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Cross sections for the inclusive production of charm-anticharm pairs in the hadron
showers of neutrino scattering are calculated within framework of quantum chromodynam-

ics. A branching ratio of less than 10, insufficient to account for the like-sign di-
muons observed by Barish et al. , Benvenuti et al. , and Holder et al. and trimuons ob-
served by Barish et al. and Benvenuti et al. , is obtained for a~=0.4 at values of x be-
tween 0.05 and 0.3, and v-50-75 GeV.

Trimuons' and like-sign dimuons' ' have re-
cently been observed in high-energy neutrino ex-
periments. It has been proposed' that the pro-
duction and subsequent decay of new heavy leptons
(m —10 GeV) are responsible for these events.
However, at least in the case of the like-sign
dimuons, the events may be accounted for through
the associated production of charm-anticharm
pairs in (0.5-1)% of the hadron showers. "Hence
the heavy-lepton interpretation of the multimuon
events must be measured against at least this
alternative.

In a recent Letter, Bletzacker, Nieh, and Soni'
have presented a phenomenological model of cc
pair production in the diffractive (small-x) re-
gion in order to account for the kinematic dis-
tributions of the multimuons. Since the publica-
tion of this work, however, a "large" sample of
47 p, p, events has been reported' in a v-Fe ex-

periment by Holder et al. The background from
and K decay is estimated to contribute 30+7

events, so that it is possible that there are 17+ 7
events of direct origin. The (x„;,) of all

the events is 0.28, so that if there are events of
direct origin, it is likely that they are not in the
diffractive region. (The seven events reported
in Ref. 3 also have (x„;,) =0.2.) In addition, the
work of Ref. 8 does not provide a theoretical
basis for the overall normalization of the cross
section for the associated production of charmed
hadrons.

Thus, it is of considerable practical interest to
provide a theoretical model for inclusive charm-
anticharm production in the nondiffractive ("nor-
mal x") region of v-nucleus scattering. Such a
model, based on the standard SU(3) color gauge
theory of the strong interactions (quantum chro
modynamics, "QCD") is presented in this paper.
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It will be seen that the estimates obtained, for av-
erage values' of the QCD coupling constant n, (p)
=0.4 and the charmed-quark mass m, ( p) = 1.6
GeV (for 3 GeV p, - 13 GeV), are very strong
functions of v, the total hadron energy, and weak
functions of x. In the range of the experiments
of Holder et al, ' ((x)-0.3, (v)-70 GeV), the
branching ratio is predicted to be about 6 X10 ',
a factor of 10 too small to account for the data.

The model is essentially described by the
graphs in Fig. 1(a). A parton in a nucleon is
struck by a W, and emits (or preemits) a time-
like color gluon, which subsequently "decays"
into a cc pair„(Other contributions, such as the
emission of the cc pair by one of the spectator

partons [depicted in Fig. 1(b)], are expected to
be small because they involve large momentum
transfers along more than one gluon line, result-
ing in extra factors of o., '.] All dressings of the
quarks in the final state are assumed (as usual)
to proceed with unit probability, and all momenta
are integrated over. The arithmetic is straight-
forward but tedious, and consists primarily of
squaring the amplitude, integrating over phase
space, and subsequently identifying the contribu-
tions of a single parton to the structure functions
8'„W„and W, . These are then convoluted with
parton distribution functions" to obtain the con-
tribution of inclusive associated charm produc-
tion to neutrino-nucleon scattering,

ight-quark masses have been set
In that case, most of the phase-

tion can be performed analytically.
ns a twofold numerical integration:

over 7., the square of the c,m. energy of the cc
pair, and over 7). For fixed x =-q'/2M~v, v, and

g, the range of 7 is
W»= J (dn/n)~»(q', v, n)l. q(n)+q(n)],

W, = J (dq/q)u), (q', v, q)[q(q) —q(q)],

(2)

4m, 2 ~ r ~ 2Ã„v(q —x),

« ''/dxdy =(G lvfE /~)[ y xF '+(1-y)E +y(1 y)xE ]

and y = v/E„with W„W„and W, defined in the tent, all the 1

standard manner. " The nucleon structure func- equal to zero.
tions W, are given in terms of parton structure space calcula
functions w; by There remai

(a)

W+
w+

where q(g) = 2[u(q) +d(q)] and q(7)) = —,'[u(rf) +d(q)],
and u, d (u, d) are the up and down quark (anti-
qua. rk) densities in the proton, as a function of the
longitudinal momentum fraction 7l. (Note that q
Xx.)

In order to simplify the arithmetic to some ex-

whereas q ranges over the values q, „=x +4m, '/
2M„v to 1. From this we note the important fact
that for moderate v (v&100 GeV), rj;„&0.05
even for x close to zero. Hence wee partons play
no vole in the calculation, and the model is ex-
pected to give meaningful results even for very
small x (x&0.1).

From Eq. (1), the theoretical branching ratio
to charm-anticharm pairs in neutrino scattering
1s

,'y'xF, "+(1 —y—)E,"—y(1 —,'y)xF,"—
x(u+d) +(1 —y)'x(u+d)

(3)

U
C

+ ~ ~ ~

FIG. 1. (a) The principal diagrams contributing to cc
production in the nondiffractive region. y~ is a QCD
g1uon. (b) Diagrams suppressed by order e, (see text).

where, for consistency, we have made use of the
parton-model relations" xE, "~ =F,'N =x(u+d+u
+dQ, —xF, =x(u+d —u —d).

In Fig. 2 are plotted some sample results for
y =0.5. The branching ratio is slowly varying in
x, but very rapidly varying in v, so that a com-
parison with experiment would require a fairly
accurate knowledge of (v) for the events in ques-
tion. For the 17+7 possible events of Ref. 4, we
may estimate that (x) —0.3, (v) =70 GeV (the lat-
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FIG. 2. Branching ratio B»~+ [da'(=—vK —p &c&)/
dxdy] tdo(vN p X)dxdy] ', evaluated at y =0.5, vs total
hadron energy v.

v (GeV )

FIG. B. Branching ratio B»'~= [do.(vN p, +cgX)/
dxdy] ]do.(vN p X)/dxdy], evaluated at y =0.5, vs
total hadron energy v.

ter being obtained from the stated values of ( y),
(&„),and (E„)), and hence (from Fig. 2) pro-
pose a theoretical branching ratio of about 0.6
&10 ' for associated production of charmed-anti-
charmed pairs in hadron showers of neutr ino
collisions. Folded with a branching of 0.15 of
c —p, '. .. , and a detection efficiency' of 0.3, we
are led to a branching ratio of 2.7&10 for p, p.

pairs. This is a factor of 10 too small to account
for the experimental results. The corresponding
trimuon branching from cc pairs is then pre-
dicted to be 3 &10 ', also a factor of 10 smaller
than experiment. "

For completeness I have plotted in Fig. 3 the
branching into charm-anticharm pairs for vX
experiments. The relevant formula [correspond-
ing to Eq. (3)] is

—,
' y'xE,"+ (1 —y )I,"+y(1—,' y)xE,"—

x(~+d)(1-y)'+x(~+d)

Except for being slightly larger, the behavior of
this branching ratio is similar to that in the case
of v¹ The branching into multimuons can be
found as before.

Curves for smaller values of x (x =0.01 and

0.05) have also been calculated, but not plotted.

They differ by less than 30/p from the x =0.1

curves in Figs. 2 and 3.
To conclude, I have calculated within the frame-

work of QCD the cross section for the inclusive
production of charm-anticharm pairs in neutrino-
nucleus scattering. I have found values of the
order of 10-' at presently available energies.
This is insufficient to account for the like-sign
dimuon events observed by Barish et al. , Ben-
venuti ef, al. , and Holder et al. , and trimuons
observed by Barish et al„and Benvenuti et al.
If these events Pe~sist at the rates quoted, we

would tend, in the light of this calculation, to
consider more seriously the heavy-lepton alter-
native, or a recalculation of v/K —p. background.

There remains the question: Is the mechanism
proposed in this paper the dominant one for asso-
ciated charm production in neutrino interactions?
One would expect this to be so in the scaling re-
gion, Q') 1 GeV'. For (v)-50 GeV, this means
x )0.01. Hence one would not expect a virtual
hadronic diffractive mechanism to play a signifi-
cant role in the like-sign dimuon production at x
-0.2-0.3 discussed in this paper. "

Calculational details are deferred to a later
publication.
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The spectrum and yield of protons produced by 60-, 100-, and 200-MeV 7r+ and z
beams on targets of He, "C, 6 Ni, and ' 'Ta have been measured at 45 and 90'. A
distinct high-energy component is seen in the protons from He, which is consistent with
a two-body absorption mechanism. Its cross section at 220 MeV is somewhat larger
than calculated from the 7t+ + D process. Possible evidence is also seen for multinucleon
absorption modes. The data on heavier nuclei are consistent with earlier experiments.

Our knowledge and understanding of mecha-
nisms whereby pions interact and are absorbed
in nuclei is still very nebulous. In order to study
such processes the present measurements in-
cluded the simplest of "complex nuclei, " 'He, as
one of the targets. The pion beam of the LEP
channel at LAMPF (Clinton P. Anderson Meson

Physics Facility) were used to study proton spec-
tra under the conditions described in the abstract.

The experimental techniques were similar to
those described in a recent paper. ' A liquid He
target was used; it was constructed such a way
that the cryostat contributed & 6% of the protons
seen by the counter telescopes. Protons were
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