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The present results from vN and vN scattering experiments appear to place conflicting requirements on
conventional quark-parton models. The strong rise with energy of (y)"' and o.T /o. T seems to require new-
particle (charm) production from valence quarks in vN interactions, whereas the x dependence of dimuon
events and the der/dy anomaly suggest that v N charm production comes from sea quarks. No single model
gives a fully satisfactory explanation of all the present data. We draw attention to this problem, illustrate the
conflicting requirements of data with particular models, and discuss possible resolutions. The closest
overall compromise with the present data is obtained with the six-quark model, using charm-quark masses
m, = 1.5 GeV, mb ——5 GeV, and a higher t-quark mass.

I. INTRODUCTION II. MODELS

High-energy vN-p, X and 7tN- p. X charged-cur-
rent measurements have revealed a number of
striking effects that include a change in the vN

y dependence at small x,~' a rise' ' in the average
value (y)"", the appearance of dilepton pp. and p, e
events, ' ' and a rise' in the ratio or""/or". These
effects are generally attributed to the production
of one or more new quantum numbers (generically
called "charm"}, and can each separately be fitted
by various charm-production mechanisms in the
quark-parton framework. ' " However, different
features of these data appear to place conflicting
requirements on the charm-production mech-
anisms, in the conventional quark-parton-model
(QPM) framework, so that no single model gives
a fully satisfactory explanation of all the present
data. In the present paper we draw attention to
this problem; we discuss the various data and
illustrate their conflicting requirements with
particular models; finally we discuss how the
problem may be resolved.

The problem is this: Two effects (the cib/dy
anomaly and dileptons) are sensitive to x; both
suggest that vN charm production occurs at small
x, and is hence a sea-dominated process. The
other two effects above (the rises in (y)"" and
of,"/o$") are averaged over x; however, their mag-
nitudes are simply too large to be explained by
the sea in conventional parton models. This in-
consistency hinges on the smallness of the sea
components, as measured in low-energy neutrino
experiments. It does not depend on technical de-
tails, such as fast or slow rescaling, or the pre-
cise choice of charm thresholds.

In the quark-parton model (QPM), cross sec-
tions for an average nucleon target can be simply
expressed in terms of valence and sea distribu-
tions:

N„,(x) = 6'(x) + X(x) -6'(x) -3I(x),

N, (x) = P(x) + 5I(x) = 2X(x) = 2X(x).

(I)

(2)

Here 6'(x}, 3|(x), X(x), etc. are the probability dis-
tributions of 6'-, X-, and X-type quarks in the pro-
ton;x =Q'/(2Mv), y = v/Z in standard notation. An
SU(3)-symmetric sea has been assumed for sim-
plicity; this is not crucial for our subsequent dis-
cussion. Possible charm-anticharm sea compo-
nents can be introduced, e.g. by defining

N' (x)=2c(x) =2c(x)

for charmed c-type quarks; such components are
usually supposed to be small.

The conventional uncharmed charged-current
cross sections o(x, y) =d'o/dxdy therefore have
the forms

o""(x,y)/x =[1+(1-y)']N„, (x)

+ cos'8cN„~(x),

o'"(x, y)/x =[1+ (1-y )'] N„,(x)

+N„, (x)(1-y)'

in units G2MF/v, where 8c is the Cabibbo angle
(cos'8c = 0.95).

Charm production can occur mhen the hadronic
recoil energy W exceeds charm threshold: W'
=2MEy(1-x)+M'&W, h'. Some way above thresh-
old the charm cross section is expected to obey
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Bjorken scaling and to agree with QPM calcula-
tions. Two approaches to this rescaling have been
used in the literature.

(i) Fast rescaling '." Scaling is imposed im-
mediately above threshold, using QPM formulas
with the x, y scaling variables. However, an ef
fective threshold value is chosen for W,„, con-
siderably higher than the lowest charmed invariant
mass, to allow for expected suppression effects
near the true charm threshold.

(ii) Slow resca/ing "". A slow turning-on of
charm production can be achieved by using QPM
formulas with modified scaling variables such
as" "

x' =x+m, '/(2MEy),

N

f5
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where m, is the produced charm-quark mass:
Asymptotically x'- x. In this case the true charm
threshold is used for W,&.

We have found by many explicit calculations that
these two approaches are practically indistin-
guishable when computing spectrum-averaged
quantities (averaged over incident neutrino en-
ergies) for appropriately chosen thresholds W, h.
This is illustrated in Fig. 1 for x and y distribu-
tions of the fast muon in dimuon production, cal-
culated in a six-quark model. In the rest of this
paper we shall use slow rescaling, with Eq. (6).

We shall illustrate the problem facing parton-
model descriptions of neutrino data by"::reference
to the following four specific examples. '

Model A: four quads (GIM charm, "m,::='1.5)
In the four-quark model of Glashow et al "(GIM).
there is one charmed quark c. The c-excitation
cross sections using the slow-rescaling variable
x are

o,""/x" =N ( )+xi sO nN„o~( ),x

8-

6-
N

2-

0
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/
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o""/x" = N„,(x'),
o","/x" = N„,(x') +N„,(x'),

where

(13)

(14)

FIG. 1. Fast-muon x and y distributions from dimuon
production. The curves illustrate that fast- and slow-
rescaling calculations of spectrum. -averaged quantities
are practically indistinguishable for appropriately
chosen thresholds. Data are from Ref. 4.

o,""/x" =N (x'), (8) r = [x' +m, '/(2 ME (1-y))]/[x' -m, '/(2 ME)].

+ sin'OoN„„(x'),

o,"'/x" =[I +(I-y)'r] N .(x'),

o","/x" =(1 y)'r[N„, (—)+xN„„(x')],

o',"/x" = (1-y)'rN~a (x'),

(9)

(10)

(11)

(12)

where x"=x' m, 'MME) -Afactor 8(.W-W, ) is
understood to multiply each cross section. We

take m, = 1.5 QeV and threshold W, =m, +M = 2.4
GeV.

Model B: six quarks (m, =1.5, m, =3, m, =5). In

the six-quark model of Fritzsch et al. (FGM) and

Wilczek et al." "(WZKT), there are three
charmed quarks c, t, b with excitation cross sec-
tions

oP/x" =[1+(1-y)'r] N (x')

In each case the quantities x', x", and r are de-
fined with the appropriate charmed-quark mass.
We take m, =1.5, m, =3, m, =5 GeV with corre-
sponding thresholds W, =m; +M (i = c, t, b). This is
essentially the model used by Barnett. '
Model C: six quarks (m, =1.5, m, =10, m, =5). To

illustrate the effects of suppressing the t-quark
contribution, we take a high t-quark threshold,
mg =10 GeV.

Mode/ D: six quarts (nz, =1.5, m, =-5, m, =4). To
illustrate the effects of enhanced 5 excitation we
take m& =4 GeV and include a modest t contribu-
tion by the choice m, =5 GeV.

To compare these models with experiment, we
calculate cross sections averaged over the appro-
priate incident spectra, with due regard to W
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thresholds. For the valence and sea quark distri-
butions we take solution 3 of Ref. 19, which was
determined from fitting vN and vN x distributions
below 30 GeV.

III. EXPERIMENTAL EFFECTS

A. y dependence

At low energies E=1-11 GeV the y dependences
of vN and vN cross sections" are approximately
isotropic and (1-y)', respectively, consistent
with dominant valence and small-sea components
in Eqs. (4) and (5). At energies above 30 GeV a
substantial isotropic term appears' ' in dc/dy(vN)
at small x, as seen in Fig. 2; it shows up clearly
at large y. This "vN high-y anomaly" is commonly
attributed to charm production. The fact that it is
much stronger at small x suggests that vN charm
production comes largely from the sea; the large™
x data place some upper bound" on valence con-
tributions isotropic in y. Less can be said about
vN charm production, since the shape of do jdy is
not as sensitive to charm contributions. Most of
the data are from the Harvard-Pennsylvania-Wis-
consin-Fermilab (HPWF) experiments, ' ' but
there is a low-statistics supporting evidence from
Caltech- Fermilab' and Fermilab-Michigan" re-
sults.

For quark-parton models, the high-y anomaly
requires substantial vN charm production with flat
y dependence, but not too much at large x associ-

ated with the valence term of b-type quarks. In
model A the charm production is at small x as
required, though the net effect is too small com-
pared to the latest data; see Fig. 2. Models B and

C are indistinguishable for vN (t excitation in vN

is small); they fit the x&0.15 data well, withthe
help of substantial 6'-b excitation, but this im-
plies a substantial x & 0.15 effect also, going some-
what above the large-y data. Model D has a lower
b threshold, more b production, and worse dis-
agreementt.

Figure 3 shows vN and vN model predictions for
small and large x combined (0 &x &0.6). Valence
0f-t excitation gives a (1-y) contribution to vN

for which there is no experimental evidence. Mod-
el 8 with a low t threshold is clearly unsatisfac-
tory in this respect.

B. Average value (y)"+

The HPWF group reports ~ ' that the average
value (y)'" of observed charged-current events
rises sharply above 50 GeV. Part of this effect is
instrumental, as explained in Refs. 2 and 3, but a
strong vN effect remains, suggesting a threshold
effect such as charm production. See Fig. 4.

QPM charm production from the usual small sea
components proves quite inadequate to produce the
reported effect; model A is typical of this class of
model. The, only way to achieve the dramatic ef-
fect required is to have charm production from
valence quarks with i sotxopi c y dependence. '
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FIG. 2. vN y distribution for E &50 GeV in the regions
x & 0.15 and 0.15&x & 0.6. The following charm-produc-
tion models are illustrated: A (m~ =1.5 GeV) solid
curve, B or C (w~ =1.5, m& =5 GeV) dashed curve, D

(m~ =1.5, m& =4 GeV) dotted curve. Data are from Ref.
3. The normalization between small-x and large-x re-
gions is experimentally fixed. No experimental con-
straint on the overall pN cross-section normalization
is used here.

FIG. 3. pN and vNy distributions for E&50 GeV and
x & 0.6. The charm-production models illustrated are
A ~mc =1 5 GeV) solid curve, 8 ~mc 1 b t
GeV) dashed curve, D (m~ =1.5, m& 4, m&

—-5 GeV)
dotted curve. The predictions of model C are essen-
tially the same as model A for pN and model 8 for vN.
Data are from Hef. 3. Dashed vertical lines indicate
regions of poor experimental detection efficiency at
small and large y. The normalization of the vN curves
relative to the data is the same as in Fig. 2.
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FIG. 4. Average y versus energy for single-p+ pro-
duction by v¹The charm-production models illus-
trated are A (m~ =1.5 GeV) solid curve, 8 or C (m~
=1.5, m& ——5 GeV) dashed curve, D (m~ =1.5, m~ ——4

GeV) dotted curve. Data are from Ref. 3. Cuts are
based on the mean experimental angular acceptance re-
sult in a 5% reduction in these curves at high energies.

C. Dilepton events

The generally accepted interpretation of dilepton
p, p' and p. e' events in electronic' ' and bubble-
chamber' ' experiments is that the second (slow)
lepton comes from the decay of a new charmed

Models B, C, and D are typical of this approach;
both give large threshold effects associated with
b production.

Introducing charmed sea components (hitherto
neglected) is not a viable alternative explanation.
In model A the cc sea would add the term N' (1 —y)'r
on the right-hand side of Eqs. (7) and (8); this
would actually depress (y)'" a little, except
just above threshold. In models B and D, if we
suppressed b excitation by taking a higher b thresh-
old, the cc and tt sea would give an additional
N„', [1+(1-y)'r] term in Eqs. (9) and (10) and a
N', term in Eqs. (11)and (12). This could double
to triple the sea effect (compared to model A) if
we assumed N,'„=N„„but would be still too small
to agree well with the data. Furthermore, the
magnitude of the sea would then be difficult to
reconcile with p, N- pX measurements" at small
x.

Here we see a dilemma developing for quark-
parton-model descriptions of the data. If the vN

high-y anomaly is indeed a small-x effect, it calls
for charm production from the sea. But the sea
effects in current models are too small to explain
the (y)"" rise. The further effect's below sharpen
this dilemma.

particle. The x and y distributions of the fast
muon, associated with the incident neutrino ver-
tex, are then sensitive indicators of the charm-
production mechanism and can be compared di-
rectly with QPM calculations.

In practice the observables are x„., and y„.„but
these reduce to x and y if we neglect the final de-
cay neutrino energy (which is not unreasonable
since its energy distribution should be similar to
the slow decay charged lepton). The HPWF re-
sults~ for y ., distributions are inconclusive be-
cause of systematic biases; small-y events are
suppressed by W thresholds; large-y events have
poor experimental acceptance. However, the x&,
distributions are relatively unbiased, for vN they
give (x„,) = 0.23 + 0.04, indicating substantial
valence contributions, but for vN they give
(x„.,) =0.06+ 0.02 suggesting a sea-dominated pro-
cess, within the limited statistics available. The
corresponding spectrum-averaged values for the
models are

Model ( x)„'"„(x)„""„

A
B
C
D

0.10 0.18
0.16 0.17
0.16 0.16
0.18 0.16

D. Total-cross-section ratio

The HPWF group recently reported a dramatic
rise in the vN/vN total-charged-current-cross-
section ratio, reaching about 0.6 at 80 QeV, com-
pared to a ratio 0.38+0.02 for the 1-11-QeV
range. See Fig. 6.

If we write S and V for the integrated sea and
valence contributions, the conventional uncharmed
cross sections are

0~"= -', 8+ V cos'6~, (16)

and the low-energy ar data indicate S/Vs 0.6.

Models B, C, and D with b-quark production give
(x)„""= (x)„""„,whereas the data give (x )„""„=0.3
x(x)„'"„.

Figure 5 shows dimuon x„., and v distributions
compared with models A and B (v =xy has the ad-
vantage of being directly measured; the v depen-
dence strongly reflects the x dependence). For
vN model A is typical of sea-dominated models and
fits well; for vN the fit is reasonable and can be
improved by enhancing the vN valence contribution'
(but this is not relevant to our present discussion).
Models B, C, and D have substantial vN valence
terms and give poor agreement with the vN x and
v dependences.
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Note that sea contributions to v~Vand vN are al-
ways equal, including charm production too. Hence
to achieve a high-energy ratio 0.6 with sea charm
production along would require S/V = 0.44, an
order-of-magnitude enhancement of the sea not
foreseen in any present parton model. If we admit
valence charm production for vN but not 7tN, as
indicated by dimuon data, the required sea en-
hancement is much larger still.

In terms of quark-parton models, this o~ ratio
increase demands substantial vN valence charm
production, preferably with isotropic y dependence,
supporting the evidence from (y)"» and sharpening
the dilemma for parton models. Figure 6 shows a
comparison of data with models. Model D with
strong 7tN valence 5 production fits the data quite
well. Model C with a higher b threshold is less
satisfactory. Model 8 shows the effects of sub-
stantial t excitation; the ratio is pulled down even
further. Model A with no valence b excitation fails
completely.
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IV. DISCUSSION

FIG. 5. Fast-muon x and z (=xy) distributions in
dimuon production. The predictions of model A (solid
curve) and model B (dashed curve) are illustrated.
Model C give the same result as model B. Data are
from Ref. 4.
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FIG. 6. Ratio of total cross sections g "z /cruz for
single-muon production as a function of energy. The
curves illustrate model A (solid), model B (short
dashes), model C (long dashes), and model D (dotted).
Data are from Ref. 8. The sets of data points represent
different experimental analyses: X (flux-dependent nor-
malization); G (quasielastic normalization); 6, e, V
(normalization to events in low-W2 intervals).

Within the QPM framework, some of the new

high-energy phenomena apparently call for vN

charm production to come from sea, quarks, but
others require it to come from valence quarks.
That is the dilemma facing parton models.

This difficulty has been present for some time,
but not in ari acute form. Uncertainty has attached
to the (y)" data because of questions about the

y dependence at small x, small y (the "low-y
anomaly", a source of controversy'' ' tha, t has
still not been publicly resolved). However, the
HPWF group have recently repeated' ' their claim
about (y)"", with increased statistics, and the
completely new results on the vN/vN or ratio'
have appeared. A problem for quark-parton-model
interpretations of the data now clearly exists and
must be recognized.

In seeking a resolution of this problem, we may
question the quark-parton models, the assump-
tions made in interpreting data, or the data them-
selves.

(i) Models. Crucial properties of the parton
models are the smallness and energy independence
of the sea. Could the sea components have been
grossly underestimated in the low-energy parton-
model fitting? The low-energy total cross-sec-
tion ratio" is vN/vN=0. 88+0.02 (our parameteri-
zation gives 0.40); this severely bounds the in-
tegrated sea contribution, which is all that matters
for the high-energy ratio. There is no way out
here. Should there really be some energy de-
pendence? Altarelli et al. ' have argued on the
basis of asymptotically free field theory that there
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should be an enhancement of the sea and a sup-
pression of valence effects as Q' increases; this
might provide an explanation —but would imply
abandoning the conventional parton model.

Within the conventional model, the only way to
get large sea enhancements is to increase greatly
either the basic coupling constant or the number of
degrees of freedom.

(ii) InterPretations. It has been tacitly assumed
that the same charmed quarks cause all the effects.
When several different charmed quarks are ex-
cited, this need not be so.

For example, the dimuon part of the puzzle can
be sidestepped, if we postulate that b-type quarks
(valence-produced in vN) have relatively small
decay branching ratio to leptons. Then b produc-
tion can occur copiously without affecting the
dimuon distributions.

However, the do/dy effect remains: It refers to
the same charged-current cross section that gen-
erates (y) and vr. These three observables are
simply different projections of the same set of
events, so they cannot be completely decoupled.

(iii) Data. The dimuon data have the flimsiest
statistics, and might be set aside on these grounds.
The other data have better statistics but are not
immune to suspicion of systematic error. For ex-
ample, the y distributions have been coritroversial,
and the high-energy total cross sections depend in
part upon a theoretical normalization prescription.

It is profitless to try to guess if some measure-
ment might be wrong. We simply stress that it
will be very important to check these results with
really good statistics that will enable a separation
of x and y dependences to be made simultaneously.
In the meantime, while we remain restricted to
distributions in a single variable, it may also be
instructive to examine 8"distributions and average
Q' for single-muon events. Model predictions for
do /dW averaged over the HPWF spectra for
50 ~E &100 GeV are shown in Fig. 7. The b quark
produces a hump on the high-energy tail of the vA
8' distribution. The t quark causes an enhance-
ment near the maximum of do/dW for vN. Pre-
dictions for (Q~)'" versus energy are shown in Fig.
8. The b-quark valence contribution produces a
dramatic change in slope of (Q')"" near 50 GeV:
This does not occur if the charm contribution is
from the sea since Q'=2MExy.

Qn the basis of our parton-model comparisons
with the present data, we reach the following con-
clusions:

(a) All conventional quark-parton models seem to
be in some degree of difficulty with the data. The
different experimental measurements seem to
place conflicting requirements on the vN charm-
production mechanism.
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and pN for 50&E&100 GeV: Model A (solid curve),
model B (dashed curve), model D (dotted curve). Model
C gives results similar to model A for vN and to model
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(b) In particular the four-quark GIM model,
previously thought to be satisfactory, ' cannot ex-
plain the rise with energy of o'~"/o"~" and (y)'", and

also does not succeed in quantitatively reproducing
the magnitude of the do/dy anomaly in vN at small
X.

(c) With the six-quark model, the closest over-
all compromise with the present data is obtained
with model C, which has charm-quark masses
m, =1.5 GeV, m, =5 GeV, and a higher t-quark
mass. This adequately reproduces the behavior
of ur"/o"r" and (y)"" and is not badly inconsistent
with do/dy for vN. To reconcile it with the dimuon
data we can postulate that the produced b-charm
particles have small muonic branching ratios.

Note added'. After completion of this paper, we
learned that similar investigations are in progress
by C. Albright, R. Shrock, and S. Nandi.
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