0= crE QE dE QE dE,
0

is presently accessible, the flux distribution of
Argonne is ideally suited for an application of the
Born approximation since it weights small E and
hence Wso heavily. Quantitatively 90% of the
Argonne flux is in the range E& 1.5 GeV (W& 1.9
GeV), while 96 /p is in the range E & 2 GeV (W& 2.2

GeV). ' For reference, W,„(KA)= 1.6 GeV and

W,„(KZ)= 1.7 GeV. If much more data were avail-
able, it would be appropriate to employ the more
careful methods used in photoproduction, electro-
production, and weak pion production, in which
one projects out multipole amplitudes from the
hadron center-of-mass Born amplitude and then
uses dispersion relations or simply a fit to a
phenomenological resonance-plus-background
form to solve for the full amplitude. However,
given the very small data sample of KY events,
this seems premature at present.

The calculations of cross sections and polar-
izations divide into those for the charged-current
reactions and those for the neutral-current reac-
tions. In the former case the theory, the standard
Cabibbo V-A theory, is presumably reliable, and
our purpose is test the applicability of the Born
approximation. In the neutral-current case we
assume the validity of the Born approximation
and test a minimal gauge theory which has so far
been in reasonable agreement with experiment
(although the agreement is only fair in places),
namely, the Weinberg-Salam theory. ' This theory
is based on the gauge group SU(2}xU(1) and has
a weak hadronic neutral current of the form

P = (V" —A" ) —2 sin'ev 8,' —~ P, + ~ 4," .
Here (V" —A")(» =F,"-&,'" is the isospin rotated
weak V-A current, J", is the electromagnetic
current, and 8~ is the %'einberg angle. The cur-
rent J," is a (dS =0) isoscalar V-A strangeness
current, while the last current, J,", is a charm
current, V-A, SU(2) singlet, becharm =0. In terms
of the usual three quarks, 6', X, and X, plus a
fourth charmed quark (P '[Q = —'„SU(3) singlet],
these currents are'

IO
0 05 I 0 I.5 2.0

E (GeV)

2.5

FIG. 1. Argonne neutrino flux $(E). The units are
arbitrary since flux-averaged quantities are defined as
f=f0f (E)p(E)dE/f 0 $(E)dE.

~ -&l" = -'(Py" (I y, }(I' '&y-" (I -=y, )&,

P, =X& (I -y, }x,
Zu P yu(1 y5)6

Equation (6) is the Glashow-Iliopoulos-Maiani

(7)

(8)

(())
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(GIM) modification of the original %binberg-Salam
neutral current which is necessary for adequate
suppression of strangeness-changing neutral-cur-
rent processes. ' We shall neglect J", and J," for
the purposes of our estimates, since there is no
very dependable model for their matrix elements.
One could, indeed, go beyond gauge theories and
consider scalar, pseudoscalar, and tensor neutral
"currents. "' But one would have the same prob-
lem; unless the matrix elements of the neutral
current can be related to experimentally measured
matrix elements of the electromagnetic or charged
weak currents, or calculated from some reliable
model, it is difficult to obtain more than just
bounds on the cross sections.

CALCULATIONS

The general associated-production reaction
under consideration is v(l, ) + N(P, )- l (I,) + Y(P,)
+ K(k) with E'=A or Z, and momenta as labeled.
Since we neglect muon mass, the general kine-
matics are the same for neutral- and charged-
current reactions. ' The Born diagrams for typ-
ical reactions of Eqs. (I) and (2) are shown in
Figs. (2) and (8), respectively. In general they
include a nucleon pole in the s channel, a Z or a
Z and a A pole in the u channel, and Rand K*

poles in the t channel. In the spirit of the simple
Born approximation we do not include the contri-
butions of N*and Y*resonancesinthe s and u chan-
nels or higher meson resonances in the t channel.
Various reactions have certain features worth
noting; for example, the reactions vn- p, K'A
and vP- p, 'ERA have only a Z u-channel contribu-
tion, whereas the reactions vn- vE A and vp- vK'A receive contributions from both Z and A

exchange in the u channel. In both cases the u
channel makes only a small contribution to the
total amplitude. The u-channel Z exchange ampli-
tude is negligible since it is proportional to g„~-„
(the strong-interaction coupling constant for the
NKZ vertex), while the s-channel, kaon t-channel,
and A u-channel amplitudes are proportional to
the considerably larger coupling constant g„«."
The term arising from A exchange in the u chan-
nel is also small, although it is not suppressed
by a small coupling constant dependence. The
reason for this is that the Z boson-AA vertex
receives no contribution from the isovector part
of the neutral hadronic current and, in the Wein-
berg model or models with Jz c)c J,", it involves
only the (isoscalar part of the) electromagnetic
current. Hence the y„and also, since the KA
reactions which include this term are neutral-
current ones, the v„„q' part of the vertex give a
small contribution for the small values of q'

which are most important for the cross section.
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FIG. 2. Born diagrams for KA and K& charged-cur-
rent reactions (a) vn p K+A, (b) vn y Ko&+, and
(c) ve p K+Zo.

FIG. 3. Born diagrams for KA and KZ neutral-current
reactions (a) &n ~ &K A, (b) vp uK+Z, and (c) vp

vK ~Z+.
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&1' IFi I
li& = "iii Dv + ifiiiFP

&z IF(" I
}i&

= diia D A+ ifige FA,

(13)

(14)

where i, j, and k are SU(3) labels in the range
1, . . . , 8, and d,» and f,» are the symmetric
and antisymmetric structure constants of SU(3).
Dg and F( can be expressed in terms of matrix
elements of the electromagnetic current:

Dtl =--,'&nlrb. ln&,

I'5 =& pl~,".Ip)+ 4&nlJ!. In&

(15)

For the axial-vector current,

PP — p +50 g

where

&P IF,~+i, I n& = (D+ F)FA(q~)ii&y" y,u„

with"

(19)

F (q') = 1
A (I q2/~ 2}2 (20)

In all the KA reactions the s channel is the dom-
inant one, as will be seen from the numerical
results. In contrast, in the KZ reactions this is
not the case; in those with no A exchange in the
u channel all the channels except K~ exchange are
proportional to g~~z. When the A u-channel ex-
change occurs it gives the dominant part of the
amplitude. "

The invariant matrix element for the reaction
vN- EKF is

3R= (G/&2}j q (K(K)Y(P, ) IZ"
I N(P, )),

where

j„=n (I )y„(l -y, )u, (I,),
and the momentum dependence of the W or Z
boson propagator has been neglected since the
momentum transfer Q' (= —q', where q= I, —I,)
is much smaller than m~' or mz'. P' is the weak
hadronic charged or neutral current. The %'ein-
berg-Salam neutral current has been discussed
above, and the charged current is the standard
&S =0 V-A. Cabibbo current

P = cos&c [Fi+i2 —Fi+i2 j,
where cos6~ =0.97. It is first necessary to deter-
mine the vertices to use in the Born diagrams.
We shall consider the charged-current reactions
first; the neutral-current ones are similarly
treated and will be dealt with only briefly. We
make use of the SU(3) relations

and

m„= 0.95 GeV,

D = 0.78+ 0.02,

E = 0.45 a 0.02 .

(21)

(22}

(23)

&K'IPIK'&=&K'IP, IK'&-&K'la" IK'). (24)

There are very few data on the kaon electromag-
netic form factor in the spacelike region. For
the K' we have used a pole-dominated form fac-
tor, F(q') = 1/(1 —q'/m~') and for comparison also
the nucleon isovector form factor F,(q'), by
analogy with the pion electromagnetic form factor
which can be fitted by either of these.

In calculating the Born amplitude one must also
know the strong-interaction coupling constants
g«A and g«& for the nucleon-hyperon-kaon
Yukawa vertices. Unfortunately, these have not
been measured very precisely. Rough experi-
mental bounds are"

—14& g~~A & —6,
0~ gNxz~ 5

(25)

(26)

(where g,» is taken to be positive).
From a combination of recent data on KA photo-

production and KN scattering we take the values
g„« = —10 and g„„~= 1.3. We have tested the de-
pendence of the cross sections on these coupling
constants and have found, as expected, a roughly
quadratic dependence upon g„„z in the KA reac-
tions, which would be exactly quadratic if the
Z exchange in the u channel and the E* exchange
in the t channel were absent. The KZ reactions
which have a A pole in the u channel are also
roughly proportional to g«A'. However, in the
other KZ reactions the s, u, and kaon t channels
are all proportional to g«~ and hence small.
These reactions are more model dependent, be-
cause the K* exchange plays a relatively greater
role than for the KA reactions.

In addition to computing the contributions from

We have used the fact that the 4S =0 vector cur-
rent is conserved and the assumption of no second-
class currents, so that no terms of the form q„
or io'»q" y, appear in the above matrix elements of
the charged weak current. Furthermore, the
induced pseudoscalar term Fi, (q')q„y, is neglected
since it gives a contribution proportional to m„
when contracted with the charged lepton current
(and zero with the neutral lepton current). For
the t-channel graphs the matrix elements
&K' I&"IK') =&K'I&'"IK'& and «' I& I

K*'&
=&KolZt" IK*'& are needed. In the former case
only the vector current contributes and conse-
quently,
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the s, u, and kaon-exchange t-channel graphs
one would like to estimate how important the K*-
exchange in the t channel is. In the analogous
case of t -channel vector meson exchange in weak
pion production, the t"' parities of the charged
4S =0 vector and axial-vector currents imply that
the vector current contributes only to ~ exchange
and the axial-vector current only to p exchange.
Here the situation is more complicated; the K*
exchange involves both V and A parts. The gen-
eral hadronic matrix element for K* exchange is

4~ -m~g2

where n =P~-P, , the f, are form factors for
the K*NY vertex, and I'q„ is the 8'-boson-K*K
vertex function. For the vector current I ~q~„

must have the current-conserving form &~„~,q ~'
and therefore the ~ & term in the K* propagator
and the f,(n')4, term both give zero contribution.
One can then use photoproduction data in conjunc-
tion with an assumed form factor for I'~„at q'00
to estimate the K*vector amplitude. We find that
in the KA reactions the change in the cross sec-
tion due to this vector part of K* exchange is
about 5-20$ depending on the reaction. " For the
axial-current part of K* exchange there is no data
upon which to rely, but it seems reasonable to
assume that it gives a contribution comparable to
that of the vector current. Thus the three main
sources of uncertainty in our cross-section esti-
mates are: (I) the errors incurred in the use of
the Born approximation, (2) the roughly quadratic
dependence of the cross section on the uncertain
strong NKY coupling constants, and (2) the E'
exchange in the t channel.

Essentially all the statements above are appli-
cable also to the neutral-current processes. The
matrix elements of the neutral current in the
Weinberg model can be calculated in terms of
those of the charged 4S =0 weak current and the
electromagnetic current. In order to determine
the dependence of the KA cross sections on the
Weinberg angle, we have used the values sin'8~
=0.2 and 0.4 as well as the central value of
sin'6+ = 3 indicated by present experiments.

The calculation of the differential and total cross
section and the polarization proceeds in a straight-
forward manner once the invariant amplitude is
computed. The fully differential cross section is

~ply w"
Sq'SIY'S cos 6' Scp 22 m 'E'(2w)4

(28)

where m„ is the nucleon mass,

Lp~, =(

label

2v
+ I

2p ltv ly'l2gpv tkepvu8ly l 2)
f

+ 1 for incident v

and

—1 for incident v,

iY~"= ", g «-Y I» I» «Yl~"I»*.
spins

The vector p, in Eq. (20) is defined in the KY
center-of-mass frame (p, + q =p, + k = 0). The
angle 8 and the (Treiman-Yang) angle q& are de-
fined in the same frame, as shown in Fig. 4.

The differential cross section is first decom-
posed with respect to the Treiman-Yang angle q~

into the five terms allowed by locality":

(30)

4O.
= a, +a, cosy u, sing

+ a4 cos2q + a, sin2@,

h h
ep=q

h h
e) =8

FIG. 4. Coordinate system inKY center-of-mass
frame.

where the a, contain no dependence upon y, The
integration over y is then trivial; the remain-
ing integrations necessary to obtain &c/&Q',
Sc/SW, and c were then done numerically, on
an IBM 360 computer. The integrated polar-
ization P~(E) was obtained similarly. In calcu-
lating the polarization it is convenient to reex-
press the invariant amplitude as a hadron center-
of-mass amplitude involving Pauli spin oper-
ators sandwiched between initial and final Pauli
spinors. This is a standard technique which is
necessary in treating resonant reactions (for
which one would then project out the multipole
amplitudes). From the hadron center-of-mass
amplitude one then computes the helicity ampli-
tudes, in terms of which the polarization assumes
a particularly simple form.
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30-

4l~ 20-
Al
E

0
10-

Reaction (8') {GeV) (Q ) {GeV) (E) {GeV)

vn p K+A

vP vK A

vn vK A

1.9
1.8
1.8

0.28

0.24

0.29

2.0

2.0

2.0

TABLE I. Mean values of kinematic quantities for
KA reactions, averaged over Argonne neutrino spec-
trum. Neutral-current reactions are calculated in the
Weinberg model with sin Hw = 3.

1.6 1.7 1.8 1.9 2.0 2. 1 2.2 2.3 2.4 2.5
w (Gev)

FIG. 5. Bo{E,W)/BW for the reaction vn-p X'A, at
S = 1.5, 2.0, 2.5, and 3.0 GeV.

RESULTS AND DISCUSSION

In Fig. 5 we show the differential cross section
S&r(E, W)/SW calculated in Born approximation for
the charged-current reaction vn- p. K'A. For
this and the other results to follow we neglect
the K* exchange amplitude because of the con-
siderable uncertainty about the parameters which
enter into it; this should incurr an error of less
than about 10-30@in the cross sections. As was
emphasized before, the S'distributions are most
accurate for small W (independent of E) The.
&o/SW curves for the neutral-current reactions»- vs, calculated in the steinberg model with
sin'6)w = 3, are quite similar in shape, although
smaller in magnitude, compared to so/sW for
vn- p. K'A, and are therefore not shown. This
similarity indicates that the shape is determined
mainly by phase space, independent of the dynam-
ical details of the particular reaction. In the
neutral-current case, Sc/SWis not very sensitive
to changes of the Neinberg angle in the range

e 10-
OJ

E
Olr

I
O

5

Ibo

1.6 I.& 1.8 1.9 2.0 2. 1 2.2 2.3 2.4 2.5
W (GeV)

FIG. 6. da'/dS', flux-averaged for the Argonne neu-
trino spectrum, for the reactions (a) vn p, K'A, {b)
vg vK A, and {c) vp —vK+A. The neutral-current re-
actions are calculated in the steinberg model with

n gw=+.
~ 2

0.2& sin'8v& 0.4. The same is true of a(E), and

accordingly we shall restrict ourselves to illus-
trating this dependence on the %'einberg angle
only for the flux-averaged cross section. The W

distributions, flux-averaged for the Argonne neu-
trino spectrum, are shown in Fig. 6. Again, the
curves for all three KA reactions are very sim-
ilar in shape, and the charged current distribution
is larger by a factor of about 4 than the two neu-
tral current ones, which are comparable. The
maximum of the vn- g K'A So(E, W)/SW curve
moves from W= 1.7 GeV at E = 1.5 GeV to W
= 1.9 GeV at E = 3.0 GeV; the maximum of the
flux-averaged distribution do/2 W is at W= 1.7 GeV.

The mean values of Wfor these three reactions
are given in Table I; as is expected from the high-
W tails on the flux-averaged do/dW curves, the
(W) values are slightly higher than the actual
maxima of these curves. The differential cross
sections Sc/SQ' have also been calculated and
exhibit a typical rapid falloff for large Q' due to
the damping from the form factors at the current-
hadron vertices. The mean values of Q' for the
three EA processes are given in Table I and are
all less than 0.3 GeV'. Clearly, the values of
( W) and (Q') (and also (E)) are quite similar
for the three KA reactions.

The total cross sections for the three»- LKA

reactions and, for comparison, also the cor-
responding vN- TEA reactions, are given in
Table II, at three representative energies. The
neutral-current processes are calculated in the
%'einberg model with sin'6)w = &. The relationship
between the sizes of the neutrino cross sections
is similar to that which applies for the 8'distribu-
tions. The cross section can be written in the
form

o = (VV, AA), (VV, AA)„+ (VA), (VA)„(32)
-0VV, AA+ OVA

where, for example, the second term in Eq. (32)
denotes a product of a leptonic vector and leptonic
axial-vector amplitude, multiplied by a product
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TABLE II. Total cross sections for charged- and
neutral-current vN- IKA and vN LKA reactions. The
neutral-current reactions are calculated in the Weinberg
model with sin~+ =3.

TABLE IV. Total cross sections for the neutral-cur-
rent KA and KZ reactions, flux-averaged for the Ar-
gonne neutrino spectrum, in the Weinberg model.

Reaction sin20 o (10 42 cm2)

o (10 4' cm2)

a (vn p K'A)

a (vp p+KOA)

o (vp vK+ A)

o (vp vK+ A)

o(vn- vK A)

o. (vn vK A)

0.14

0.12

3.9 x 10"

5.5x 10 ~

5.4x 10 2

3.5x10 2

1.8

0.43

0.52

0.54

0.37

5.4

4.1

1.2
1.4
1.5

E =1.2 GeV E =1,6 GeV E =2.0 GeV

vn vKOA

vp vK Z

vp- vK Z'

vn vKOZO

vn vK+ Z

0.2
0.33
{}4

0.2
0.33
0 4

0.33

0.33

0.33

0.33

0.80
0.81
0.85

0.88
0.97
1.1

0.26

0.017

0.73

0.017

of hadronic vector and axial-vector amplitudes,
and similarly for the first term. Positivity re-
quires ovv»& ~o«~. Since the hadronic matrix
element in Eq. (10) is obviously the same for the
v and corresponding v neutral-current reactions,
and also for the two charged-current reactions
(because of the charge symmetry of Z") it follows
that

V V
~VV, AA, ~VV gA (34)

V
~VA ~VA (35)

TABLE III. Total cross sections for charged-current
KA and KZ reactions, flux-averaged for the Argonne
neutrino spectrum.

Reaction (T (10 42 cm2)

vn p K'A

vn —p KOZ+

vn-p K'Z

3.4
0.79

0.11

for each of the three pairs of KA reactions.
Hence, by taking sums and differences of cross
sections it is possible to isolate 0~~ » and o&„.
As is evident from Table III, the neutrino and
corresponding antineutrino reactions have rather
similar cross sections, or equivalently, v~„ is
small compared to 0«». Secondly, one can
observe that 0'&& is positive for the reactions
vn- p, K'A and vn- vK'A, and negative for the
reaction vP- vK'A.

For E & 2 GeV the Born approximation to the
total cross section exhibits a linear rise. " Phys-
ically, the cross section will presumably level

off at large energies, so that this linear rise is
an indication of the invalidity of the Born approx-
imation at high energies. Note that this source
of error causes an overestimation of the cross
section; this fact will be significant in the com-
parison of our results with the Argonne data.
However, this overestimation should not be very
large for the flux-averaged cross section, since
Q(E) gives practically zero weight to E & 2 GeV.
In Tables III and IV we give the total. cross sec-
tions, flux-averaged for the Argonne neutrino
spectrum, of the charged-current and neutral-
current KA and selected KZ reactions. In the KA

reactions the s channel gives the dominant con-
tribution to the cross section. For example, for
the reaction vn- p, K'A, the s channel alone gives
a flux-averaged cross section of 5.9~10 "cm',
while the s, u, and t channels together give 3.4
x10 "cm'. In the neutral-current KA reactions
vp- vK'A and vn- vKDA (in the Weinberg model
with sin'Ov =-, ) the s channel alone gives a flux-
averaged cross section of 0.66&10 ~' cm' and
1.1&&10 4' cm', respectively, while the s, u, and
t channels give 0.81&10 ~' and 0.97&10 "cm'.
There is thus constructive interference in the
vP- vK 'A case and destructive interference in
the vn- vK'A and vn- p. K'A cases. The neutral
KA reactions do not vary strongly with the Wein-
berg angle; as sin'~~ increases from 0.2 to 0.4,
v(vP- vK'A) increases by only about 6 "/0, while
o'(vn- vKOA) grows by -20%. As was true of
So/SW and c(E), the charged-current cross sec-
tion o(vn- p K+A) is about 4 times greater than
the neutral current KA cross sections. The latter
are comparable; for sin'6~ = —,', a(vn- vK'A)
= 1.2o(vp- vK'A). From the two vn- p, K'A
events and the one vn- vK'A event, the Argonne
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a(vP- vK'A)+ a(vn- vIPA)
2a(vn- p, K'A) (36}

(for sin'8v = &).
For the purpose of comparison, we have also

calculated the cross sections for the two neutral-
current KA reactions using a hadronic neutral
current proportional to the electromagnetic cur-
rent. This type of neutral current appears in the
Beg-Zee model' and in the Bjorken-Llewellyn
Smith 2-3 model" in the form

J~z =a(1 —2 sin'8z) J,"
where 6I& is a parametric angle analogous to the
Weinberg angle, and where a =b'av/(mz cos8z } in
the former model and a = 1 in the latter model (in
which the relation mv =zez cos8z holds). For
sin'&& =3, a=1, the cross sections are roughly

experiment derives flux-averaged cross sections
of a(vn- p, K'A)= 2&&10 "cm' and o(vn- vK'A)
~ 3&(10 ~ em

Thus we make the following conclusions:
(1) The Cabibbo theory predicts a flux-averaged

Born-approximation cross section for the reaction
vn- p. K'A which is much smaller than that ob-
served at Argonne. We stress that the basic
theory is presumably dependable here.

(2}The Weinberg theory with a reasonable range of
8z predicts o(vn- vK'A) to be very much smaller
than that inferred from the one event at Argonne.
In both cases (1}and (2) the inclusion of K* ex-
change corrections could only increase the cross
sections by -30~/0, and the use of the maximum
allowed g„zq (g„zq = —14 rather than —10) would
only scale the cross sections up by about a factor
of 2. These changes would still leave a huge dis-
crepancy between the predicted and observed
cross sections. One may, of course, question
the applicability of the Born approximation, but
one should recall that the linear rise of the Born
cross section tends to overestimate the actual
cross section.

(3) The Weinberg theory with the same range
of 8& gives a value for a(vP- vK'A } comparable
to that for o(vn- vK'A). When translated into an
event rate, this indicates that no events should
have been observed at Argonne. This is in agree-
ment with the absence of any vP- vK'A events in
the Argonne data. However, our results for these
two neutral-current reactions do not agree with
the inference from Argonne that the reaction
vP- vK'A might somehow be suppressed relative
to vn- vKOA.

(4) Our calculations do not confirm the sugges-
tion from the limited Argonne data that the neutral-
current KA cross sections are larger than the
charged-current ones; rather, we find that

an order of magnitude smaller than those in the
Weinberg model:

c(vp- vK'A)z „z =0.58x10 ~' cm',

a(vn vKoA)z „z ——0.76x 10 4' cm'.
(38)

(39)

2(Q')'6'a'(1-2 sin'8 )'

g4"
sq'8W'scos88@ „„„„„(40)

The KA electroproduction data can be fitted
reasonably well for moderate Q' with g„zq=-11."
This value of g„&~ is near the middle of the large
range IEq. (25) above] allowed by present experi-
mental determinations. For Q' & 0.6 GeV' the
Born-approximation cross section falls somewhat
faster with increasing Q' than the electroproduc-
tion data. " However, this is not an important
source of error for the weak associated-produc-
tion calculation since, as was mentioned before,
the dominant contribution to the cross section
comes from ~he small Q' (Q'& 0.5 GeV') part of
phase space. Thus the comparison with KA
electroproduction gives one further confidence
in the accuracy of the results listed in Eqs. (38}
and (39); these can be scaled up or down if one
uses a different value of g„~&, a, or sin'6)~ than
the ones used for the calculation.

Tables III and IV also show 0 for certain KZ
reactions, flux-averaged for the Argonne flux
spectrum (although there are no KZ events ob-
served at Argonne). The neutral current KZ cross
sections are calculated in the Weinberg model
with sin'6}& = 3. Those which involve A exchange
in the u channel (vn- p K Z', vn vK'Z', a-nd

vP- vK'Z') are, as one would expect, larger
than those which have only NKZ strong vertices

Thus, models in which the neutral current is pro-
portional to the electromagnetic current, with a
moderate value of the parametric angle, are in
even more serious disagreement with the Argonne
results. One can assess the accuracy of the Born
approximation for the neutral-current reactions
with J ~z ccJ", by computing the corresponding
electroproduction cross section and comparing it
with the available data. This is a result of the
fact that if J~ o(:4," there is no hadronic VA inter-
ference, so that the hadronic tensor W"' is com-
pletely symmetric, and consequently the leptonic
VA interference term i)f„„gl,l, in L„„gives no
contribution to the differential cross section.
Thus the differential cross sections are simply
proportional:

840

~Q ~W icos&8% es eI(. r
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(vn- V. K'Z', vn- vK'Z, and vP- vK'Z') since
gN&A'» g&&z'. Furthermore, within each of these
two classes the charged-current reactions are
dominant.

The KA reactions are also of interest because
of the experimental feasibility of measuring the
polarization of the A. Since the KA reactions are
not highly resonant, the polarization normal to
the hadron scattering plane (formed by p, and q
in the laboratory frame}, which is time-reversal
violating in the absence of final-state interactions
is presumably small, especially when Qux-aver-
aged. There remain the longitudinal polarization
and the polarization normal to p„but in the hadron
scattering plane, both of which are time-reversal-
even and parity violating. We concentrate here
on the longitudinal polarization, I'I. . Figures 7,
8, and 9 show PI, (E) for the three KA reactions
induced by neutrinos and, for comparison, also
the three corresponding antineutrino reactions.
For the four neutral-current reactions we again
use the Weinberg model with sin'8~ = .

As is evident from the graphs, the longitudinal
polarization approaches constant values for E~ 2
GeV. The flux-averaged polarizations for the
neutrino reactions are 7'z(vn- V, K'&}~14%,
Pz, (vP- vK'A}~ 18ok, and PL, (vn- vIPA)= —30$.
These are sufficiently large, especially in the
last reaction, that it should be possible to measure
the longitudinal polarization in the next few years.
It should be noted that PI. arises both from leptonic
VA interference (multiplied by hadronic VV, and
AA terms), and from hadronic VA interference
(multiplied by leptonic VV and AA terms). Con-
sequently, there will still be longitudinal polar-
ization present even if the neutral hadronic cur-
rent is purely V or purely A.

I.o-
0.9-
0.8-
0,7-
0.6
0.5-
0.4-
0.3-
0.2
O, I

pL 0
-0. I

-0.2
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-0 4-
-0 5-
-0.6-
-0.7-
-0.8-
-0 9-
-I.O-

e Y)

(b)

FIG. 8. Longitudinal polarization, PJ. (S), of A in the
reactions (a) vp vK+A, and (b) vp v K+A, calcul-
ated in the Weinberg model with sin2ee =s.

The differential polarization PL, (E, q', &, &) ex-
hibits considerable structure, which will be dis-
cussed more fully in a future publication. Here
we shall only note several salient features. First,
in the approximation that m„=0 in the charged-
current reactions and exactly in the neutral-cur-
rent reactions, P~=O at q'=0. This is a conse-
quence of the fact that for m„= 0 and q' = 0 the
amplitude is of the form q„(KY(J"~N)
-(KY~ s„Jv(iV). Now B„J"contains only the di-
vergence of the axial-vector charged or neutral
weak current since 8„V"=0 for the 4S =0 charged
weak current, and for the Weinberg and J ~I' o- J",
neutral currents. Therefore, there is no leptonic
or hadronic VA interference and consequently
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0.5-
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2.0
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FIG. 7. Longitudinal pelarization, Pz (E), of A in the
reactions (a) ve p K+A and (b) vp @+K~A.
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FIG. 9. Longitudinal polarization, Pl. (E), of A in the
reactions (a) ve vK A, and vn vK A calculated in
the Weinberg model with sin Q =3.
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no parity-violating effects, such as longitudinal
polarization. " Secondly, as S'approaches thresh-
old, PL, becomes isotropic in terms of the hadron
center-of-mass angle 6), just as the differential
cross section itself does. Finally, for Q'=Q, „'&0
at a given W, P~ (6 = 0) =Pz (& = v) = 1 (- 1) for v (v)
reactions, respectively, independent of the details
of the hadronic amplitude. If Q '=0, which oc-
curs only for the neutral-current reactions at
8'=O' „, P~ =0 by the argument given above.
These features of the longitudinal polarization
should be relatively amenable to experimental
observation.
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