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We present calculations of the cross sections for two types of exclusive charm-production reactions: the quasi-
elastic processes v N — p~(C,, C;,C;*) and the single-pseudoscalar-meson production processes
vN—u K(Cy,Cy) and N —pu*D(A,Z). With a set of reasonable assumptions we find that the ratio of the
cross section for these exclusive channels to the inclusive noncharm cross section is ~ 4% for neutrinos and

~ 3% for antineutrinos.

I. INTRODUCTION

Recently there has been considerable interest,
both theoretical and experimental, in the search
for charmed particles.! The original motivation
for the introduction of the fourth quark, ¢, carry-
ing a new hadronic quantum number, charm, was
the suppression of neutral strangeness-changing
currents in gauge theories of weak interactions
by means of the GIM mechanism,? Several experi-
mental findings have provided support for the
charm picture.® These include, first, the dis-
covery of the narrow resonances J/¢(3.1) and
$'(3.7), for which the most plausible explanation
seems to be that they are the ground state and a
radial excitation, respectively, of a bound ¢C
pair., Furthermore, the behavior of

R=0(e*e” ~hadrons)/c(e*e” — u* i)

clearly indicates the presence of more than just
the three color triplets of u, d, and s quarks in
hadrons. Thirdly, the Harvard-Pennsylvania-
Wisconsin-Fermilab experiment has observed an
anomaly in the ¥ distribution at small x and large
¥, in antineutrino deep-inelastic scattering, such
as would be caused by the production of a hadron
with a new quantum number such as charm. Both
this group and the Caltech-Fermilab group have
observed dimuon events in neutrino and antineu-
trino reactions which again signal the production
of hadrons with a new quantum number such as
charm. (The alternative explanation based on
heavy-lepton production is now reasonably well
ruled out.) Finally, a AS =~AQ event with the
characteristic signature for charmed-particle
production and decay has been observed in the
Brookhaven bubble-chamber experiment. Further
and more decisive experimental verification of the
existence of hadrons with charm (as well, proba-
bly, as other new quantum numbers) is presumably
not too far in the future.

Theoretical estimates of cross sections and
signatures for charm production have concentrated
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on deep-inelastic neutrino reactions, including the
contribution of F* inelastic diffractive processes,
and on e*e” annihilation.! Here we would like to
consider the two simplest types of exclusive
charm-production reactions. These include, first,
the quasielastic processes VN - u~ (Co, Cl) and

VN— " Cf, where C, and C, are the JP=3"  §=0,
C(charm) =1, [ =0,1 baryons, and C; is the J?=3"*
analog of C,. (We follow the notation of Gaillard,
Lee, and Rosner, Ref, 1.) The next simplest ex-
clusive channels are the meson-production reac-
tions UN— "K(C,, C,) and IN—- u*'D(A, Z), where

D is the JP=0", $=0, C=1, I =3 meson. The
quasielastic reactions have lower thresholds than
the meson-production reactions and consequently,
other things being equal, would be a more favor-
able means of looking for charm. However, since
the charm-changing part of the charged current

in the GIM form of the Weinberg-Salam model is,
in terms of quark fields,

JHo=Cy* (1 = ¥,)(~d sinb, +s cosf ) 1)

(where® 6,=0.239 +0.005 is the Cabibbo angle), and
since the quasielastic channels necessarily involve
the d - c transition, they are suppressed by the
Cabibbo factor sin®?6,=0.06. In contrast, reac-
tions in the subclass of the meson-production pro-
cesses which proceed via the s - ¢ transition,
namely the ones listed above, are proportional to
cos?6. and hence, despite their higher thresholds,
are competitive with the quasielastic ones. These
two types of exclusive reactions are of interest be-
cause they have the lowest thresholds of charm-
producing processes, and, for energies not too far
above these thresholds, they are dominant among
such processes. Accordingly, one can use them

to obtain a rough estimate of charm production
near threshold. A measure of this production

rate is provided by the ratio of the cross section
for the production of a final state containing
charmed particles to the cross section for the
production of an uncharmed final state:
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vy _ OW@IN=p(l)+charm +--+)
By"= c(W@N=-p(B)++--) . ()

Since these exclusive channels have cross sec-
tions which become constant as functions of inci-
dent neutrino energy E, they will be maximally
visible under the linearly rising total inclusive
(noncharm) cross section for energies not too far
beyond their thresholds. As the energy increases,
they will comprise a progressively smaller frac-
tion of the total cross section. However, other
higher-multiplicity exclusive channels yielding
charmed particles will open and, presumably,
o(v(V)N— p(@)+charm +- - - ) will scale at high
energy, so that Ry” will be approximately con-
stant as a function of E.°

II. CALCULATIONS OF CROSS SECTIONS

Let us consider first the quasielastic reactions,
which are, explicitly,

vn—u Cy , (3)
v~ Cyt, 4)
vn—~ | C;, (5)
=, (6)
vm—umCr. (7)

These are AQ =AC =1, AS =0, Al =3 transitions.
There are no antineutrino-induced quasielastic
charm-producing reactions. Because of the Al =3
property of the current Jh+ [i.e., the current
having the same SU(4) transformation properties
as the D* meson, the ¢y*(1 —y,)n current], the
differential cross sections for reactions (4)-(7)
satisfy the relations

d ++ d -t
207 =N =245 n- ), ®)

do _ do -
Eé—z(vp"“' C]Tk++)=2 sz (Vn-'“’ C1*+)' (9)

The invariant amplitudes for these reactions can
be written in the form

M= EER 7, (1) (=7, ()4 (N3 N D))

(10)

where G=1.02X1075/m,?, The matrix elements of
the current J;+ can be calculated using SU(4) sym-
metry, as described in the Appendix. In terms of
the usual F and D reduced matrix elements of the
Cabibbo current between C =0 SU(3) octet states
we find

(ColTh+|n) = GM2GD +F)H, 11)
(C T8+ p) = @M2(F - D)~ 12)
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Since the vector part of the Cabibbo current is in
the same SU(3) octet as the electromagnetic cur-
rent, one can express the vector part of the F and
D matrix elements in terms of matrix elements
of the latter current. Writing

F¥ =(Fy - F,*, (13)

D' =(Dy-D )", (14)
one obtains

Fy=(p|lJt,| p) +3(n|dt,|n), (15)

DY ==3(n|J* |n), (16)
that is,

F%=ﬁ(pz)[(Ff+%F;')y“

b 1 n iapuqu
+(upFh+3u, Fz)m u(p,),

amn

and similarly for D¥. However, the vector part of
J} is presumably dominated by the D* meson, in
contrast to the electromagnetic current, whose
hadronic matrix elements exhibit vector-meson
dominance by p, w, and ¢. In order to take this
into account we replace the vector dipole (mass)?,
0.71 GeV?, in the Sachs form factor by 42,
b2y Gu@®) _ Gy@®) _ 1

G- T+p, 1y (=a?/mp2P° s)
and G%(g?)=~0. The Dirac and Pauli form factors
are given by an obvious generalization of the usual
relation to incorporate the mass difference be-
tween the initial and final baryons:

Ge"@?) = [a2/(my +m ] G (q?)
1-q%/(my +m )

Fi(q?) =

’

19)

64"(6") - G4 @)
1-q%(my+mcpP °

F5(q?) = (20)

For the axial-vector part of the F and D matrix
elements we have

(F,D)
(F +D)

where F3* (F}') are the usual SU(3)-octet axial-
vector (vector) currents

Jhe =T - Fili,, (22)

(BIF3hiln) =(F +D)a(p vy, Fo@®)u(p,), (23)
and’”

F=0.78 +0.02,

D=0.45 0,02,

(F4, DY) = (BIF 3 ln) 1)

(24)
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FA(q2)=r;Fn:§3; . (25)

In the actual matrix element of Eq. (21) the axial-
vector dipole mass is measured to be m ,~0.95
GeV.2 However, for the matrix element of J5 we
shall use a value of m, designed to reflect the
dominance of the axial-vector part of this current
by charmed axial-vector mesons, For definiteness
we take m, equal to the mass mx used in the vec-
tor form factors. It should be noted, moreover,
that in the expressions above we have assumed the
absence of second-class currents, so that there
is no ¢* term in Eq. (17) and no io"’q,y, term in
Eq. (23). Furthermore, we have neglected the
induced pseudoscalar term Fp(g®)q"y, since it
gives a contribution proportional to muon mass.

Having determined the invariant amplitudes for
the reactions (3)-(5), we next calculate the dif-
ferential cross sections. For generality of nota-
tion, define

iot’q,

(ClT+1N) =T(0,) A @W* +Bl®) s

+C(qz)7“75] u(p,), (26)

where the form factors for the various reactions

can be read off from Eqs. (11)-(16) and (21)-(23).
Then, neglecting muon mass (and using @2 =-¢?),
we find

do G2 sin%6
= [0} 2 ’ L2
sz = ST Zq W1+(4EE +q )W2

. E(E+E)

2
2B e, X

where

W, = s Lono=my ¥ —a?)|4 57

+{m e +my) - a?](Cl%, (28)
2 __qz_ 2 2
Wo=lAl? ~ o Bl (29)
and
W,=2Re[C*(A +B)]. (30)

‘In Eq. (27) E’ is the lab energy of the scattered
muon and £==+1 for v, V reactions, respectively.
In connection with Eq. (30) one should remark that
the assumption of time-reversal invariance im-
plies that the form factors A, B, and C are real.
The analysis of the C] reactions is more com-
plicated and the results less reliable. We shall
use two methods to estimate the cross sections
for these reactions: first, a direct comparison
with analogous processes involving uncharmed

baryons, and, second, a calculation based on the
isobar model. Proceeding with the first method,
we record the SU(3) relation

(Z7| Ig-|n) =D - F)*, (31)
and the SU(4) result

(XTI Thelp) = (AT 232 Thal ), (32)

where in the latter equation appropriate changes

in the ¢? dependence of the form factors are under-
stood. From Eqs. (12), (31), and (32) there then
follows the approximate relation

-k
owp~w Cr'") s
— ALt~ Ban?

o(p—u a*)
Although the hadronic matrix elements of J* and
J} in the reactions Vn— u*Z~ and vp - " C;'* are
proportional, in the cross sections the VA inter-
ference terms are of opposite sign. However, this
is not an important effect since, as is evident
from Eqgs. (26) and (27), the VA term is smaller
than the dominant (VV,AA) term in the cross sec-
tion by a full power of E, and consequently is
negligible at high energies. It is, moreover, rea-
sonable to assume that the enhancement of the
charmed particle cross sections due to D* (and
the charmed axial-vector meson) dominance of
the form factors is similar on both sides of Eq.
(33). Then, using (1) the measured cross section®
op - wa**)=0,7x10"3 cm?, which is in accord
with the prediction of the Adler theory!® (for
m, 0,95 GeV), (2) the Cabibbo prediction (again,
for m,~0,95 GeV) o(Vn— u*Z7)~2x10"%° cm?, and
(3) our result o(vp - = C; ") =~0.9X10"3% cm? for
me, =2.5 GeV and m,x=2.26 GeV, we get

o(vp~uC™)
con=-pz) - &Y

op - W CF ) =20wn—-uC}")~1.6X10"% cm?,

In an effort to have a full dynamical calculation
of the cross sections for the C;f reactions we have
also utilized the isobar model, which treats the
Cf as a stable particle, This model has been ap-
plied successfully to calculate weak production
(as well as photoproduction and electroproduc-
tion) of the A(1232).!! However, in the case of
the C;* there is considerable uncertainty regarding
the form factors which enter into the expression
for the reaction amplitude. In addition, the isobar
model suffers from a fundamental problem plagu-
ing any calculation of a process involving particles
of higher spin, namely that higher powers of mo-
menta appear in the cross section and can give
rise to spuriously large results at high energy.

In particular, the spin projection operator which
occurs when one performs the summation over
final baryon spin contains terms going like the
third power of the momentum.'? The differential
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cross section still has the form

do 1
Q7 o« 5T (ap +a, E +a,E?), (34)

as a general result of the one-intermediate-vector-
boson-exchange approximation,!® but the depen-
dence upon ¢2 is increased by one power. If one
did not include form factors to introduce damping
in g2 the cross section would grow without bound;
even with form factors the higher powers of ¢

can give rise to spuriously large contributions at
high energies. Where the model has been applied
and compared with experimental data, such as in
weak A production, the energy is sufficiently low

|
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so that this problem is not serious. In the present
case we do not consider it justifiable to use the
isobar model at energies more than 5-10 GeV
above threshold.

With these caveats in mind, we continue with
the calculation of the cross section for the C}*
channels. The invariant matrix element can be
written as a sum of four-vector and axial-vector
terms. These will be specified by using Eq. (32)
to relate them to the corresponding terms for A
production. According to the usual convention the
latter form factors are defined for the reaction
vn— " A", Since JY is an isovector current, the
form factors for the process vp -~ "A** are greater
by the factor V3. Explicitly,

cn. G = cY cY c o
Mn -y~ A )=72'—— Ua(Pz)Kj‘ Ye+;jr'ipze+‘;n"5N—z‘P1s>?’sF

. cA cA . CAq-jp®
+CYi% (i v + g o )PP+ 027+ AL upy), (35)
N N N

N
where
3% =, (L) (L = vs)uy (14), (36)
Fﬂazqﬂja_qajﬂ’ (37)

and U, is the Schwinger-Rarita spinor for the A,
The fact that the vector current is conserved im-
plies that CZ:O and the neglect of muon mass
eliminates the C# term. A detailed discussion of
the remaining six form factors would be out of
place here. We shall choose the g% dependence to
be the same for all the nonzero form factors,

viz.,

C{4@*) < (38)

1

(A =q®/mp) °
This ad hoc dipole parametrization is in reasonable
agreement with the data on weak pion production.
However, given the above-mentioned defect of the
isobar model at high energies there is less justi-
fication for using dipole form factors in the C}
reactions. Accordingly, we have also tried phe-
nomenological form factors having third-order
poles in (g2/m}?).

The g2 =0 values of the form factors used in
successful models of A production, such as Adler’s
model, are listed below'*:

cro)=2.0,

~e N oV
CZ(O) = (mN+mA) cg (0) ’
c4(0)=0,
C#(0)~0.3,

C£(0)=-1.2.

The value of CJ(0) is well established from photo-
production and electroproduction data. These
data can be fitted with C] as given above, or with
CY=0. The values of CY, C2#, and C# given in Eq.
(39) are used in most models of A production. As
for C#, theories other than Adler’s employ rather
different values; for example, the static model
has C;;‘ =0, The full expression for the cross sec-
tion is too long to include here; it is given, for
example, by Albright and Liu, Ref. 11,

The final class of exclusive reactions to be
considered consists of single-pseudoscalar-meson
production processes. These include reactions

~ which proceed via both the z— ¢ and the s—c¢

transitions, but since we are interested only in
the dominant channels we concentrate on the latter
group of reactions, A list of them is given below:

v - w[K*Cy Kr el KoC ], (40)
vn— o [K°CS,K°C} ,K*C?], (41)
p - ' [DA, DOZ°, D~ 5*], 42)
vn—u'[D"A,D"Z° D°Z"]. (43)

The reactions of Eqs. (40), (41) and (42), (43)
are, respectively, AS=AQ=AC=x1, AI=0
transitions in which the hadronic weak current is
J4+, the part of the charm-changing current trans-
forming under SU(4) like the F* meson. As a
consequence of the fact that Jj is an isoscalar
operator one immediately derives the following
relations among the differential cross sections for
these reactions:

do - do -
7" (wp - K'*CJ):——sz (vn—K°C;), (44)
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do
dQ?

do

o7 Wb = WK°C{™) = 255 (va= K" CY)

do _—
=2TQ2 (Vp—’]J. K+C:)

-2 ;gz (n~ CK°CY), (45)
d _ — do -
g7 @ = uDN) = 205 = u'D7A), (46)
and finally
Lo (b= 'D72") = 255 n— u'D°E")

~2-55 (b~ DY)
=2% (Fn—p'D"Z%.  (47)

Note that, as was the case with the quasielastic re-
actions, charmedbaryons are only produced by an
incident neutrinobeam, while antineutrinos yield
only charmed mesons, with C =-1. In Figs.1 and 2
are shown the Born diagrams for illustrative reac-
tions, in terms of quarks and physical particles,
One may observe that there are no s-channel
graphs since it is not possible for the favored
s — ¢ transition to take place off the (valence)
quarks of the target nucleon.

After these general remarks we shall briefly
outline the calculation of the cross section for
these meson-production reactions. This is con-
siderably more complicated than the case of quasi-
elastic channels, as is indicated by the fact that
the full differential cross section there is only
a function of two variables, say E and g2, whereas
here it is a function of five variables. These can
be conveniently chosen to be E,q%, W (the invariant
mass of the final meson-baryon system) and the
polar and azimuthal (Treiman-Yang) angles of
emission of the meson in the hadron center-of-
mass, 0 and ¢.'® In order to determine the ampli-
tude we shall use the method of the generalized
Born approximation, in which one includes only
diagrams without loops but utilizes phenomenologi-
cal form factors for the weak vertices. This ap-
proximation is based on the assumption that the
Born poles in the s, #, and ¢ channels provide the
main contribution to the amplitude, simply be-
cause they are the nearest singularities to the
physical region. It is also supported by phase-
space arguments which show that single-particle
intermediate states should dominate over multi-
particle intermediate states at low energies. The
Born approximation by itself, of course, does not
take into account resonances. It is thus presuma-
bly most reliable near threshold in nonresonant

reactions. At higher energies the model breaks
down, because (1) most of the physical region is
farther and farther from the Born poles, so that
the assumption of Born-pole dominance is no long-
er valid, and (2) the nonrenormalizable Pauli-
magnetic-moment coupling terms contribute
spuriously large terms to the amplitude.'®* More-
over, the Born model yields a cross section which
grows linearly with energy at sufficiently high
energy, in conflict with the observed behavior of
cross sections for exclusive processes (which, as
was mentioned before, reach constant values or
decrease at high energies). This spurious growth
arises from the integral over W, the upper limit
of which increases with E. Accordingly, one must
cut off this integral, at some upper limit Wnax. In
a resonant process such as weak pion production
a natural cutoff is provided by the width of the

A resonance, i.e., Wy =W + .17 In contrast,
there is no natural cutoff in the reactions con-
sidered here, and thus we shall show results based
on several different choices of Wnax.

Turning, then, to the calculation of the Born
amplitude, we note that, as is clear from Figs. 1
and 2, the KC,,, reactions receive contributions
from A and Z exchange in the u channel, respec-
tively, and from D exchange in the ¢ channel,
while the D(A, Z) reactions involve C, and C, ex-
change in the u channel, respectively, and K ex-
change in the ¢ channel. In the spirit of the simple
Born approximation we do not include the contri-
butions due to the Y* resonances in the u channel
or K* D* and other meson resonances in the ¢

’

channel. In order to calculate the matrix ele-

(a)

FIG. 1. Generic Born diagrams for the reactions
VN—L"KCy ;1 (a) with elementary fields, (b) with phys-
ical hadrons.
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ments of the weak hadronic current J% we shall
make use of SU(4) symmetry. In particular, in
the case of the baryon matrix elements we shall
again use the symmetry between transitions in
the octet comprised of the particles N, C,, C,,
and X and transitions in the regular C =0 baryon
octet. In terms of the F and D reduced matrix
elements we find

(Cy|Ib+|A) =3D* +F* | 48)
(C,|JL+|Z) =F* - D* , (49)

In this case, in order to incorporate F* dominance
of the vector part of J% and the analogous charmed-
axial-vector-meson dominance of the axial-vector
part of this current, we use 7 x in place of m,x

in the modified form factors dealt with above.
Similarly, for the matrix elements of the current
between meson states (in which only the vector

part contributes)

(K ()| TE+| D (R))) = (KO (k)| L +| 7= (R,))
= fo (@) (ky +Ry)" + (@) (R, = Ry)¥
(50)

where f,(¢q?) and f_(q?) are the form factors for
K,, decay and Jg+=F%, ;. - F54,.. The f. term
contributes a term proportional to lepton mass
and is dropped. We take f.(q?) to have a dipole
form, with the mass parameter equal to #gx.
One must next determine the coupling constants
to use for the strong Yukawa vertices in the Born
graphs. One obtains the following relevant SU(4)-
symmetric coupling terms in the effective strong-

(a)

_ K (b)
%‘/5

FIG. 2. Generic Born diagrams for the reactions
VN—u*DY (Y =A, Z) (a) with elementary fields, (b)
with physical hadrons.
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interaction Lagrangian (with y, suppressed):
i& =gypc,(Co PD°+ConD")
+8vp,[C1 (bD° =nD™) +v2 (CnD° +C| "pD")]

* +H.c. (51)
These terms are the same as the NKA and NKZ
interaction terms, with the replacements D°—K*,
D™ —K° Cg—A, CY"*" =270 and gypc,

—~ &Enkns8¥pc, = Snks- SU(4) symmetry, or actually
just the symmetry between the MBB couplings of
the octet containing N, C,, C,, and X, and the
usual C =0 octet implies that
gNDCO:gNKA ’ (52)
8npc, =8nkz >
where the latter coupling constants are defined as
~(83-2a)
Even= T3
Svxz=Ra-1)gryy,

with gy yy =13.5 and o =D/(F +D) the coefficient
of the symmetric MBB coupling. For a=~0.6
[corresponding to the SU(6) prediction F/D =%],
we have

Ernn s

(53)

gNKA"\"'_149 (54)
8yrs=2.1.

Experimentally, these coupling constants have not
been measured very precisely.'® Although the
measurements are scattered over rather large
ranges, they indicate that central values of gy,
and gy fall somewhat below the SU(3) predic-
tions. For example, (gyxa)ep=~—10. However,
there is no unambiguous way to incorporate SU(3)
symmetry breaking in formulas (48) and (49),
which are based on the assumption of SU(4) sym-
metry. Consequently, we shall use the SU(3)-
symmetric values listed in Eq. (54).

The determination of the weak W boson-hadron
couplings, as given by the matrix elements of the
current J, between the relevant baryon or meson
states, and the specification of the Yukawa cou-
plings suffice to evaluate the amplitude for the
pseudoscalar-meson production reactions in Born
approximation. It is then straightforward, al-
though rather tedious, to calculate the differential
cross section, which is

3o _ 1 Iﬁzl lmlz
0Q%W?20cos00¢  2"m2E (27 W ’

(55)

where N is the invariant amplitude, and p, is the
3-momentum of the final baryon in the hadron
center-of-mass frame. In order to obtain the
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cross section we then integrate over the four vari-
ables ¢, 6, W, and Q2. To facilitate the integra-
tion over the azimuthal angle ¢ it is useful to de-
compose the differential cross section into the
five terms allowed by the Pais-Treiman theorem,
which have the explicit ¢ dependence 1, cos¢,
sing, cos2¢, and sin2¢, respectively.!'®> The in-
tegration over ¢ leaves a threefold integral which
is evaluated numerically on a computer.

III. NUMERICAL RESULTS

Because our primary goal is the estimate of
charm production we shall not present the differ-
ential cross sections, but rather only the total
cross sections. The results are dependent, of
course, on the values which one takes for the
charmed particle masses. Estimates of these
masses have been given by a number of authors,
in particular, Gaillard, Lee, and Rosner,' and
De Rdjula, Georgi, and Glashow.!® For reference
it will be useful to list their results for the rele-
vant masses; these are shown in Table I. It might
be noted that we have updated the GLR estimate
of mj, by using mn ~2.8 GeV.?° An experimental
measure of the charmed-baryon mass scale is
provided by the Brookhaven AS =-AQ event, with
mo~2.4 GeV. The masses have two major effects
on the behavior of the cross section. First, ob-
viously, the threshold in incident neutrino energy
depends quadratically on the invariant mass of the
final hadronic state and increases rapidly as the
charmed-particle masses are increased. Second,
the masses which enter into the dipole form fac-
tors, which we have chosen to be mpyx and mgx
for the reactions involving Jj and J%, respective-
ly, control the @2 behavior of the differential cross
section do/dQ?. As one increases these mass pa-
rameters do/dQ? is less rapidly damped in @2 and
the total cross section increases commensurately.
In order to show this dependence on the dipole

TABLE I. Estimates of relevant charmed-hadron
masses [sources: Gaillard, Lee, and Rosner (GLR),
Ref. 1 and De Rujula, Georgi, and Glashow (DGG),
Ref. 19]. Units: GeV; notation (my, m,) means ny Sm
= my.

Particle GLR DGG
C, (2.7, 6) (2.20,2.30)
Ci (2.6, 4.4) (2.36,2.46)
ct (2.7,4.2) (2.42,2.52)
D 2.0 (1.80,1.86)
D* 2.26 (1.93,1.99)
F* 2.31 2.06

(107*°cm?*)

o
»
T

o — 5 T T T s %0
E (Gev)

FIG. 3. o(E) for the reaction vn—pu~C{, with m¢
=2.5 GeV and mpx=(a) 1.9, (b) 2.1, (c) 2.3, (d) 2.5 GeV.

mass parameter, in Fig. 3 we exhibit the cross
section o(vr— u~Cy) with me,=2.5 GeV, for sever-
al different values of m,x from 1.9 GeV to 2.5 GeV.
Evidently, the cross section increases by about a
factor of 2 as myx is varied through this range.

In Figs. 4 and 5 we present o(E) for the reaction
vn—y~C,, for mpyx=1.95 and 2.26 GeV, respec-
tively, and for mc, in the range from 2.0 to 4.0
GeV. As expected, the cross sections rise from
threshold and, for Ez E; +10 GeV, become rough-
ly constant. Note that the leveling off takes longer
the larger the dipole mass is. Next, in Figs. 6 and
7 are shown the cross sections for the dominant
C, reaction, vp — "C;", with the same variation
of the masses mpyx and mc,. These are somewhat
smaller than the corresponding cross sections
for vn—p~C,; for example, at E =10 GeV, for
mpx=2.26 GeV and m g, =mc, =2.5 GeV,

owp=w C")  20(wn—pCy)
ovn—u=C;)  olvn—pu=C;)

~04. (56)

In Fig. 8 we plot the cross sections for the domi-
nant C} reaction vp — u"Cf** as calculated in the

isobar model, with m,x=1.95 GeV and mcy in the

o (107*°cm®)

E (GeV)

FIG. 4. 0(E) for the reaction vz —u~C} with mp4
=1.,95 GeV and mco= (@) 2.0, (b) 3.0, (c) 4.0 GeV,
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o (lI0*cm?)

o 5 1o 15 20
E (GeV)

FIG. 5. 0(E) as in Fig. (4) but with m ;% =2.26 GeV.

range from 2.0 to 4.0 GeV. Curves 8(a)-8(c) rep-
resent the dipole parametrization given in Eq.

(38); for comparison curves 8(d)-8(f) show the re-
sults of using form factors with a third-order pole
in g2. Each plot is cut off 10 GeV above threshold.
We consider these cross sections to be spuriously
large but include them for completeness to il-

lustrate the results of the isobar model calculation.

Let us next discuss the meson-production cross
sections which are not suppressed by a small
Cabibbo factor. First, in order to illustrate the
dependence of these cross sections on the cutoff
used in the integral over W, we show in Fig. 9 the
cross section for one of these reactions, vp
- W K*C,, for several values of AW =Wy — Wi,
For these curves we have taken mc,=2.5 GeV,
mex=2.2 GeV, and m,=2.0 GeV. A reasonable
physical criterion on which to base the choice of
AW is the requirement that the cross section level
off for energies not too far above Ey, in units of
Wi, say. Admittedly somewhat arbitrarily, we
have chosen AW =0.3 GeV for the graphs of the
meson-production reactions to be shown below;
from Fig. 9 the reader can infer how the cross

20r

E (GeV)

FIG. 7. 0(E) as in Fig. (6) but with m 4 =2.26 GeV.

20t

o (I0**cm?)

E (Gev)

FIG. 6. 0(E) for the reaction vp —u~Ci{* with mp«
=1.95 GeV and mc,=(a) 2.0, (b) 3.0, (c) 4.0 GeV.

sections would change as a function of AW if one
were to choose a different value of this cutoff.

The cross sections for the two types of neutrino
reactions VYN—- u"KC, and vN— " KC, are presented
in Figs. 10 and 11. Specifically, the curves shown
are o(up - W K*CY) and o(vp ~ wK°C; *); the others
in Eqgs. (40) and (41) can be determined from the
relations given in Eqs. (42) and (43). For these
calculations we have taken the mass parameter
used in the vector and axial-vector form factors
equal to myx=2.2 GeV, m,=2.0 GeV, and have
varied m ¢, and mc, over the range from 2.0 to
4.0 GeV. Evidently,

o(p~ W K*Cy)>»a(p ~ K°C; ),

which is primarily a consequence of the fact that
the former cross section is proportional to
EnvknEnD c°=gNKA2, while the latter is proportional

o (I0-»cm?)

E (Gev)

FIG. 8. o(E) for the reaction vp —p~C{** as calcu-
lated in the isobar model with mpx=1.95 GeV, Curves
(@), (b), and (c) are calculated for dipole form factors
and mox=2.0, 3.0, and 4.0 GeV, respectively, while
curves (d), (e), and (f) are calculated with form factors
having third-order poles and mcf=2.0, 3.0, and 4.0
GeV, respectively.
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o (0-%cme)
@

E (GeV)

FIG. 9. 0(E) for the reaction vp —u~K*C}§, with mpx
=2.2 GeV, mg;=2.5 GeV, mp=2.0 GeV, and AW =(a) 0.1,
(b) 0.2, (c) 0.3, (d) 0.4 GeV.

to gvxr&npc, =8nxs’, and &yxn’/Eyx <" =21 [for the
choices of Eq. (54)]. Finally, Figs. 12 and 13 show
the cross sections for the other two types of me-
son-production reactions, i.e., the ones leading
to charmed mesons (with C =-1) rather than
charmed baryons: VN- u*DA and UN— u*DXZ. For
these curves we take the same value of 7 x as
above, and mc =mc, =2.5 GeV, and vary m; over
the range from 1.8 GeV to 2.6 GeV. The specific
cross sections shown are o(Up — u"D°A) and o(vp
- u*D"Z7); the others can again be obtained from
Eqgs. (43) and (44). One observes again that the
channel with an I =0 baryon, in this case Vp
- u*D°A, is dominant over that with an I =1 bary-
on, Vp - u D"Z*, and the reason is the same as
the one mentioned before. In general, even the
dominant meson-production reactions are some-
what smaller than the quasielastic ones.

From these cross-section computations we can
next determine the ratios of charm production via

[}
—~ 8f
|
o
b 6
e
e T
4t
(a)
2r (b)
L (c)
A — _/—.__
[¢] 5 10 15 20

E (GeV)

FIG. 11, o(E) for the reaction vp —u~KC{*, with
mpy and mp as in Fig, 10, and mc1=(a) 2.0, (b) 3.0,
(©) 4.0 GeV.

(i0-40cm?)

E (GeV)

FIG. 10. o(E) for the reaction vp —u~K*C{, with
mpx=2.2 GeV, mp=2.0 GeV, and mey=(@@) 2.0, (b) 3.0,
(c) 4.0 GeV.

these channels to the total inclusive noncharm
cross section for v and V reactions. These ratios,
based on the simplest exclusive channels, are of
interest because it is these channels which can be
most easily identified with 3C fits in bubble cham-
bers. At higher energy in higher multiplicity
channels, there are more neutral particles (e.g.,
s, K”s) and it is commensurately more difficult
to identify events positively as AS =—-AQ or find
enhancements in invariant-mass distributions. We
shall use the well-established experimental re-
sults?!

G(VN—"X)=(0.78%107% cm?/GeV)E, (57)
o(UN—~u*X)=(0.28x10738 cm?/GeV)E
~30(UN =~ " X) (58)

for v and V reactions in an average nucleon. For
the separate proton and neutron cross sections,
we use the recent measurement??

g’"/fogV?~1,5

and assume that 07"/03"&'1.5 also, The ratios

(10-%cm?)

o % ’ B s T T T %o
E (GeV)

FIG. 12. o(E) for the reaction Vp —pu*D A, with m px
=2.2 GeV, mg,=2.5, and mp =(a) L8 (b) 2.2 (¢) 2.6 GeV.
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o (I0-%cm?)
(2]

E (GeV)

FIG. 13. o(E) for the reaction Vp —u*D~Z* with the
same masses as in Fig, 12,

will be calculated at E =10 GeV; presumably at
this energy the channels included in our analysis
comprise the main part of charm production. In
Tables IIa, IIb, and III are listed the cross sec-
tions for the various channels contributing to
o(vp = &~ +charm), o(ve— &~ +charm), and the
corresponding V reactions. For the quasielastic
charmed-baryon reactions, we take m,x=2,26
GeV and m¢,,, ~mc*~2.5 GeV, while for the me-
son-production processes, we assume the same
C, and C, masses, my*=2.2 GeV, m;=2.0 GeV,
and AW =0.3 GeV. Finally, in the case of the C
reactions we take the estimate based on Eq. (33).
From these results one then calculates Ry ~R,
~R!~4% and R} ~R; ~R! ~3%. If one wishes to

TABLE II. Cross sections for exclusive charm-pro-
ducing neutrino reactions at E=10 GeV, See text for
values of masses.

Reaction o (10‘39 cmz)

(a) Proton target

vp—pu~C{* 0.9
vp—p~CFHH 1.6
vp - K*Cf 0.4

vp =~ K*Cf +vp —pK'CF*  0.03
vp —u~ +charm 2.9

(b) Neutron target

vn —pu~ Cf 2.3
vn—u-Cf 0.5
vn—p-CF* 0.8
vn — K Cy 0.4
vn —pK*YC+ vn —uK° Cft 0.03

vn — u~ +charm 4.0

B - B fPeom B P . B

FIG. 14, Clebsch-Gordan decomposition of 20x 15
in SU@“).

O X I5 = 140 + 60" + 36 + 20' + (20), + (20), + 4"

assume different values for certain charmed-
particle masses, one can use the various cross-
section curves to recalculate these ratios. Quali-
tatively they will increase for larger values of
mp* and my* and decrease for larger values of
mp, Mc, o, and mc*, It is not so easy to estimate
the effects of SU(4)-symmetry-breaking on the
cross-section calculations, and we have not pur-
sued this question in detail.

Let us next apply our ratios for charm produc-
tion in neutrino reactions to the Brookhaven bub-
ble-chamber experiment. The data in this experi-
ment consist of 62000 pictures of reactions in
hydrogen and 220000 in deuterium, In accordance
with the Brookhaven estimates,® we assume that
the branching ratio of charmed hadrons into ex-
perimentally identifiable strange particles is
~50% and the ratio of charm events with and with-
out neutrals is similar to that observed at similar
energies in associated strange-particle produc-
tion, namely 50%. Using these numbers, together
with the quoted number (74) of events with E>4
GeV, we arrive at a rough estimate of the number
of charm-production events which should have
been identified in the Brookhaven experiment: 0.8
events,

Finally, it should be noted that the quasielastic
reactions vN—- u~C,,, and vN—~ p~CJ have also been
studied by Finjord and Ravndal,?® using a rela-
tivistic quark model. However, they fail to take
into account the fact that the charm-changing weak
hadronic current J% is dominated by the D*; in-
stead, they use form factors having mass param-
eters like those of the electromagnetic current,
Consequently, they obtain cross sections con-
siderably smaller than those calculated above.

TABLE III. Cross sections for charm-producing
antineutrino reactions at £=10 GeV on protons. See
text for values of masses. The entries for the corre-
sponding reactions on neutrons are the same.

Reaction o (10 -39 cmz)
Tp—puDOA 0.8
p —utD20+ p —ptD"x* 0.06
7p —ut+charm 0.9
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APPENDIX

We shall briefly illustrate here the calculation of the matrix elements of the weak charm current. For
N -, transitions, we have (suppressing Lorentz indices)

6 3 8
(sl = UL eby
c, DN/ 7 \8

which yields
(Cy | p+| pY =2(C |Tp+|n)

20 15 20y

(20[15]207), (A1)

==L (20]/15 20, )~ <i>’/2<zol|15uzo ). (A2)
a8 = \13 2
Similarly, for n—~C,
3* 3 8 20 15 20y
(Coldp+ln) = (20]|15[|20y)

c, D N/ 7 \3* 3 8

3V3 2
w3 (20[|15] 20, ) <ﬁ

)1/2<20|115u202> .

(A3)

The two reduced matrix elements in these expressions are present because the 20 representation of SU(4)
containing the J¥ =3* baryons occurs twice in the decomposition of 15X20 into irreducible representations,
as shown in Fig. 14. In terms of the usual F and D reduced matrix elements

8
(20]15]120,) = =D,
5v3 v39
=2 _p- 2T F
(20]15120,) = 2= D - 5

(A4)

From Eqs. (A1)—(A4) one obtains the results given in Eqs. (11) and (12). The matrix elements of the
weak current J; are determined in the same way as those of J.
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