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We discuss the contribution of associated production of charmed pairs ¢c¢ to multilepton events in v
reactions, with emphasis on like-sign dimuons and trimuons. Both absolute rates and constraints from
distributions are considered. We give one treatment which is purely phenomenological, obtaining the
maximum amount of ¢c¢ production which can be consistent with existing data on distributions, and giving
relative amounts for different multilepton states. We also attempt a theoretical analysis which gives an
estimate for the magnitude of ¢c¢ production in v reactions starting from photoproduction of ys; this leads to
a rate significantly larger than that due to perturbative quantum-chromodynamics estimates made so far. We
give results for both the 350-GeV wide-band neutrino beam at CERN and the 400-GeV quadrupole triplet
neutrino beam at Fermilab, including experimental cuts. Our results for trimuons and dimuons arising from
Cc decays are that o(u " p p*)/o(p") S 1 X 107° and o(u ™)/ o(uw p*) S 2 X 1072 We do not find any need

to search for anomalous sources of multimuon events.

I. INTRODUCTION

The single excitation of charmed particles in
neutrino interactions is in excellent agreement
with the predictions of the Glashow-Iliopoulos-
Maiani (GIM) model.! Recent analysis of dimuon
data by the CERN-Dortmund-Heidelberg-Saclay
(CDHS) group? has shown that the x =Q%/2M v dis-
tribution for sea quarks behaves like (1 - x)".
Odorico® and Lai* have used data from the CDHS
group and the Columbia-Brookhaven (CB) group®
to examine the behavior of the fragmentation func-
tion for charmed particles. This function seems
tofall off slower than the corresponding function
used to describe the production of pions. Hadronic
production data by neutrinos and antineutrinos is
being analyzed by many groups. With enough
events, one can reconstruct invariant masses and,
it is hoped, see the D and F mesons.*®

In contrast, the situation regarding the associ-
ated production of charm is presently very poor.
The discovery of trimuon events at Fermilab by
the Caltech-Fermilab (CF) group’ and the Fermi-
lab-Harvard-Pennsylvania-Rutgers-Wisconsin
(FHPRW) group® together with the CDHS events®
at CERN should shed some light on associated
charm production because such events arise when
the hadronic particles containing the charmed
quarks decay semileptonically. Indeed, just after
the publication of the first trimuon events, Blet-
zacker, Nieh, and Soni!® proposed that they are
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manifestations of associated charm production.
These authors constructed a phenomenological
model similar in spirit to a previous model used
to discuss the ¢ interpretation of multimuon
events produced in muon beams!! in which they
assumed a diffractive-dissociation character
(small x) for the production process. At that time
the neutrino data was very limited so the authors
could not make a detailed evaluation of their mod-
el. However, they made several predictions for
the rates and distributions for trimuon events and
same-sign dimuon events (which arise when one
charmed particle decays via a semileptonic mode
and the other decays via a hadronic mode). Sig-
nificantly more data is now available on these
channels.*?*3%:14 Bletzacker et al. did not give
any normalization of the trimuon rate on a dyn=-
amical level, i.e., based, for example, on the
theory of quantum chromodynamics but invoked
the conserved-vector-current hypothesis to relate
the W -boson production of dimuons to the analogous
production via virtual photons. However, this is
not reliable since only the isoscalar part of the
photon is involved in y —c&. Later Goldberg!® and
Young, Walsh, and Yang'® made calculations of c¢¢
production based on gluon bremsstrahlung from
valence quarks in the proton (or isoscalar target).
In these calculations the absolute magnitude of
associated ¢¢ production was determined, Un-
fortunately, the trimuon and dimuon rates were
too small to be of importance experimentally, so
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these authors did not present any trimuon distribu-
tions in a form where they could be directly com-
pared with the data. There is therefore a lack of
information in the literature on trimuon distribu- -

tions arising from c€ production off valence quarks.

It is now appropriate to reexamine ¢ production
for two reasons. First, high-statistics trimuon
data is already available from the CDHS experi-
ment*? and will soon be available from the FHPRW
and CF groups. At present, the situation regard-
ing same-sign dimuon production is not yet clear.
The FHPRW group'* has reported evidence for a
real signal in this channel, while the CDHS group
is not so positive on this issue.’®* However, we can
compare the CDHS trimuon distributions with the
predictions of models and try to work backwards
to bound the possible dimuon contributions from
cC production and decay. The explanation pre-
sented by the CDHS group*? for their trimuon
events does not include any explicit component
arising from cc decays.

A further reason for studying c¢ production is
that beam-dump studies'” indicate a reasonably
large hadronic cross section for charmed-particle
production of the order of 200 pb. Although the
experiments referred to in Ref. 17 do not agree on
a precise number, such a large cross section was
unexpected. In addition, experimental results on
the photoproduction of the J/*® can be used to
estimate that the size of the inelastic cross sec-
tion for charm photoproductionis around 3 pb. This
means that the inelastic cross section for charm
production is approximately 1% of the total yN
cross section. If charmed particles are pair pro-
duced so copiously in hadronic and electromagnetic
interactions, then it is reasonable to assume that

there is also a large signal in neutrino interactions.

We say “reasonable” because the precise nature of
the underlying dynamics of charmed-particle pro-
duction is not understood. While a photon can pair
produce charmed quarks by its electromagnetic
coupling, any connection to neutrino production

via the conserved-vector-current hypothesis is
rather vague.

We approach the problem of ¢¢ production in
neutrino collisions from two viewpoints.

(1) As there is no accepted model, we try to
work backwards from the recent trimuon data to
get some limit on the size of a potential c¢ signal.
Thus, we tentatively accept the gluon-bremsstrah-
lung model and use it to calculate the trimuon
event rate and distributions. Although the actual
rate is too low to explain the size of the trimuon
signal, we have reason to believe that, given the
experimental cuts, the distributions are probably
roughly correct. We will then compare these dis-
tributions with the CDHS data to try to extract a

reasonable upper bound on a potential ¢¢ produc-
tion cross section. We then try to correlate the

1™ " signal with the trimuon signal. The ratio of
the cross sections, i.e., o(u u™)/o(u p ™), does
not depend on the magnitude of the ¢€ production
cross section and is a decisive test of the model.
The c¢ explanation of the trimuon data naturally
leads to a much larger u" "~ rate, so it is impera-
tive to have a precise measurement of this quantity.
We calculate the distributions for the u"p~ events
and compare them with the recent FHPRW results.
More data on this channel will soon be available
from the CDHS group.

(2) We give an estimate of the size of associated
cC production expected in v reactions, starting
from the expected cross section for photoproduction
of charm, and using normally safe and checked
techniques such as approximate vector dominance.
This gives an estimate for ¢ (v~c¢) independent of
any assumption that certain diagrams dominate,
We also can argue that in the kinematical situation
under consideration, the single gluon-bremsstrah-
lung diagram will not dominate. The resulting es-
timate for o (v—c¢) is consistent with the bound
obtained as described above and constitutes the
best estimate we can make of the actual size of
associated production of ¢T in v reactions.

The plan of the paper is as follows. In Sec. II.
we present some model-independent estimates for
charm production. Specific dynamical models are
discussed. Then in Sec. III we examine one par-
ticular model. We compare its predictions with
the CDHS trimuon data in Sec. IV. Having bounded
the possible magnitude of the ¢¢ component, we
turn our attention to opposite- and same-sign di-
muon signals in Sec. V. Finally, in the last sec-
tion (Sec. VI) we give our conclusions.

II. ESTIMATE OF ABSOLUTE SIZE OF ASSOCIATED c¢
PRODUCTION

In this section we try to make the best estimate
we can of the expected size of ¢¢ production. As
discussed in the Introduction, in view of the large
size of the charm-production cross section in pp
reactions and photoproduction, we expect a sig-

- nificant amount of ¢¢ production in v reactions.

Qualitatively, we expect considerably more c¢
production than is obtained in Refs. 15, 16 from
the assumption that the single gluon-bremsstrah-
lung diagram dominates.

Basically, the argument goes as follows. Con-
sider photoproduction of ¥, yp -~ yp. Consider a
crude unitarity argument.!® Let M be the amplitude
for yp —~yp. Then M=~icpsePt, do/dt =o€ *8¢/16m,
and .1 ~0,2/327B. Using®® B=~1.5 (GeV/c)?=0.6
mb and o ,~2 mb, we get 0. /07 35.
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Next, we assume ¢(yp~DC)/clyp~Up)= o (4p)/
0.1 (Pp)=30, where with o(yp—~DC) we include also
the cross sections with additional final pions. Note
that since m , + m,~4 GeV/c? and mp +mg >4.2
GeV/c?, there should be no important suppression
due to masses.

Experimentally, o(yp—yp) grows with energy®
over the region of interest, and a very careful
‘calculation would include that variation. Here we
use average numbers; we take o(yp - p)=~20 nb.
Then we obtain o(yp -DC)=~600 nb. That is, as-
sociated production of charm by photons is ex-
pected to be about 3% of the total photoproduction
cross section. A similar argument for associated
production of strangeness gives results consistent
with experiment.

Next we must find a way to translate this into a
useful estimate for v reactions. First, we ex-
amine other work relevant to the photoproduction
case. We are aware of two papers®°2? in which
the diagrams in Fig. 1 are calculated. They ob-
tain numerical results for photoproduction of charm
which are consistent with the rigorous lower bound
from unitarity or a little below it, and a factor of
3-4 less than the estimate of 3% for o,(yp). How-
ever, the diagram of Fig. 1 takes advantage of the
cc component of the €lectromagnetic current and
does not include the effect of the gluon bremsstrah-
lung or Compton diagrams used in Refs. 15, 16 to
calculate ¢¢ production for v reactions. The anal-
ogous diagrams for photoproduction are shown in
Fig. 2 and are also of order eg® in amplitude,
where g is the gluon coupling constant. Therefore,
we see no reason why one or the other should
dominate.

Further, it is not clear why associated produc-
tion of ¢€ should be calculable perturbatively. For
example, consider the diagram of Fig. 3. This has
two gluons and is of order eg®. But one must worry
about the momentum transfer at which the coupling
is evaluted; for a semi-inclusive process such as
cT associated production, such contributions are
not included in scaling violations. Then for Fig. 3
we have g%(¢®), while for Fig. 1 we have g%(Q?),
where g and @ are the respective momentum trans-
fers. If important contributions come from ¢2/Q>
~%-1, then assuming g falls as In(Q?/Q,?), one

Y c Y ¢
AAAANAAN—F——
T & e
— b= X
p p

FIG. 1. Feynman diagrams for the photoproduction of
a pair of charmed quarks via the one-gluon-exchange
mechanism.
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FIG. 2. Feynman diagrams for the single gluon-brems-
strahlung production of a pair of charmed quarks in
photoproduction.

could find g*(¢®) comparable in size to g%(@?). In
addition, the cC pair are produced.by any. of Figs.
1, 2, 3 near threshold, with small relative mo-
menta, and for Figs. 2, 3 with small momenta
relative to other final quarks, so final-state inter-
actions involving multiple gluon exchanges are not
obviously small,

There is another reason for suspecting that the
mechanism depicted in Fig. 3 yields a larger cross
section than that from Fig. 2. The gluon propa-
gator in Fig. 2 is timelike and has a minimum
value of (2m,)?, which is rather large and tends
to suppress the resulting cross section. In con-
trast, the gluon propagators in Fig. 3 are space-
like and can be very small. Therefore, the situ-
ation is somewhat analogous to the case of two
photon reactions versus one photon reactions in
electron-positron colliding-beam experiments
where, even though the two photon mechanism is
suppressed by a2, it has a different mass scale
and has the larger cross section at high energies.

We tentatively conclude, then, that photoproduc-
tion of ¢ proceeds by two mechanisms of com-
parable importance, one where the ¢¢ component
of the y is excited by gluon exchange, and the other
where a struck quark radiates a gluon which pair
produces cc¢, perhaps with additional interactions.
The latter process does not have one dominant
Feynman diagram, but several of equal importance,
all of which yield similar distributions in most
variables,

Now we can make the transition to v reactions.
There is no contribution analogous to Fig. 1, since
the charged W does not dissociate to c¢. But the

y Z}/
g c gE c
P g z P . z
\
+(c-—7C)

FIG. 3. Feynman diagrams for the photoproduction
of charmed quark via two-gluon annihilation.
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FIG. 4. Feynman diagrams for thesingle-gluon-brems-
strahlung production of a pair of charmed quarks in neu-.
trino interactions.

contributions of Fig. 2 and Fig. 3 can be directly
estimated. We use a vector-dominance estimate,
assuming it to be valid at the factor-of-2 level or
better. Now, y~p°+w®/3~V2¢/3+2V27/3. We
take the relative contribution of Figs. 2, 3 and
Fig. 1 to be in the proportion of p +w to ¥, giving
(9+1)/8=5/4, ignoring strange quarks. Then the
isovector fraction (p°) of the bremsstrahlung con-
tribution is 9/(9 +1)=9/10. To go to the charged-
current coupling there is a factor of v2 in ampli-
tude. Thus, we estimate the amount of associated
production of ¢t in v veactions to be about

(%)X 3% 5% 2=13%

of the total v cross section (if associated produc-
tion of charm is about 3% of the total photoproduc-
tion cross section). Although we have ignored
questions of coherence and various subtleties, this
estimate should be a reasonable one, and is our
“best” guess at the expected rate.

If this estimate is correct, then associated pro-
duction of cT predicts raw multilepton rates which
only depend now on the branching ratio for semi-
leptonic decay. However, before these numbers
can be compared with experiment the effects of
the experimental apertures, which are very severe,
must be included. This is where we are forced to
assume a more specific model because we need to
know the energy and angle spectra of the ¢ and ©
so that we can calculate the spectra of the decay
muons. We argue that the distributions calculated
from the single gluon-bremsstrahlung mechanism
are roughly representative of the ¢¢ distributions
arising from gluon pair production in general, and

FIG. 5. Feynman diagrams for the neutrino produc-
tion of a pair of charmed quarks followed by their
semileptonic decays.

FIG. 6. Feynman diagrams for a p~ pu* signal from
the production and decay of a pair of charmed quarks.

therefore calculate the reduction factor from the
neutrino equivalent of Fig. 2. To be specific, the
Feynman graphs for o (v, +N—=p"+c+C+X),; o(v,
+N=p +p"+p" +X), o(v,+N~p~ +p" +X), ando (v,
+N=u~ +p” +X) are shown in Figs. 4-7. The ac-
tual calculations will be described in the next sec-
tion, We assume that the muons must have an en-
ergy larger than 4 GeV before they can be detected
and ignore any angular cut (which is not important
for the CDHS and FHPRW experiments)., The sec-
ondary muons produced when the charmed parti-
cles decay tend to be very soft and, although there
are small changes due to different choices for
fragmentation functions, we find that the detection
efficiency is approximately % for dimuons and 1%
for trimuons. The multimuon rates are given in
Table I assuming that the semileptonic branching
ratio is 10%.

Both the final dimuon and trimuon rates are
compatible with the latest experimental numbers
from the CDHS and FHPRW groups. The p~p~
rate will be decisive because we predict o(u u™)/
o(u u*)~2%, while the FHPRW and CDHS groups
quote (10+6)% and (5 +3)%, respectively. A more
thorough discussion will be given later. However,
we must remember that there is also an overflow
of misidentified trimuon events into the p " u~ sig-
nal, so the total rate cannot be due to only ¢€ pro-
duction. Once more 1~ p~ events are analyzed it
will be possible to make more definitive state-
ments., If the u” .~ event rate goes down, then
either our assumption that o(c¢)/o(u")=5%10"7
will have to be modified or our calculation of the
detection efficiency via Figs. 4-T is incorrect.

—‘Lﬁ:-c /%_a _
\ 4 _<F’
R N

FIG. 7. Feynman diagrams for a p~ u~ signal from
the production and decay of a pair of charmed quarks.



1982 G. L. KANE, J. SMITH, AND J. A. M. VERMASEREN : 19

TABLE 1. Rates for multimuons produced via ¢¢
decays. o(u) and 0 2u) =0 (u~ u") refers to either the
neutrino or antineutrino cross section, respectively.
We take o (u™p*) /o (17) = o (u* p™) /o (u*) = 1% for the
measured dimuon rate arising from single-charmed-
particle production.

v beam 7V beam

o (u™p*) /o (k) ~2x1074
Co(uTpT) /o (k) ~2x107¢

o (utut)/o (k) ~2x1074

o(u uT)/o@u) ~2x10"2

o (utut)/o@2u) ~2x1072

o (kT pTput) /o (n) ~5x1078

o (ut e /o (1) ~5x10"¢

The latter conclusion is unlikely because the
same-sign dimuon distributions calculated from
the ¢€ bremsstrahlung model are very similar to
the distributions calculated by Bletzacker et al.
from a diffractive production model. This shows °
that the precise nature of the production cross
section is unimportant because large regions of
phase space are eliminated by the experimental
cuts.

III. CALCULATION OF c¢ PRODUCTION AND DECAY

We now outline our calculation of ¢ production
from gluon bremsstrahlung®®: ¢ as depicted in Fig.
4. The actual work is reasonably straightforward
as we can use our previous computer programs
for the electromagnetic production of trimuons in
neutrino collisions.?® It is only necessary to change
some coupling constants and masses. We assume
that the mass of the charmed quark is m,=1.5
GeV/c?, The x distributions for the valence quarks
are again taken to be

xu(x),, =1.714/x (1 - x)%(1 +2.3x) (3.1)

val
and
xd(x),, = 1.11VE (1 = x)>2. (3.2)

Even though we know that the absolute cross sec-
tion calculated from Fig. 4 is too small, the ratios
between multimuon rates are probably correct.
The gluon coupling constant is optimistically taken
to be a =0.4. If we now calculate the production
process at a fixed energy E ,=100 GeV, then o (c?)
=0.8X107*° ¢m?, and o(cc)/o(u")=6X10"%, The
corresponding rates for the FHPRW quadrupole
triplet (QT) spectrum are o(cc)=1.0X10"%, ¢(ct)/
o(u™)=2X%10", and for the CDHS 350-GeV wide-

band neutrino beam (WBB) are o(ct) =0.8 X104,
0(cT)/o(u™)=24X 105, The latter rate is very small
because the spectrum from the WBB is much soft-
er than the QT spectrum. A comparison of the
spectra is given in Ref. 24. The c¢C production
cross section rises very rapidly through the en-
ergy region of interest, so the QT rate is six
times larger than the WBB rate. These numbers
need to be multiplied by two branching ratios of
10% each for ¢ and ¢ semileptonic decays® and
will still be reduced dramatically by the effects of
cuts on the decay muon energies. Thus, the final
numbers for the rates turn out to be of the order
of 2X10™ for the FHPRW experiment and 0.4X 1077
for the CDHS experiment. The latest experimental
numbers??:* are (9+5)x 107 and 3X107°, respec-
tively, so our results are too small to be of ex-
perimental importance. Note that adding a cut at
say E =100 GeV increases the theoretical trimuon
relative rates by approximately a factor of 3 be-
cause the c¢T cross section is rising very rapidly
in this region of E .

The low value for the rate of associated charm
production and decay has led the experimental
groups to neglect it as a potential source of tri-
muon events. We take the viewpoint that we do
not understand the dynamics of ¢¢ production and
decay and, in this section, would rather try to
work backwards, using the data to get an upper
bound on the associated charm-production cross
section,

We should now add some comments on the cal-
culation of the complete trimuon process depicted
in Fig. 5. Our basic assumption, that the transi-
tion from a charmed quark to a charmed hadron
is governed by a fragmentation function D(z), which
is flat in 2 =E, , /E .., follows from the work of
Odorico.® Then the charmed hadron decays via a
three-body 8 decay of the V ~ A type, i.e., c=~s+p*
+vyand C~S+u” +7,. Previous studies we have
made involving heavy-lepton and heavy-quark de-
cays have shown that helicity assumptions can be
changed rather radically with negligible changes
in the final answers.?® The reason is that the cuts
on the muon energies and angles together with the
smearing induced by folding the cross section with
the neutrino spectrum wash out the small effects
due to changes in helicity. We further assume that
the mass of the strange quark is 0.4 GeV/c%. The

" effects of changing our form for D(z) will be dis-

cussed in the next section. Note that we have ne-
glected any p, dependence inherent in the frag-
mentation process.

When one € or ¢ quark decays hadronically, as
shown in Figs. 6 and 7, we find a dimuon signal,
either of the u™u* or of the u” .~ type, respective-
ly. However, this is not the only way to make
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dimuons. The energy cuts on the trimuon events
are very severe so there is a large probability
that one muon in the trimuon chain does not sur-
vive the cut yielding a dimuon signal. Our cal-
culations indicate that the trimuon rate, when one
muon energy is below 4 GeV, is larger than the
actual trimuon rate when all muons have energies
above 4 GeV. For simplicity let us use the notation
that extra parentheses around a muon means that it
is below the energy cut. Hence, o(p ™ p (u*)) de-
notes the u” u~ cross section arising from mis-
identified trimuon events. Under these circum-
stances we find that o(u " (L))o (" " p*)=1.2
for the FHPRW acceptance, while for the CDHS
acceptance this ratio=1.5. Such effects are ex-~
pected to be large in any model which produces
very-low-energy secondary muons. Thus, the
actual g™ u” production rate from c¢ decay should
be written as

_ow p) By +o(p p (' )B,
o(u u L) B,

ol uw)
o(u np')

b

(3.3)

where B, is the branching ratio T(c—=s+p" +v,)/
T'(c—+all), and B, is the branching ratio for
T'(c=s+u+d)/T(c—all). Inthe counter experi-
ments the electron decay is registered as a had-
ronic mode so, to a good approximation B,=(1 - B,)
=0.9. '

The result of our calculation of the diagrams in
Figs. 4-7 which includes cuts, spectra and selec-
tion criteria for the leading negative muon is that
o(u~p") is approximately twice as large as
o(u " (u*)) so the first term in the numerator of
Eq. (3.3) dominates over the second. Thus, the
relative dimuon event rates which are independent
of the ¢Z production cross sections are o (" p")/
o(u p"p*)=21 for the FHPRW experiment and 24
for the CDHS experiment. The same rates relative
to single-muon events are therefore o( ™)/ (1)
~3x107 and 1X10°%, The latest data'®’* from the
two groups are that o(u" p”)/o(u " p*)=(10+6)X 1072
for FHPRW and equals (5 +3)X 1072 for CDHS.

Thus, oL u™)/o(L™)~(10£6)X10™ and (5+3)X10™,
respectively. Therefore, as expected, the c¢ pro-
duction mechanism depicted in Figs. 4-T gives too
small a dimuon rate. We have concentrated here
on the same-~sign dimuon signal because, although
the opposite-sign dimuon signal is approximately
equal in size, this channel is completely. dominated
by dimuons arising from single charm production
and decay. The p~ u~ channel only has backgrounds
from regular 7 and K decays.

In Sec. V we present results for dimuon distribu-
tions. As we have seen above, -the spillover from
trimuon events in which one particle does not sur-

vive the cut is approximately B, /B, =1/9 of the

rate for genuine dimuon events, where one charmed
quark decays via a semileptonic decay mode and
the other via a hadronic decay mode. Therefore,
we are justified in neglecting contributions from
this channel, and we only give distributions for
genuine u” u” events.

IV. RESULTS FOR TRIMUONS

We now present the results of our calculations
for trimuons from c¢ decay. To first get a feeling
for the dynamics of the production and decay, we
show both the distributions for the charmed parti-
cles and the final muons for a typical neutrino
energy of 100 GeV. Spectra, acceptances, selec-
tion criteria, etc. will be included later. We be-
gin by making a comparison between the energy,
p. and azimuthal correlations for the ¢¢ pair and
their decay muons. In Fig. 8 we show the energy
distributions for the charmed particles and for
their decay muons, as well as for the leading u~.
We follow the usual convention that E, refers to
the leading p.”, while E, and E, refer to the non-
leading .~ and u*, respectively. We assume that
there is no ambiguity in distinguishing the leading
i~ from the p~ arising when ¢ decays. We also
assume 2 flat fragmentation function. Although the
charmed particles carry a significant amount of
energy, the final muons are very soft. This fea-
ture can be changed slightly by taking a harder
fragmentation function. Assuming D(z)=6(z - 1)
will transfer all the energy of the charmed quark
into the charmed hadron. However, in that case

8 1
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FIG. 8. Energy distributions for E,, the leading u~,
E_ =E_, the charmed quarks, and E,= E;, the nonlead-
ing u~ and p*, respectively.
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FIG. 9. The distributions in (a) the variable z for the
Kot g pair and the ¢ pair and (b) the variable ;.

we find (E ,-) =(E,+) =T GeV rather than the pre-
vious value of 3.5 GeV.

These features are exhibited rather dramatically
in a plot of the variable z,=(E, +E;)/(E, 4 +E, +E,).
In Fig. 9(a) we plot the distribution in this variable
for the cases D(z) =const and D(z)=6(z —1). In the
first case z, is badly peaked for small z, because
some of the hadronic energy comes from the de-
cays of the charmed particles. In the second case
the peak in z, is at a slightly larger value because
we have maximized the amount of energy we can
feed into the muons and thereby minimized the had-
ronic energy. We also show the distribution in z,
for the charmed particles, where z,=(E_ +Ez)/
(Eyaa +E,+E3). This function peaks at z,=0.6.

There is no ambiguity in the definition of E, ;.
However, if we use variables which involve the
beam energy, then we must take this to be E;; on
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FIG. 10. The invariant-mass distribution for the c¢
pair and the three invariant-mass distributions for the
dimuon pairs.

account of the two missing neutrinos, and E
<E,...- Hence, if we define y,; =E,4/E; we find
that this variable peaks around 0.6-0.7 because
E,,q is increased by the additional hadronic energy
arising from the charmed particle decays, while
E, is reduced by the energy carried away by the
two missing neutrinos. This variable is shown in
Fig. 9(b) again for the two choices D (z) =const, for
which (y,;) =0.7 and D(z) =6(z - 1) for which(y )
=0.6. The latter case gives us the lowest possible
value for (y, ).

We now turn to the distribution in the invariant
mass combinations. Figure 10 shows the invariant
masses of the ¢€ pair, the nonleading p.~ " pair
(u5 1) and the invariant masses of the other di-
muon combinations. We point out that even though
the p,u, invariant mass is rather small, it does
have a long tail reflecting the fact that these muons
do not come from a point source. The invariant
mass of the p,(c +¢) system as well as that of the
Wy My Mg System are shown in Fig. 11.

We now define a four-vector which is the sum of
the four vectors of the charmed quarks and another
four-vector which is the sum of the u, and u, four-
vectors. These vectors are aligned predominately
along the hadron shower (or W -boson) direction de-
fined with respect to the leading u~. To show this,
we present their perpendicular components along the
hadron-shower direction in Fig. 12. The results
from our numerical computations show that (p,),,
=0.6 GeV/c, while(p,)z=1.4 GeV/c which demon-
strates that the final dimuon pair distribution is
narrower than that of the ¢C pair.

The final distribution we wish to present here is
the azimuthal angle between the leading .~ and the
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FIG. 11. The invariant-mass distributions for the
11(c+7) system and the trimuon invariant-mass dis-
tribution. '
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FIG. 12. The transverse-momentum distributions of
the ¢ pair and the decay dimuon pair (uyu3) along the
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sum of the ¢¢ and/or u,u, vectors projected on a
plane perpendicular to the neutrino direction.
Figure 13 shows this distribution as well as those
for the azimuthal angles between the three pairs
of muons, i.e., [y My, My My, and U, u,. One im-
portant observation we can make from this plot is
that the ¢ distribution for the p.l(c +¢) system is
sharply peaked in the backward direction demon-

do/d¢ (Arbitrary Units). -

0° 90° 180°

FIG. 13. The azimuthal angular distribitions with
respect to the neutrino beam direction between leading
p~ and the dicharm system (c+¢ pair) and dimuon sys-
tem (nonleading p~ u* pair), respectively. Also shown
are the aximuthal angular distributions between the
three dimuon pairs pug, Mopg3, and uus.
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strating that the transverse momentum vector of
the (c +C) system is oppositely aligned to that of
the original p~. This follows from the conserva-
tion of transverse momentum in the initial inter-
action. However, after the charmed particles have
decayed, the final muons are not so sharply
aligned, and the ¢ distribution between p, and

(1, +1,) is therefore much flatter, We will exploit
this fact in our later analysis. The distributions
we have given above show specific features which
we have extracted as particulary relevant to the
¢C production process. Other distributions which
we have examined are not too informative. Note
that if we change the fragmentation function from
D(z)=const to D(z) =6(z — 1), then there are only
small changes in the p, distributions for the final
muons and in the ¢ plots, whereas there are large
changes in the z and y,;; plots.

We now give results for both the CDHS experi-
ment and the FHPRW experiment, taking into ac-
count their different selection criteria, cuts, and
spectra. Out of the 76 events found by the CDHS
collaboration, 63 were discovered in the 350-GeV
WBB and 13 in the 400-GeV WBB. The FHPRW
group are presently analyzing the results of a new
run using the 400-GeV QT beam at Fermilab and
expect to have a comparable number of events.

We remind the reader that the CDHS experiment is
most sensitive to neutrino energies around 100
GeV, while the FHPRW experiment has a harder
neutrino spectrum and is most sensitive to neu-
trino energies around 180 GeV.

The selection criterion for the leading p~ is dif-
ferent between the two experiments. The FHPRW
group choose the leading (.~ to be the faster of the
1~ particles measured in the trimuon events. The
CDHS group choose the following definition of the
leading p.”. Take one p~, define from it a W-
boson direction and add the two values of the trans-
verse-momentum components of the other muons
along this direction. Then repeat the analysis with
the other pu~. The case where the sum is a mini-
mum is then chosen to define the secondary pair
and therefore the leading muon. We will use this
selection criterion when we perform a Monte Carlo
calculation of the distributions for the CDHS events.
For the case of the FHPRW events we use their
definition of the leading muon. Cuts are incorpor-
ated such that the muon energies must be larger
than 4.0 GeV for both experiments. One additional
complication which must be faced is that the CDHS
data show the presence of an electromagnetic
source for some of their trimuon events.'? In par-
ticular, the events at small ¢, .5, are compatible
with Dalitz production of a muon pair off the lead-
ing u~. Fifteen events are of this type and nine
survive an additional cut that all three muons have
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at least 0.2-GeV/c transverse momentum with re-
spect to the neutrino direction. This latter cut is
applied to remove those events whose ¢, .3, angle
is difficult to measure. Accordingly, we should
remove nine events from the ¢, ., plot and 15
from the other plots. Rather than discard these
events we show them with dashed lines. The net
result is that the histogram for ¢,.,.3, has sixty
events, while the other histograms have 76. In
order to reduce somewhat the number of plots, we
only present distributions which help to distinguish
the presence of a ¢C signal.

Let us start by comparing our distributions with
the CDHS results. We fold in their neutrino spec-
trum, employ their cuts and selection criteria,
and present our theoretical results for the com-
plete decay chain shown in Fig. 5. In Fig. 14(a)
we show the plot of the nonleading-dimuon invari-
ant-mass distribution versus the CDHS data. The
area under the solid curve has been normalized to
the nonelectromagnetic events, and it is obvious
that the model does not fit the large peak at small
values of M,,. Figure 14(b) shows the prediction
for the FHPRW experiment. In Fig. 15(a) we show
the p, distribution for the nonleading dimuon pair
projected along the hadron-shower direction. This
direction is defined using E,;, for the neutrino en-
ergy because we loose energy into the two missing
neutrinos. Two electromagnetic events have p,
~4,6 GeV/c. We have compiled the data points
from a listing of the CDHS results, and there are
small discrepancies between this histogram and
the previous versions referred to in Ref, 12. The
cC model fits this p, distribution reasonably well.
In Fig. 15(b) we present the results for the FHPRW
distribution. Figure 16(a) shows the ¢ distribution
between the leading p~ and the sum of the other
muon momenta. In accord with the CDHS analysis
we have added an extra cut (only for this plot) to
eliminate all events where the transverse momenta
of all muons with respect to the neutrino beam di-
rection is less than 0.2 GeV/c. The events at
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leading dimuon pair for (a) the CDHS experiment and
(b) the FHPRW experiment.

small ¢,.,+3, are the electromagnetic events we
mentioned previously. Clearly the ¢¢ model cannot
explain the large peak near 180°. If we normalize
the theoretical prediction by the events at 90°, then
the signal from a ¢€ production mechanism cannot
account for more than approximately 50% of the
events at large ¢. These particular events are
given a “hadronic” interpretation by the CDHS
group because they are similar in nature to the
dimuon events seen in the reactions 7+p = u*+p~
+X and p +p—-p +u"+X, Our prediction for the
FHPRW ¢ distribution is given in Fig. 16(b).

In Fig. 17(a) we show the distribution in the vari-
able z, defined above. The individual muon energy
distributions are very sharply peaked at small
values, leading to a z, distribution which peaks at
z,;=0.2. The data, however, show a much flatter
distribution so only 40% of the CDHS events can
be compatible with the ¢¢ production model. In
Fig. 17(b) we show the predicted z, distribution
for the FHPRW events. Figure 18(a) shows the
distribution in y,i =E, 4 /E,; for the ¢¢ model. The
corresponding CDHS data do not show an enhance-
ment around y,, =0.75. If we take this distribution
then the total amount of ¢C associated production
allowed in the CDHS data is approximately 20%.
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FIG. 16. The ¢;(3,3) distribution for (a) the CDHS ex-
periment and (b) the FHPRW experiment.
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FIG. 17. The z, distribution for (a) the CDHS experi-
ment and (b) the FHPRW experiment.

The prediction for the FHPRW data is shown in
Fig. 18(b). Finally, we show for completeness the
distribution in x =Q?/2Mv,; in Fig. 19(a). The data
favor a lower average value for x, indicating that
the ¢ production takes place off valence quarks and
the average x is around 0.22. This average is
slightly reduced for the FHPRW experiment as
shown in Fig. 19(b). It is interesting to compare
the results given in Figs. 9, 10, 12, and 13 at
fixed beam energy with those shown in Figs. 14-17.
A short study of Figs. 14-19 is enough to con-
vince anyone that the associated production model
is inconsistent with the bulk of the CDHS data, and
therefore can only comprise a small fraction of
the event rate. Insofar as we have a realistic mod-
el for the ¢ production and decay, we can use the
distributions to conclude that this mechanism can-
not comprise more than 40% of the total trimuon
rate oro(u” p p*)/o(L")<1X107°, In fact, this
number is a rather generous estimate because the
v, plot indicates an even smaller signal. How-
ever, we can change the y, distribution by chang-
ing the fragmentation function to D(z)=6(z - 1) and
make it peak at slightly smaller y,;, so we consider
the 40% limit a safe one. The main defects of the
cT model is that it cannot account for those events
which have very small dimuon masses and are
sharply collimated along the hadron beam direc-
tion so that ¢;;+5,~180°. The FHPRW trimuon
rate from c¢C production and decay could be as
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FIG. 18. The distribution in y,4=Epa/Eyis for (a) the
CDHS experiment and (b) the FHPRW experiment.
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for (a) the CDHS experiment and (b) the FHPRW experi-
ment,

large as 4X 107 of the single-muon inclusive cross
section if we scale by the same factor as in Sec.
ITII. A more refined treatment will be possible
when their new data are available.

V. RESULTS FOR DIMUONS

We now turn our attention to dimuon signals
from the production and decay of ¢C pairs. There
are two questions which need to be addressed,
namely the size of the .~ u* signal and the size of
the u~ .~ signal,  The former process arises di-
rectly when the ¢ decays hadronically while the ¢
decays semileptonically, as in Fig. 6; while the
latter arises directly when the ¢ decays semi-
leptonically and the ¢ decays hadronically, as in
Fig. 7. Both processes also occur when one of the
soft muons in the trimuon reaction is eliminated
by the minimum energy cut.

The calculation of these decay chains follows
easily from the programs used in our previous
work., The dimuon event rates are essentially
equal apart from a small correction factor as-
sociated with the p"u” events. Relative to the tri-
muon event rate, the dimuon event rate is enhanced
by the branching ratio for hadronic decay relative
to semileptonic decay and the effects of dimuon
versus trimuon acceptance. As we have seen
above, our trimuon rate is too low to explain the
trimuon events. Nevertheless, relative branching
ratios are likely to be correct because our pro-
grams do include the important effects due to the
limited detector acceptance. If we assume that the
upper limit on the CDHS trimuon event rate via cc
production and decay iso(u" " p*)/o(u™)=1x107°
as found in the last section, then the dimuon event
rate could be as large aso(u"u™)/o(n")=2.4%X10™

- leading too(n" ) /o(u” u*)~2X10"2, The number

for the FHPRW experiment is probably around
three times larger due to their harder neutrino
spectrum. These numbers are compatible with
the latest experimental results of (5+3)% and
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Our results from Sec. IT imply an expected rate
of ~5X107 for o (" p"p*)/o(u") and ~2X 1072 for
o p ) /o u) [=o(u p* from ¢€)/o (™ un*)].
These are consistent with the upper bounds we
found from the trimuon distributions. We now
have to examine the distributions for the dimuon
events to see if a ¢C signal can be extracted from
the large background due to 7 and K decays. To
reduce these backgrounds it will probably be nec-
essary to increase the minimum energy require-
ment on the muons. Also, we should state here
that CDHS criterion for the leading p.~ is applied
for their p"u~ events, namely, that the leading p~
has the larger p, along the W -boson direction.
The FHPRW events are ordered according to their
energy so the leading .~ is the faster of the two.

We show momentum scatter plots for the u~ u*
and u” 1~ events for the CDHS and FHPRW experi-
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experiment. The numbers are normalized to approxi-
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ments in Figs. 20 and 21. In the case of the . u."~
plots we use the notation p, for the fast-muon mo-
mentum in the FHPRW case and the leading-muon
momentum for the CDHS case. The other particle
momentum is denoted by p,. We see in Fig. 21(a)
that the CDHS choice does not throw all the events
above the diagonal p, =p, because some of their
leading muons are not the faster of the two.

The latest available data from the FHPRW ex-
periment (now called FHOPRW to include Ohio
State) is shown in Figs. 22 and 23. These plots
are taken from the talk of Ling,** and include both
data from the QT beam at Fermilab as well as the
bare-target sign-selected beam at Fermilab. The
beams are similar in shape so we are justified in
comparing our results in Fig. 20(b) and 21(b) with
the data. We see from these plots that it will be
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FIG. 23. Scatter plot for the energies of the FHOPRW
u- u” events.
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practically hopeless to extract any signal from the
L~ u* events because the scatter plot is so similar
in shape to the data which we know is explained by
single charm excitation and decay.

The p~ 1~ plot looks more hopeful. So long as
energetic dimuons from 7 and K decays can be
suppressed and some events remain in‘the so-
called symmetric region (large p; and p, ), then a
cT explanation remains a possibility. This is a
very difficult experimental problem. Some of the
tests given by Albright and Smith? to try to dis-
tinguish heavy leptons and quarks from regular
charm decay can possibly be exploited here.

Now we turn our attention to the transverse mo-
mentum distributions along the W -boson direction
(defined with respect to the leading muon for CDHS
and the fast muon for FHOPRW). The p, spectra
for the nonleading .~ and for the u* are shown in
Fig. 24(a) for the u"p~ and u~p* events in the
CDHS experiment. The actual data from the
FHOPRW group are compared with our predictions
in Fig. 24(b).

Another interesting quantity to examine is the
opening angle between the dimuons projected on a
plane perpendicular to the neutrino beam. This
azimuthal angle peaks near 180° for the u~u* events
because the charmed particle tends to follow the
hadronic direction. In Fig. 25(a) we show our re-
sults for the CDHS experiment for both the p~ u”
and .~ p* events. The corresponding distributions
are given in Fig. 25(b) for the FHOPRW experi-
ment where we also add the latest data.

It is obvious from Figs. 21, 23, and 24 that the
1" events seen by the FHOPRW group are com-
patible with the theoretical predictions from cc de-
cay. However, these are not the best variables to
examine to isolate a ¢¢ component. We would like
to propose that the variables z, =E,/(E,,. +E,) and
Yvis =Epn.a/E.is are more convenient for this purpose.
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As we discussed in Sec. IV the fact that there is at
least one missing neutrino, means that E, is small
and E,, is larger than expected owing to the addi-
tional hadronic energy from the decay of the
charmed particle. Hence, z, peaks near zero as
in Fig. 17. Similarly, y, peaks near unity as in
Fig. 18 because E, , is increased and E,;; is dimin-
ished when the ¢ decays relative to their values in
the basic production process. As more data are
collected, - it will be possible to try these tests for
different cuts in the energy of the second u.~.

VI. CONCLUSIONS

We have examined the possibility that ¢¢ produc-
tion and decay can lead to some of the dimuon and
trimuon events seen in the CDHS and FHPRW ex-
periments. The reason for undertaking this pro-
ject is that the cross section for the associated
production of charmed particles seems to be rather
large in hadronic interactions and in photoproduc-
tion.!7*1® Because of our present lack of under-
standing of charm production we have to base our
analysis on a model. For definiteness we assume
that the gluon-bremsstrahlung model is adequate
to describe the distributions even though its rate
is too small to explain the magnitude of the experi-
mental signal.’®»*® This assumption has some de-
gree of validity because our distributions are re-
markably similar to those calculated previously by
Bletzacker, Nieh, and Soui'® and their approach
was entirely different from ours. Other possible
mechanisms will also produce ¢€ in similar kine-
matical regions. We therefore conclude that the
experimental acceptances are so severe that large
regions of phase space are unimportant. Thus, the
behavior of the production matrix element in those
regions is not very important.
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The kinematics of the production reaction is such
that the relatively heavy ¢C pairs are produced at
some small p, with respect to the hadron-shower
direction carrying a reasonable fraction of the
neutrino-beam energy. When they decay via a
semileptonic mode then the final muons only re-
ceive a small fraction of the energy and, at the
same time, become more uniformly distributed in
p.. By the time we smear this cross section by
the energy spectrum, the distributions in the azi-
muthal angles between the muons. are very flat.
Actually we regain some peaking by adding 4-GeV
energy cuts on all the muons because the fast ones
tend to follow the hadron shower direction. The
resulting ¢,y distribution is much flatter than
the ¢, +7) distribution. Similarly the distribution
in z, is peaked at z,~0.2, while that for z, is
peaked at z,~0.6. The peaking in v, =E i /E,q
near unity is another characteristic feature.

A careful study of the CDHS data now shows
that the ¢, z,, and y,; distributions cannot allow
a large signal from ¢ production and decay. The
mechanism responsible for “hadronic” trimuons
must produce dimuon systems which carry a rea-
sonable fraction of the hadronic energy and be
sharply aligned along the hadron shower direction.
Using the experimental data we. conclude that cc
production can at most account for 40% of the
CDHS events so that the upper bound ono(p™ " ")/
o(1”) is approximately 1X10™° when we exclude
the known electromagnetic signal which contributes
for small ¢;(;+5). This number can be changed
slightly by varying the fragmentation function for
the charmed quarks but even in the extreme case
of D(z)=6(z - 1), i.e., where the charmed hadron
carries all the energy of the quark, the ¢¢ model
cannot possibly explain more than 50% of the data.

We then studied the production of dimuon pairs
from the processes where one of the charmed par-
ticles decays hadronically, leading to p~p* and
L~ signals. Unfortunately, the p~u* signal is
not very easy to observe because of the large rate
in this channel from single-charm production and
decay. Concentrating therefore on the p” u~ events,

we examined the distributions in their momenta,
p. components along the hadron-shower direction
and azimuthal opening angles. In general the re-
cent FHOPRW data are in agreement with our pre-
dictions from the c¢€ production model. Hence, if
the rate for ¢¢ production is sufficient to explain
approximately one half of the trimuon events, we
conclude that event rates as large as 2-8% can be
expected for o (™" )/o("*). One possible way
to eliminate the ¢¢ model as an explanation of the
(L7 " events is to exploit the distributions in z, and
Yvis - It will take much more data before the pres-
ence of a real signal can be positively extracted
from the backgrounds from m and K decay.
Proceeding in a different direction, in Seec. II
we argued that the expected size of ¢€ production
in v reactions could be estimated starting from
data on photoproduction of the J/). This leads us
to expect that ¢¢ production accounts for about £
of the trimuon signal and most of the opposite-
sign dimuon signal. These results are consistent
with the limits derived from the analysis of the
dimuon and trimuon events. Therefore, the as-
sociated production of ¢ pairs with a rate approxi-
mately %% of the total neutrino inclusive cross
section is compatible with present data. Any re-
duction of the u™ .~ signal will cause a correspond-
ing reduction of the ¢¢ rate. The precise nature of
the ¢¢ production mechanism needs further study.
We conclude that there is no need to propose any
exotic explanations for a same-sign dimuon signal.
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