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The production of heavy quarks is considered in the quark-parton model. The model is shown to account for
the energy-dependent effects of large produced masses. By considering the inclusive, charged-current neutrino
scattering data as a function of energy, it is possible to distinguish between the standard four-quark model and
models with right-handed currents and additional heavy quarks. It appears that the present data favor the
latter models, and allow estimates of the masses of new quarks.

I. INTRODUCTION

The experiments of the Harvard- Pennsylvania-
Wisconsin-Fermilab (HPWF), Caltech-Fermilab
(CTF), and CERN Gargamelle collaborations have
found several exciting phenomena. These experi-
ments have neutrino and antineutrino beams which
collide with nucleii with approximately equal mix-
tures of neutrons and protons and therefore with
equal numbers of # and d quarks.

In theories with a charged intermediate boson
(W), the v (V) is changed intoa = (u*) atthe leptonic
vertex and hadrons are created at the other vertex.
The production of muons by neutrinos has been ob-
served'~®. In addition these groups discovered
neutral-current events' *® in which no muon is
created, but those events are not directly relevant
to the discussion here and are not considered.

The quark-parton model has clear predictions for
the total cross sections and for several distribu-
tions which were confirmed by the early experi-
ments at low energies.'~® Later, however, HPWF
reported an anomaly in one distribution” at higher
energies which still persists.®

Recently HPWF®~!? and CTF*® have reported
events in which a second muon, usually of opposite
charge, is found. The second muon appears to
come not from the leptonic vertex,'*~'® but from the
hadronic vertex, presumably from the weak decay
of heavy particles, which will be called charmed
particles here.

In the old quark model one expected that in
v (V) scattering W* (W~) bosons would change d («)
quarks into u (d) quarks. In that process only or-
dinary light particles would be produced. How-
ever, in what is now referred to as the standard
model'” there are four quarks with the left-handed
couplings:

(@), (),

or
J;““’g“d =ﬁ7u(1+7’s)dc+57u(1 +Y5)Sc (1.2)

where
dc=dcosbf.+ssinf (1.3)

Sc=—dsinf +scosf,

and tan®6,~0.05. In this model strange quarks
which are found in the sea of nucleons can be
changed into charmed quarks ¢ (the sea is quark-
antiquark pairs found in addition to the valence u«
and d quarks).

Following the discovery'®'® of the ¢, and in the
light of the HPWF and CTF experiments, several
new models were proposed. Among these mod~
els®*=?" many had right-handed currents and sev-
eral had additional heavy quarks.

One of the problems with models which have
right-handed couplings such as (#,d’), is that the
U cross section is predicted to rise by a factor of
four (over the usual cross section) after passing
the threshold energy for producing particles with
a quark d’. No rise of that magnitude has been ob-
served. However, as was discussed®® before these
phenomena were found, the effects of new heavy
quarks may be slow to reach their asymptotic lev-
els.

Here it will be shown that the ordinary quark-
parton model provides a description of the rate of
approach to the asymptotic limit when the mass
of the produced quark is kept. This approach al-
lows an estimation of the mass of the relevant
quarks when the data are considered in the con-
text of a variety of models. No other masses (such
as light-quark masses or nucleon masses) signi-
ficantly affect the results.

The energy-dependent cross sections are derived
in Sec. II, where it is shown how the produced-
quark mass enters in the quark-parton model. The
qualitative effects of a heavy-produced-quark
mass, discussed in Sec. III, include the suppres-
sion of large x and smally. In Sec. IV the models
tested are described, and the form of valence- and
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14 EVIDENCE IN NEUTRINO SCATTERING FOR RIGHT-HANDED... 1

sea-quark distributions used are given, The re-
sults of comparing a variety of models with the data
are presented in Sec. V along with the conclusions.

These and other aspects of charged-current neu-
trino scattering have also been considered in Refs.
29 and 30.

II. CROSS SECTIONS FOR PRODUCTION OF
HEAVY QUARKS

A. Scaling behavior with heavy quarks

In the quark-parton model, it is assumed that the
exchanged W boson in vN scattering interacts with
one of the constituent quarks of the nucleon. This
quark carries a fraction z of the nucleon’s total
momentum where the distribution of these fractions
is described by the structure functions F(z). It is
further assumed that these quark-partons are
quasifree® so that the impulse approximation is
valid. In this approximation the produced quark ¢
is on mass shell so that if the quark ¢ is light one
obtains from Fig. 1

(q+2p)*=p"=0,

(2.1)
q®+2zq°p +2°M*= 0,
Neglecting the last term,
- 2
2o A—=x, (2.2)

%pq

The term —¢%/2p +q, which is generally called x,
is an experimentally observable quantity.

However, if the quark ¢ has non-negligible mass
(m,> 0.3 GeV) then

(g+2zp)*=p"=m, (2.3)
and
2 2 — 2 2
2= quf;"c =x< q_;Z"L>, (2.4)
I
kl
, k
q
P .
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FIG. 1. A quark-parton picture of the VN scattering
in which a quark c is produced with the exchange of a
W boson. The recombination of quarks to form hadrons
is not shown.

or

z=x+~—‘-‘—y (2.5)

(ky=E and k\=E");

y is also observable experimentally.

The result of this parton calculation®® is that the
scaling variable z is not equal to the experimental
variable x of heavy quarks are produced. There-
fore, x and z must be kept distinct in calculating
the cross section,

Because one is connecting this quark mass m,
with the threshold behavior of the cross section,
it is reasonable that such masses should have an
approximate correspondence with the masses of
the hadrons of which they are constituents.

B. Calculation of cross section without parton hypothesis

In order to show clearly the role of heavy quarks,
it will be useful to recalculate the standard cross
sections.®® For the vN scattering shown in Fig. 1,
the matrix element is

smw%_auya(l -y JulX|JE|IN) (2.6)

and the cross section is

d’ G*E'm,m
o & Puy aB 2.7
dE'dQ’ ~ 2 E (2m)? LasW*", @7

where the leptonic part is

lys =Z Ay (1 =y )usty (1 -y )u

2 : 1z
o [RLkg+kbky =k k'g s i€ gy k7 k"®]
(2.8)
and the hadronic part is
WeB =13 S (NPLE XX & |N) (27)°
X
x6%(p +q =px)- (2.9)

When W® is multiplied by [,,, certain terms in
w8 (W, and W,) are multiplied by m,. Inthis type
of theory one also finds W=0. Neglecting W,, W,
and W, the most general allowed Wo® is

pp° . b
Wb = _ goBy . [;pz W2+1,€°‘57‘5____27111;:V/3.

(2.10)
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Using the scaling hypothesis, the W, can be equa-
ted with scaling functions F; which are functions
only of the scaling variable z:

F.=W.M, F,=vW,, F,=vW,, (2.11)

so that
o __G°E"2 [F <2k-k'>+_zr_2(2(p-k)
dE'dQ’ 2EQu)* | "N\ M v M

Writing this cross section in the lab frame (N at

rest)
o GBI 0 et
dE'dQ’ ~ 2n M ST 2t gy
4
xE’;E sinng—;]. (2.14)

This can be written in terms of the variables x and

2 ’
--q _E-FE
x"z .q7 y= E ’ (2.15)
where
prq=Mv=M(E -E')=MEy, —q*=2MExy.
20 Mxy  Mxy
sin’g =577 —_—2E(1—y)’ (2.16)
d’c  2tMEy d°¢  2mMy d%o
dxdy = E' dE'dQ’  (1-y)dE'dQ’"
Then
doc G*ME
dxdy = - [xyzFx*'(l_y)Fz;(1‘%y)xyF3]:

(2.17)

where a term (F,Mxy/2E) has been neglected.
C. Cross section from quark-parton model

Within the quark-parton model W® can be cal-
culated more explicitly in terms of the scaling
variable z,

(2.18)

For v scattering, only the d quark contributes (for
simplicity we ignore sea contributions here) so

that
WeB =dz)h*Pe(1-2), (2.19)

where
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pp°®

aB_ .5
w M?y

F + F2+i€"‘675MiF3.
2M

2y
(2.12)

Then multiplying 7,4 by W*? in the cross section,
Eq. (2.7),

(2.13)

M2

Bt 35 @l Bl Xp T |ap) o p” ~ g - 2p)
! (2.20)

« Tr[(zf)y 2 (1 -y @ +4)v*(1-vy)]. (2.21)
Doing the trace and neglecting the W -type term
and a z°M° term, one obtains
€ aByd
My

2z .
lz"‘ﬁocMuz<—g°‘a+-mp°‘pB—z pyqé).
(2.22)

From this, W8 can be obtained after inserting the
correct normalization.

WeB =d(z) <—'%ﬂ +%p"pﬂ - i%; pyq(g,) 6(1-2).
(2.23)

By comparing with Eq. (2.12), it follows that
F,=d(z), (2.24)
F,=2zd(z)=2zF,, (2.25)
Fy==2d(z)==-F,/z. (2.26)

The relation Eq. (2.25) is the Callan-Gross rela-
tion.*

Substituting these relations into Eq. (2.17), the
final cross section is obtained:

d’c _G’ME
dxdy = 1

(LR S - b}

X Fy(2) 6(1=2), (2.27)

where + refers to v or 7 for left-handed currents.
“Note that for m .~ 0 (z - x), the standard result is
found:

do 1, for v,
dx dy (1-y9)%, for

In Eq. (2.27), the actual threshold is described not
by 6(1-2z) but by 6(1~2’), where z’ is the same as
z except for replacing m . with W2, —M°®. However,

G’ME

(2.28)

V.

Fz(x)X{

m.=0
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it is z, not 2/, which enters elsewhere, and it can
be shown that either 6 function gives similar re-
sults when Eq. (2.27) is used with z.

III. QUALITATIVE IMPLICATIONS OF
CHARM CROSS SECTIONS

From the fact that z <1 and the use of Eq. (2.5),
there are bounds set on x and y:

2 2
y<laMe q_Mc (3.1)

2MEy 1-ous’

2 2
m S Mg

y > < = .
2ME(1-x) = 2ME

(3.2)

If these bounds are violated, then the production
of a quark of mass m is kinematically forbidden.
An equivalent bound exists for the scaling variable
I

2 2
2 Me S Mo (3.3)

2MEy ~ 2ME
If one considers m .=4 GeV, then fory =0.5,
x< 0.6, and for x=0.25, y > 0.27 (for E =40 GeV).
In the cross section Eq. (2.27), the heavy-quark
mass has three effects at finite energies: (1) The
magnitude of the cross section is decreased for all
x and y; (2) The x distribution is modified by sup-
pressing large x relative to small x; (3) The y dis-
tribution is modified by the suppression of small y.
The most dramatic effects occur in F,(z). As-
sume that

_ 1 3 _ ( 1 m02 s 3

Fole)=(1-2)°= —x—zMEy> . (3.4)
Since experimental distributions are plotted versus
x, not z, it is clear that with increasing m, the
magnitude of F, decreases significantly, and F,
falls off more rapidly in x. Furthermore, asy is
decreased, F, decreases. Clearly all three of
these effects are magnified for higher powers of
1-2z. Higher powers are expected for sea contri-
butions (quark-antiquark pairs present in the nu-
cleon). This last effect is shown in Fig. 2.

The presence of the factor x/z in the cross sec-
tion, Eq. (2.27), also has significant effects. This
factor enters because there are kinematical fac-
tors x in the cross section [see Eq. (2.17)] and be-
cause the relations Egs. (2.25) and (2.26), which
are obtained in the parton model, contain the scal-
ing variable z. Since x/z is always less than one,
it decreases the cross section. It also makes the
second and third terms in Eq. (2.27) smaller rel-
ative to the first. As a result, distributions which
otherwise would be proportional to 1 or to (1 -y)?
are both more like 1 —y. This effect is greatest

for small x and for small y, where x/z is smallest.

1.0
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FIG. 2. An example of the suppression of cross sec-
tions when heavy quarks are produced, which is a func-
tion of whether a valence or sea quark was hit by the W
boson.

The factor x/z tends to suppress small y.

Finally, since the x and y dependences no longer
factorize, efficiencies which vary as a function of
y now also affect the x dependences. Given the ef-
ficiency of the HPWF experiment’ (poor efficiency
at large y), one finds that for heavy-quark produc-
tion, the x distributions are significantly more
peaked at small x than they would be if the efficien-
cy were not y dependent. These effects are mag-
nified for those distributions which are peaked
toward large y. However, in the theoretical dis-
tributions which follow, this effect is not included,
since the experiments to be done in the near future
will not have these efficiency problems.

IV. MODELS AND OTHER ASSUMPTIONS

A variety of quark models were compared with
the data. Except for the standard four-quark mod-
el, the models considered here all have both left-
and right-handed currents. Other models were ex-
amined but were found difficult to distinguish from
the models considered. For many of the distribu-
tions which follow, it was also difficult to distin-
guish among the various nonstandard models for
similar masses so that only one such model plus
the standard model are shown. What is clearly
evident is the presence or absence of the weak
couplings:

and [“ R (4.1)

where d’ and '’ signify any heavy quark which cou-
ples weakly to u# or d quarks. In particular, this
approach does not distinguish (¢, d)g from (u’,d)g.
However, this approach does give the approximate



74 R. MICHAEL

masses of the #’ and d’ quarks [as defined in Eq.
(4.1)].

The models considered are shown in Table I,
where no Cabibbo angles are shown, although the
standard Cabibbo angle was used in all models.

In order to calculate in each model, an assump-
tion was required as to the magnitude and z depen-
dence of the valence- and sea-quark distributions.
For the results shown in Sec. V, the following dis-
tributions were assumed:

Valence: F}(z)=(1-2)%*-0.6(1-2)7, (4.2)
Sea: F3(z)=0.19(1 - 2)°. (4.3)

These give a ratio of the sea to valence contribu-
tions of 11% for all z [obtained by integrating F,(z)
over z] and of 29% for z<0.1 (recall that below
charm threshold x ~z). Also shown in the theoret-
ical results are the predictions of the models with
one-fifth as much sea [in Eq. (4.3), 0.19-0.04].
The detailed shape of the distributions Eqgs. (4.2)
and (4.3) are not important to the results. The va-
lence distribution was varied by changing the fac-
tor 0.6 (including changing it to zero); and the sea
distribution was varied by trying different powers
of (1 -2z) and other forms [including (1 —z)” and
exp(-az?)]. These modifications had no qualitative
importance on the features described and very lit-
tle quantitative relevance for parameterizations
consistent with the data. Parameterizations which
have the valence distribution going to zero at very
small x (those in Ref. 30 were used) change little

BARNETT 14

since the contribution of a small region is small.
If the valence distribution (1 - z)® is changed to
(1 -2z)*, the features of heavy-quark production
described in Sec. III are, of course, magnified
somewhat.

An important assumption in these calculations
was that the number of strange quarks in the sea
is equal to the number of # and d quarks in the sea;
this is discussed further in the next section. It
was also assumed that there were no charmed
quarks in the sea.

V. RESULTS AND CONCLUSIONS

In comparing data and theory (as below), it was
evident that if there is a (u, d’); coupling, the d’
quark could not have a mass much less than 4 GeV.
The best fits were obtained for a mass

m(d') ~4 to 5 GeV. (5.1)

For a «’ quark with a (’, d) coupling, the present
data are less conclusive and one cannot rule out
masses between 2 and 4 GeV (masses much above
4 GeV make the models difficult to distinguish
from the standard model). The best fits were ob-
tained for masses

m(u’) 23 GeV. (5.2)

In the discussion which follows, the results are
usually presented in terms of model A, but similar
results can be obtained in model B. In model D
there is no #’ quark although there is a d’ quark,

TABLE I. The weak couplings of the models considered. Primes denote heavy quarks.
Cabibbo angles are not shown here, but were included in all calculations. Most of the models
below also describe leptons which are not shown (see Ref. 22).

Model Couplings

References
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and this possibility cannot be ruled out by the data.

To calculate the theoretical rate of dimuon pro-
duction compared to single-muon production, one
must first calculate the rate of charmed-quark
production compared to light-quark production.
This is done in the manner described in Sec. II.
But, in addition, one must know the branching ra-
tio of charmed particles to muons:

B, =T'(D - p+anything)/T'(D - anything), (5.3)
so that
o(vN - i i + anything) = B, o(vN - D + anything).
(5.4)

Since o(D) can be obtained theoretically (Sec. II)
and o(pp) is known experimentally, one can find
the value of B, required for each model to agree
with experiment.

These values of B, are shown in Table II for a
variety of possible masses and amounts of sea in
the nucleon. Naively one might expect B, ~20%
since in the decay of a charmed particle the W
boson can couple equally to u~v, e—-v, and u—d
(in three colors). However, with certain model-
dependent assumptions, Gaillard, Lee, and Rosner?
have estimated B, ~4%. Here it is assumed only
that B, < 20%.

In order to obtain reasonable values for B, in
the standard four-quark model, it was necessary
to choose several parameters ideally: (1) The
amount of sea assumed was 11% (29% at x<0.1);
it is difficult to have a larger sea contribution and
still be consistent with low-energy data, but there
could be a smaller sea contribution; (2) It was
assumed that the amount of strange quarks in the
sea is equal to the number of # and d quarks in the

5

TABLE II. The branching ratio B, of charmed parti-
cles to muons [see Eq. (5.3)] required for each model to
fit the observed dimuon rate, Refs. 10, 12, and 13. The
ratios B given are only good to 33% for v and 50% for
v, since that is the current experimental error for
o (v —pup). Model B has similar results to model A.

Model Bu(u) B“(E) Quark masses (GeV) % of sea

Standard 0.13 0.21 ¢=1.5 i1
A 0.06 0.04 c=1.5 u'=4 d'=4 i1
A 0.08 0.08 c¢=1.5 u’=4 d'=5 11
A 0.05 0.06 c=4 u'=2 d'=4 11
A 0.05 0.12 =4 u’'=2 d'=5 11
A 0.08 0.04 c=1.5 u'=4 d =4 2
A 0.12 0.09 c¢=1.5 u'=4 a’'= 2
A 0.05 0.04 c=4 u'=2 d'=4 2
A 0.05 0.10 c¢c=4 w'=2 d'= 2
C 0.03 0.16 c¢=1.5 i1
D 0.13 0.04 c¢=1.5 d' =4 i1
D 0.13 0.08 ¢=1.5 d'=5 11

sea; while there is no clear experimental evidence
on this question, it has been argued by some that
in the sea s/@#=~%; (3) The mass of the ¢ quark was
chosen as 1.5 GeV; few would argue that it is
lighter. Both the HPWF and CTF groups have been
very conservative in their estimates of dimuon
production. Any of the above could double or triple
the values of B, given for the standard model in
Table II.

However, given the above assumptions one does
obtain plausible values for B, (v) and B, (¥) in the
standard four-quark model.

Reasonable values for B, are obtained in most
of the other models shown. For model C the dis-
crepancy between B, (v) and B, (V) is quite large
even considering the experimental error [note that
the branching ratio to muons may be different for
charmed mesons and charmed baryons, and only
v (not ) produce charmed baryons in this model].

One of the more dramatic effects observed in the
HPWF experiment® has been the change with ener-
gy in the average value of y =(E - E’)/E for the
process v+ N - pu*+anything. In Fig. 3 the data for
(y) vs. E is shown along with the results for the
standard model and for model A with various
masses and amounts of sea. Because of some
experimental limitations in the present data, cer-
tain small systematic errors are possible which
shift all points in an energy-independent manner,
but the magnitude of any energy-dependent errors
is expected to be much smaller than the observed
effect.

The standard four-quark model does very poorly

— 7
0.5 e HORN —
- @ QUADRUPOLE .
TRIPLET |
oY b 1
0.4 —
0.3 1
.

oo oo o Lo o "

0] 50 100 150
E; (GeV)

FIG. 3. The average value of y in the distributions for
VN—u*X. Data are from Ref. 8. The curves are pre-
dictions for the standard model (dotted) and for model A
with 2% sea (solid) and 11% sea (dashed), with m(d’)
=4 GeV (upper) and m(d’) =5 GeV (lower). Similar re-
sults are found whether m(x’) =2 or 4 GeV.
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in explaining this changing value of (y), whereas
model A clearly shows the general effect for m(d’)
=4 or 5 GeV.

In models such as A, B, D, and E this effect oc-
curs because of the coupling (u,d’)g. In antineu-
trino scattering the ordinary (u, d); coupling leads
to a (1 —y)? dependence, whereas the (u, d’)y cou-
pling leads to a 1 dependence (asymptotically).
Furthermore, at present energies the production
of the heavy quark d’ is suppressed at small y
(see Sec. II and the dimuon production described
later) so that the distribution is actually increas-
ing with y. In addition, the contribution from
(u, d’); will asymptotically be three times that from
(u, d);, although it is much lower at present ener-
gies. Therefore, the (u,d’)y coupling leads to a
significant increase in the average value of y. It
should also be noted that (y) is sensitive to the
amount of d in the sea since that has a constant
(1) y dependence also.

By contrast, in these models the new contribu-
tion in neutrino scattering, (x’,d)g, only contrib-
utes ¢+ asymptotically, and the new (1 — y)? depen-
dence for v is counterbalanced by the threshold
suppression of small y.

The new contributions described above must ap-
pear in the cross sections for vN - p + anything.
In Figs. 4 and 5 the energy dependence of ¢/E
[see Eq. (2.27)] is shown. Given the error bars
on the current data,’®37 it is not possible to dis-
tinguish between the models here. However, for
v the HPWF data appear to be rising, as does
model A.

o/E for dimuons can be obtained in Figs. 4 and 5

* HPWF
o CT-F

Il l [ L Il | [ Il
20 40 60 80 100 120 140 160

Ey; (Gev)

FIG. 4. The cross section for TN— p*X, Data are
from Refs. 36 and 37. The curves are predictions for
the standard model (dotted) and for model A with 2% sea,
m(@d') =4 GeV (solid), and with 11% sea (dashed) for
m(d')=4 GeV (upper) and m(@d@’) =5 GeV (lower). Similar
results are found whether m@’) =2 or 4 GeV. o/E is in
arbitrary units.

¥ ® HPWF
E

Il 1 1 1
20 40 60 80 100 120 140 160

E, (GeV)

FIG. 5. The cross section for YN—pu~X. Data are
from Refs. 36 and 37. The curves are predictions for
the standard model (dotted) and for model A (solid)
where all configurations give similar results [with
m (') =2 GeV somewhat higher than m (x’) =4 GeV].
d/E is in arbitrary units.

by drawing a horizontal line through o/E at E=5
GeV; this line is then the zero line for dimuon
cross sections.

A popular manner of displaying the cross-sec-
tion data is in the ratio

_0(N—-p*+X)

¢ g(WN=-pu +X)* (6.5)

Before the threshold for heavy quarks, assuming
no sea, one expects R, =73 [by integrating (1 - y)?
and 1]. With some sea contribution R, 25. This
is consistent with the low-energy data. In the
standard model R, is expected to remain close to
its low-energy value. Models A, B, and E have
asymptotically R,=1.0 and model D, R =%. How-
ever, at the present energies these models pre-
dict R, considerably below those values as shown
in Fig. 6, which again does not distinguish the
models in the energy range for which data are
shown.

Another dramatic aspect of the HPWF data™ 3537

T T T T T T T T T
o (IN—=p? 4 X)
s IN—=p e X)

TN+ X)

{ L R S E—
20 40 60 80 100 120 140 160 180
E, (Gev)

FIG. 6. The ratio of the ¥ and v cross sections for
VN —uX ., Data are from Ref. 36. The curves are pre-
dictions for the standard model (dotted) and for model A
with 2% sea (solid) and 11% sea (dashed), and for m(d’)
=4 GeV (upper) and m(d’) =5 GeV (lower). The curves
shown have m(u’) =2 GeV; for m(x’) =4 GeV all model A
curves aré somewhat higher.
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do/dy (107*® cm?2/NUCLEON)

FIG. 7. The y distributions for vN—uX at small and
large x. Data are from Refs. 6 and 36. The curves are
predictions for the standard model (dotted) and for model
A with 11% sea and with m (x’) =4 GeV (solid) and m (u’)
=2 GeV (dashed). Model A with 2% sea and m (u’) =4 GeV
coincides with the solid curve for vN and with the dashed
curve for VN, x> 0.1, and with the dotted curve for 7N,
x<0.1. All the above have m d’) =4 GeV. The relative
normalization of v to 7 for the data of CTF and for the
theoretical curves has been adjusted within half a stan-
dard deviation of the HPWF relative normalization for
better comparison of the fits.

has been the y dependence of VN- u*+X at small
x, shown in Fig. 7. Whereas at large x the dis-
tribution appears close to (1 - y)?, for x<0.1 it
appears to be much flatter. There are two pos-
sible causes of this behavior (which are not ex-
clusive): (1) the contribution of sea d quarks
(which have a constant y dependence) is concen-
trated at small x; (2) the contribution of charmed
quarks is concentrated at small x, whether they
are produced off sea quarks or off valence quarks
(or more likely both). As discussed in Sec. III,
the kinematics restrict massive-quark production
(even off valence quarks) to smaller x at present
energies; and if a sharper x dependence than Eq.
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FIG. 8. The x, distributions for YN—puuX. The data
(in terms of x ;) are from Refs. 11 and 12. The curves
are predictions (in terms of x) for the standard model
(dotted) and for model A (solid and dashed). Only the
cross-hatched ¥V events were obtained in a ¥ run.
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FIG. 9. They,;, distributions for YN—puX. The data
(in terms of y ;) are from Refs. 11 and 12. The curves
are predictions (in terms of y) for the standard model
(dotted) and for model A with m (u’) =2 GeV (dashed) and
with m (¥’) =4 GeV (solid). Only the cross-hatched 7
events were obtained in an 7 run.

(4.3) were chosen, this effect would be even great-
er.

In Fig. 7, showing this y dependence for small
x and large x all models are consistent with the
data. For antineutrino scattering the small x may
favor model A over the standard model, but it is
not decisive. For large x, perhaps the standard
model does slightly better. However, it should be
kept in mind that for y~0.1 and x=0.1, the x
resolution in the HPWF experiment?® is only 35%.
Since small x is bounded by zero on one side but
is effectively unbounded on the other side, the ef-
fect of smearing x (due to the resolution) is to
shift (x) to larger values at small y where the x
resolution is poor. Corrections for this effect are
not easy to estimate without knowing the true x
distribution at small y. The results of this effect
is to make the y distribution at small x appear
more flat at the same time as the y distribution
at large x is made to appear sharper. It is there-
fore quite possible that the fits of model A are in
very good-agreement with the data, although one
should not attempt to distinguish between models
on the basis of this figure with the present data.

The currently available x, y, and v =xy dis-
tributions for dimuon events (VN — pu .+ anything)
are not very useful because of poor statistics and
poor efficiency at large y. As can be seen in Figs.
8, 9, and 10, the models considered here are all
easily consistent with the present data for dimuon
distributions. However, with more data the neu-
trino y distribution and antineutrino v distribution
should be quite informative.

For dimuon events (assuming they come from
charmed-particle decay) it is not possible experi-
mentally to determine x or y exactly because of
the unknown energy of the outgoing neutrino, so
that new quantities x,;, and y,,, are defined. If
y=(E -E’)/E, where E is found by measuring the
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FIG. 10. The v distributions for vN—pupX. The data
are from Refs. 11 and 12. The curves are predictions
for the standard model (dotted) and for model A (dashed
and solid). Only the cross-hatched ¥V events were ob-
tained in an ¥V run.

energy of all outgoing particles and E’=E . (for
neutrino scattering), then

E +E ++E,
= 5.6)
VY Epuat E,-+E o+ E, (
E +F
yvisE had (57)

E y+E, -+E, +

However, this error is in general quite small, in
part because E, appears in both the numerator and
the denominator. A similar result applies for x,
but the variable v was chosen because the error
cancels so that v, =v.

The x distributions for dimuon events shown in
Fig. 8 are all very similar for neutrinos. For an-
tineutrinos there are some differences, but these
are more pronounced in the v distributions. The
antineutrino data shown should be taken with cau-
tion since most were obtained in a neutrino run by
choosing those events with momenta p(u*) >p(u”)
and are therefore a biased sample. In particular
since x and y dependences do not factorize [Eq.
(2.27)], one finds that both the x and y distribu-
tions are affected.

The y distributions for dimuon events shown in
Fig. 9 are similar for antineutrinos, but for neu-
trinos the distribution could be very useful in de-
termining the mass of a %’ quark [with coupling
(', a',)R] if there is such a quark. If one determines
m(u’) from the best fit to these statistically poor
data, one finds m(u’) =3 GeV, but 2 or 4 GeV can-
not be ruled out. For the current data, the effi-
ciency is small at large y.

The » distributions for dimuon events are quite
different for antineutrinos (Fig. 10). Again the
present data should be considered with caution
since only the cross-hatched data were obtained
in an antineutrino run.
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FIG. 11, The W distributions for vN—puuX. The data
are from Refs. 11 and 12. The curves are predictions
for the standard model (dotted) and for model A with
m (') =4 GeV (solid). For model A with m (1’) =2 GeV
the v curve coincides with the standard model and the
7 curve with that for m («’) =4 GeV. Only the cross-
hatched 7 events obtained in an ¥ run.

The W distributions [where W is the total invari-
ant mass recoiling against the p~(¢*) in v(v) scat-
tering] for dimuon events are shown in Fig. 11.
Since experimentally W is W2 =2ME ;. y,.(1 - x,;),
there is an apparent suppression of large W be-
cause E,,, V4 and (1 -x,) all are smaller than
the true E, y, and (1 - x). Furthermore, the pres-
ent experiment has poor efficiency at large y.
These distributions are not useful for distinguish-
ing models, since the details of their shape are
strongly dependent on the spectra of incoming neu-
trino energies (which are difficult to determine
accurately).

In conclusion, there are significant differences
in the predicted distributions for the standard
four-quark model and models with right-handed
currents associated with new heavy quarks. The
(y) vs. E seems to favor right-handed currents.
The total cross sections, single-muon y distribu-
tions, and the dimuon distributions are completely
consistent with new models but do not currently
rule out the four-quark model. If there are d’
quarks, their mass is expected to be between 4
and 5 GeV; for «’ quarks, the mass is expected
to be greater than 3 GeV.

The crucial data will be the v and ¥ dimuon
rates vs. E, the (y) for U vs. E, the total cross
sections at high energies, the dimuon y distribu-
tion for v, and the dimuon v distribution for v.
The new experiments with improved efficiency and
statistics should help distinguish among these
models and help estimate masses for d” and #’
quarks.
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