
PHYSICAL REVIEW 0 VOLUME 14, NUMBER 7 1 OCTOBER 1976

Neutrino-yroton elastic scattering: Imylications for weak-interaction models
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We test the predictions of various gauge models for weak-neutral-current interactions by comparing them with

experimental results on inclusive and elastic neutrino interactions. The %einberg-Salam model is in fair

agreement with the data; however, vectorlike theories can be ruled out. Vfe also consider certain gauge models

with five or six quarks and one or two right-handed doublets, and find that they fit the data rather well.

I. INTRODUCTION

v+N v+X,

v+N-v+X.
(1.la)

(1.1b)

The first evidence for "muonless" events' came
from these reactions. Experimental results are
usually presented in terms of the ratio of the neu-
tral-current cross section to the charged-current
cross section, namely

iV"=o(v+N-v+X)/o(v+K- p +X),
8'"=o (v + N- v + X)/c(v + N- p,

+ + X),

where N denotes an isoscalar target.

(1.2a)

(1.2b)

The discovery of neutral currents in neutrino-
induced reactions has led to major revisions in
our understanding of the weak interactions. While
it can be argued that a. theoretical framework
(Yang-Mills gauge field theory with spontaneous
symmetry breaking') already existed to incorporate
the neutral current, it is still not clear whichmod-
el, if any, will survive. Measurements of neutral-
current phenomena' are extraordinarily difficult,
so it has been necessary to interpret with caution
quantitative results from the first-generation dis-
covery experiments. However, new experiments
are in progress which promise ultimately to give
reasonably precise information and to allow dis-.
crimination among theoretical models.

Until now, testing of models has relied princi-
pally upon values or upper limits for integrated
neutral-current cross sections. Although this in-
formation provides an important first test of,the
consequences of models, differential distributions
make more stringent demands upon candidate theo-
ries. Fortunately, differential cross sections are
now being measured for a, variety of neutral-cur-
rent processes.

The experiments which have revealed new struc-
ture in the weak interaction fall into six major
categories.

(A) Inclusive neutrino and antineutrino interac-
tions on approximately isoscalar nuclear targets:

The most recent experimental results are given
in Ref. 4. Indications are that the effective form
of the charged current (and conceivably also that
of the neutral current) is changing at high ener
gies, ' presumably due to the activation of new
quarks and right-handed currents. These new ef-
fects seriously complicate discussions of the neu-
tral current in terms of the ratios R'~ and A"N,

which contain charged-current cross sections in the
denominator.

(8) Inclusive reactions on proton targets:

V+P ~ V+ X~

V+P ~ V+ X.

(1.3a)

(1.3b)

Preliminary data on these reactions are now
available. '

(C) Single-pion production in neutrino and anti-
neutrino interactions, either on isoscalar targets
or on free protons':

v+ N v+ w+N. (1.4)

V+P ~ V +P )

V+P ~ V+P.

(1.5a)

(1.5b)

The first positive evidence for the neutrino reac-
tion has just been published by a Columbia-Illinois-
Rockefeller collaboration and a Harvard-Pennsyl-
vania-Wisconsin collaboration, both working at
Brookhaven. " The HPW group has also reported

These channels are of key importance in the de-
termination of the iso spin content of the weak neu-
tral current. The experimental situation has been
somewhat confused on this point, but recent results
from Argonne, Brookhaven, and CERN indicate
that both isoscalar and isovector currents are
present.

(D) Inclusive production of specific final states,
such as AS = —AQ events, or p, e' events induced by
incident neutrinos. ' Bubble-chamber data on other
specific final states are already available from the
Ga, rgamelle chamber at CERN and from Fermilab. "

(E) Elastic neutrino and antineutrino scattering
from protons:
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observation of the antineutrino reaction. "
(F), Purely leptonic processes, such as the elas-

tic scattering of neutrinos by electrons:

v„+e-v„+e, etc. (1.6)

The present status of these reactions has been re-
viewed by Faissner. " The purely leptonic reac-
tions, since they are free from the influence of the
strong interactions, are the most easily interpreted
of the neutral-current phenomena. All the models
considered here, once having specified the behav-
ior of the weak current in the lepton sector, make
unambiguous predictions for them —provided the
ratio of the neutral and charged intermediate bo-
son masses is uniquely determined by the mixing
angle.

We have nothing to add to previous discussions
regarding categories (C), (D), and (F). However,
with the appearance of measurements of the elastic
reaction (E), revised and extended data on the
deep-inelastic reactions (A), and preliminary re-
sults on the deep-inelastic reactions (B), it seems
appropriate to undertake an analysis of these ex-
perimental results in the context of certain pop-
ular theoretical models. In so doing, we shall
limit our analysis to models based on gauge theo-
ries having only vector and axial. -vector currents.
We shall not consider models which incorporate
scalar, pseudoscalar, or tensor interactions. '
The status of such unconventional models has been
assessed in a recent report by Fischbach et al."

The logical structure of our analysis is as fol-
lows. First we attempt to fit the data on inclusive
reactions with isoscalar targets. We do this not to
rule out any models„but rather to fix parameters.
Using these constraints we predict the inclusive
cross sections for proton targets and the differen-
tial cross sections for elastic scattering. The pre-
dictions of the various models are then compared
with recently published results.

On the basis of the elastic-scattering data now

available we can draw the following tentative con-
clusions. The %'einberg-Salam model' is in good
agreement with the shape of the differential cross
sections for both the vp and vp reactions. It also
agrees well with the total vp cross section, but
predicts a value for o"~ which is about one and a
half standard deviations below what is observed.
Six-quark vector models" appear tobe inconsistent
with the shape of the vp differential cross section.
A five-quark model due to Achiman, Koller, and
Walsh" (which is essentially equivalent to a six-
quark model introduced by Fayet" and Barnett")
and two variants of the Gursey-Ramond-Sikivie
model" satisfactorily account for the observed vp
and vp data in shape and magnitude. The sensitivi-
ty of these conclusions to assumptions on the be-

havior of nucleon form factors will be discussed
below.

The rest of this article is divided into several
sections. Examples of gauge field theory models
are given in Sec. II. Our review of the models is
quite brief; we refer the reader to the original
papers for details and motivation. Our chief aim
here is to estsblish notation and list the couplings
required for subsequent calculations. Section III
contains a discussion of inclusive cross sections
for neutrino- and antineutrino-nucleon scattering.
We employ a quark-parton-model framework for
this analysis, and include a brief description of
the model. In addition, we deal briefly with the
problem of rescaling above the thresholds for new-
particle production. The elastic scattering of
neutrinos and antineutrinos from nucleons occupies
Sec. IV. Finally, in Sec. V we state our conclu-
sions.

II. GAUGE MODELS

e =gg'/(g'+g")'~'. (2.1)

Thus there is only one independent parameter, "
which is conventionally takentobe the Weinberg
angle, defined by

Many renormalizable gauge theory models exist
which make reasonably well-defined predictions
for weak neutral-current reactions. In the models
which are simplest and most amenable to experi-
mental test, the weak and electromagnetic inter-
actions are described by the gauge group SU(2)
SV(1). In this paper we consider several of the
popular theories in this class. The general char-
acteristics of these gauge theory models are by
now well known and will not be reviewed again
here, except for the purpose of establishing nota-
tion.

Corresponding to the four generators of the group
SU(2) SU(1))are the four gauge fields W'„(a = 1, 2, 3),
and B . After the symmetry is spontaneously bro-
ken by means of theHiggs mechanism, the resulting
mass eigenstates are the intermediate vector bo-
sons E„', Z'„, and the photon A.„. These fields are
coupled in a minimal gauge-covariant manner to
the fermion fields. In the models to be considered
here the quarks and leptons are placed in left-
handed and right-handed multiplets which trans-
form under weak SU(2) as singlets or doublets.

The gauge coupling constants g and g' [for the
SU(2) and U(1) groups, respectively] are con-
strained by a single relation involving the electro-
magnetic coupling constant e. For the Weinberg-
Salam (WS) model' the constraint is
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tan8~ =g'/g. (2.2)

g +8' g
Mg M~

l.e. ,

M~/Ms = cos8v. (2.2b)

However, in a more general Higgs scheme the
mass ratio is arbitrary, and Eq. (2.3a) becomes

(2.4)

A s a consequence, the weak neutral- current cross
section is scaled by the factor z' relative to its
charged-current counterpart.

Let us next describe the fermion content of the
various theories. The relevant" part of the lepton
sector is common to them aQ: The usual leptons
are arranged in two left-handed doublets (;e) and

("g). In the hadron sector, the Weinberg-Salam
model' with the obligatory Glashow-Iliopoulos-
Maiani modification to avoid strangeness-changing
neutral currents'" involves four flavors of colored
quarks, u, d, s, c. These are arranged in two left-
handed doublets as shown in Table I. The Cabibbo-
rotated qua, rks a.re given by

de = d cos8g+ 8 sin8g,

86 = —d sln8g+ s cos8gy

(2.5)

In the simplest realization of spontaneous sym=
metry breaking one uses a complex doublet of
Higgs scalars, and there results a relation between
the masses of the TV'and Z'.

where 8~ is the Cabibbo angle.
The steinberg-Salam model has fared reasonably

weO in its predictions for neutral current phenom-
ena. It may also be able to explain the dimuon
production in neutrino and antineutrino experi-
ments. ' However, it cannot account for the anom-
alous da,"./dy distributions or for the increases in
(y)" and R,„=o,', /cr", „. observed in high-energy (anti)
neutrino charged-current (cc) reactions. '

One plausible explanation of these results hypoth-
esizes the production of new quarks by right-hand-
ed currents and, consequently, physical hadrons
with new qua. ntum numbers beyond charm. An ap-
pealing model based on this observation was in-
troduced by several groups. ""In this model
there ax'e six quark flavors: thx'ee chaxge + —,

'
quarks u, c, t, and three charge ——,

' quarks d, 8, b.
These are assigned symmetrically to three left-
handed and three right-handed doublets, as shown
in Table I.

It is important to observe that the structure of the
quark assignments in this model is essentiaQy
unique, up to small mixing angles, once the choice
is made to place all quarks in doublets. It is nec-
essary to have the (;)~'doublet in order to avoid
strangeness-changing neutral currents in lowest
order. The left-handed t and b quarks must then
be put in the same doublet (t)~. Among the right-
handed doublets, (s)„and (",)a cannot occur since
this would contradict low-energy meson and hyper-
on decay data which show that 88=0 and AS=1
weak decays are V-A. Furthermore, one cannot
place the right-handed c and d quarks in the same
doublet, as („')a, since this would predict" the

TABLE I. Left-handed and right-handed doublet structure for the SU(2) 8 U(1) models con-
sidered in the text.

%einberg-Salam

Left-handed doublets

u) c)
de ji sejm

Bight-handed doublets

Vector

Achiman, Koller, %'alsh

Gursey-Sikivie (8)

Gursey-Sikivie (C)

)el
deja, ~sej~, (b j~

(e (e)
(de z, use jr.

de s pe jr.

f Q~ ((C~.5 (~
I

(&Ca~ Es ja
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wrong relative signs of the hI= —,
' and M= —,

' am-
plitudes in the. .decays K —2g and K- Sg. In ad-
dition it could lead to too large a K~-K~ mass dif-
ference. " One is thus forced to arrange the right-
handed guarks as (~)„, (;)„, and (~)„, again up to
small admixtures. This model is vectorlike in the
sense that the neutral current is pure vector while
the charged current becomes pure vector in the
asymptotic energy region far above thresholds for
new flavor production.

It is of interest to compare this model with the

vp vp scattering data, independent of its pre-
dictions for inclusive reactions. However, it must
be remarked that this theory is already in conflict
with the latter data. Although it can account for the
the high-y anomaly and growth in (y)" and R,h, it
predicts (unless one makes the mass of the f quark
huge) that a",, /8 should increase by a factor of- v and do,",(@ should change from -1 to [1+(1
—y)']. These features do not seem to be observed
in the charged-current data. More seriously, the
inclusive data rule out a purely vector neutral cur-
rent. '4

Accordingly, we shall also consider a third class
of models in which a t quark does not appear and
the neutral current is parity violating. Probably
the simplest albeit rather asymmetric model, pro-
posed by AchiIIlan, Koller and Walsh, "involves five
quark flavors. In this model the fifth quark, caQed 5,
had Q = ——,

' and is placed in a single right-handed doub-
let (",)~. We shall actually consider a generalization
of the IIlodel which incorporates u-c mixing„as
shown in Table I.

A class of models %1Hch gives quite similar pre-
dictions has been proposed by Fayet, "by Barnett, "
and by Gursey, Ramond, and Sikivie. " These
models contain six quarks, which are arranged in
two left-handed and two right-handed doublets.
For our calculations we shall concentrate on ver-
sions (8) and (C) of the Giirsey-Sikivie model, for
which the quark doublets are shown in Table I.
The Q = ——,

' guarks in the V+A sector are rotated
according to

while the following rotated left-handed Q = ——,
'

guarks also appear in doublets (see Table I):
Q

d ~ = d~ cos
2

+ b~ sin 2,
(2.8)

CV I Q
$'I 81n + 51 Cos

4 AYp(1 Y5)4 + g PR~&Yp(1 Y5) 4

where the first sum runs over the left-handed dou-
blets and the second one runs over the right-hand-
ed doublets, if any. The weak neutral current is

g ~I, 0 g(1+Y5)~E, +~2 g 7R+8 p(1 Y5) 4

—2 81n gI J
in terms of the electromagnetic current

cm 2J„=3 ~ q&y&q&
—3 q Xpqg ~

Q; =-2/3

(2.11)

For use in Sec. IV, we note that the neutral cur-
rents in the u-d space can be decomposed into iso-
scalar and isovector U(2) components according to

J „"'=nV„'-PW„'+-.'YV'„-W„',

g gm y3+ i@0
(2.12)

In the (C) version, tan'o, (2=tan8c, so the d- c
transition is suppressed by only tan8~ rather than
tan'Hc. Moreover, cancellation of the cross terms
does not occur via a GIM mechanism, with the re-
sult that above h and b' threshoJ. ds the neutral cur-
rent becomes flavor- changing.

We complete this section by noting the general
structure of the charged and neutral currents in
these SU(2)CSU(1) gauge models. The charged cur-
rent has the form

b» = bs cosQ + b„' sing

b&„=—b~ i Psnb„'+cosP,

(2.6)

The four parameters of each model a,re listed in
Table II.

III. INCLUSIVE NEUTRAL-CURRENT REACTIONS

Q . Q
Q~~ = QJ cos + c~ sin

2

Q G
c~L = —QI 81Il

2
+ c~ co8

2

(2.7)

where b~„ is the singlet. In the GS model (C), the
u and c quarks are rotated in the left-handed dou-
blet according to

Vfe shaQ next calculate the ratios R"N, R"", 8"Im',

and 8"~ predicted by the gauge models discussed
ln Sec. II. Comparing the x'atios for x'eactlons on
isoscalar targets with the data, we determine for
each model a value of sin'8~ which yields optimal
agreement. These values will then be used in the
analysis of the 'elastic reactions.

Vfe must note that there is inherent in this method
a certain problem caused by the. mew phenorneua
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TABLE II. lsovector and isoscalar parameters for the neutral currents in the five models
of interest. The parameter e represents the relative ratio of the isoscalar to isovector axial-
vector current matrix elements.

Model

Vector

68 {B)

GS {C)

1 —2 sin 8~
2

2 —2 sin 8'
1+~cos2$-2 sin 8&

2 —2 Sol 8'3 2

1+-'cos~ —2 sin 82 2
—cos2'
2 2

—2 sin 8~

—2 S1D 8~

3cos P -2 sin'()I,

2 —2 sin 8'
3-—cos ——2 sin 82' ~ 2

2 2 W

-2~cos f

E' cos2G
2 2

+y(1--,'y)xF('") "], (3 1)

which appear at high energies in the inclusive
charged-current reactions. The ratios A" and R"
are independent of energy only in the low-energy
region below charm threshold. However, the Har-
vard-Pennsylvania-Wisconsin-Fermilab (HPWF)
and the Caltech-Fermilab (CITF) experiments probe
an energy range well above the Brookhaven and
CERN energies of a few GeV. For example, the
HP%F group quotes' a value of E = 41 GeV as the
average energy (after a cut in Es) of the events
used in their measurement of ~~" . Since the data
indicate that (o„ /E) is increasing with energy in
this region, whereas (o"„,"/E) is presumably con-
stant [as is (a„'s/E)], one would expect the mea-
sured values of R"N to be somewhat lower than the
same quantity measured at Brookhaven and CERN
energies. Unfortunately, the present data are not
precise enough to confirm this expectation. Hence
we do not think it appropriate to try to make a cor-
rection to the Ferrnilab data to obtain values of A"~

which are supposedly more applicable to the Gar-
gamelle data. However, we shall give results
showing the energy dependence of R" and ~~' for
the models studied. Given the size of the error
bars on the data, our determination of the optimal
value of sin'8~ for each model is only approximate;
at this stage it is thus not too sensitive to the en-
ergy dependence of @' and 8".

The differential cross section for the inclusive
neutrino reaction v(v)N- p,'X is

d2&( v, v ) N g2~E [~2, (u, u ) s+ (1 y)F(u, v ) s
dxdy 7l

m''
2ME

(3.2)

where m& is the effective mass of the final quark
q&. Of course in light-quark- light-quark transi-
tions zz reduces to x. The Callan-Gross relation
for the allowed transitions q; -q& or q, -q,. is

F,(z,) = 2Z,F,(z,).
Similarly, the relation between P, and F, is

(3.3)

—zips(z j) —7+2(z j) &

where

(3.4)

+1 for (q, )~-(q~)~.
+1 «r (q )s-(q&)s

I-1 f» (q&)s-(qg)s

—1 for (q,.)~- (q, )~.

(3 -")

As an illustration of the calculation we list below
the structure functions for the charged- and neu-
tral-current neutrino reactions on an isoscalar
target, in the six-quark vector model:

where x= Q'/2Mv and y = v/E are the usual scaling
variables and N denotes an isoscalar target. The
same equation applies, with appropriate changes
in the structure functions, to the charged-current
reactions v(v)P —p'X and the neutral-current reac-
tions v(v)N- v(v)X and v(v)P —v(v)X. When a heavy
quark is produced in the (luark transition q, (+ W')

-q& the variable x is no longer equal to the fraction
of the total proton momentum carried by the initial
quark q, Rather, this fraction is equal to"

F',"„=x[u(x) + d(x)] cos'Bc+ x[u(x) + d(x)]+ 2xs(x) sin'ec+z, 8([ (uz, ) Id+(z, )]sin'Hc+ 2s(z,)(cos'gc+ 1))

+z ~8~ [u(z « ) + d (z g) ] + z t8t [u(z t ) + d(z ( )],
—F","„=[u(x)+ d(x)] cos'gc- [u(x)+2(x)]+ 2s(x) sin'ec+ 8{[ (u)z+ d(z, )]sin'ec+ 2s(z,)(cos'()c —1))

+6,[u(z, ) + d(z, )] 6,[u(z, ) + d—(z, )],

'(3.6)
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p', "„,= xl-,' [(1 —&xv)'+ (- 1+—', x~)'j [u(x) + u(x) + d(x) + d(x)j+ (—1+ -', x~)' [s(x) + s (x)]j,
gvN 0

t

(3.8)

(3.9)

u(x) =u„(x)+g(x),

d(x) =d„(x)+](x),

u(x) = d(x) = s(x) = s(x) =)(x),

(3.10a)

(3.10b)

(3.10c)

with other flavors absent. We use the Pakvasa-
Parashar- Tuan parametrization, "which has a sea
quark distribution $(x) ~ x '(1 —x)'~' and gives a
representative description of the leptoproduction
data. For comparison we have also used a parton
distribution due to Field, "which also gives a sat-
isfactory description of the leptoproduction data,
but has a sea quark distribution $ (x) —x '(1 —x)'.
The observables we consider here are insensitive
to these differences.

The results of our calculations of P"' ~" and
A~"'~~ for the four types of models are shown in
Figs. 1 through 10. These are to be compared with
the data listed in Table III. These data come from

In Eqs. (3.6) and (3.V) Oc is the Cabibbo angle and

8& (j = c, b, t) is a theta function which vanishes un-
less the hadronic invariant mass 8' is greater than
the threshold value associated with the production
of a heavy quark of flavor j. In Eqs. (3.8) and (3.9),
xgf sin '9 gp ~

The parton distributions incorporate the conven-
tional SU(3)-symmetric sea:

l

the CERN Gargamelle experiment, and from the
HPWF and CITF experiments at Fermilab. For
the CERN results we have included both the pub-
lished values and more recent values presented at
the Rencontre de Moriond, 1976. For all three
experiments the determination of 8""and ~~"" in-
volves important experimental cuts and correc-
tions. It would be inappropriate to discuss these
in detail here; we urge the reader to consult the
original references. However, it is of interest to
summarize the energies involved in these experi-
ments. The CERN neutrino flux peaks at -2 GeV,
and the cut in E~=—v at 1 GeV increases the mean
energy of the selected events somewhat. In the
HPWF experiment, after a cut of E~& 4 GeV the
average energy of the antineutrino events is 41

Weinberg —Salary Model

l.5-

Experiment

CERN GGM 0.22+ o.O3 '
0.28 +0,04

0.43 + 0.12
O.38+ O.O6 I'

TABLE III. Experimental values of R"+ and R v+ for
the CERN Gargamelle, Harvard-Pennsylvania-Wiseon;
sin-Fermilab, and Caltech-Fermilab experimental col-
laborations.

I.O-

I

I

0.7 ~
I

I

(c) '~

HPWF

CITF

0.29+ 0.04 '
0.24+ O.O4 '

0.39+0.10 '
0.35 + 0.11

O.3

~ F. H. Hasert et at. , Nucl. Phys. 873, 1 (1974); D. C.
Cundy, Ref. 1. (The first reference quotes an error of
+0.04 on Av+; the second and later ones gives +0.03,
which we have accordingly used. ) J. Morfin, Ref. 3.

V. Brisson, talk given at the Hencontre de Moriond,
Flaine, (1976) (unpublished); D. C. Cundy (private com-
munication) .

A. Benvenuti et al. , HPKF Report No. 76/4 (unpub-
lished). This supersedes the earlier results Rv+

=0.11+0.05 and & =0.32+0.09 given by B. AUbert et al. ,
Phys. Rev. Lett. 32, 1454 (1974); 32, 1457 (1974).

dL. Stutte, Ref. 4.

0
0 0.5

FIG. 1. The ratios R "'" and R "' " ~ as functions
of sin28& in the Weinberg-Salam model. The solid
curves are (a) (8"+, R"N) and (b) (R"~, R"~) for E be-
low charm threshold. The dashed curves are (c)
(R", R"~) and (d) (R"I', R"&) for E far above charm
threshold. The variation of sin28& from 0 to 1 along
each curve is indicated by tick marks at each tenth of
a unit.
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0.5-
Weinberg —Sa 1am Model

slnkbrw= 0.4

04-

0.5—

l.5-

0.2- RvN

R

O. l—

I I I I I I I I

0 20 40 60 80 l00 l20 l40 l60
E (GeV)

FIG. 2. The 'ratios R "' " @ and R "'" & as functions
of E in the steinberg-Salam model with sin 8&—-0.4.

l.0-

0.5—

GeV. With the same cut the average energy for the
neutrino events varies from -53 to 85 GeV, de-
pending on the beam used. Most of the CITF data
come from the lower peak of a dichromatic beam
and have an average energy of 40-50 GeV after a
cut E~&12 GeV.

In Fig. 1 we plot these ratios for the Weinberg-
Salam model as functions of sin'0~. In general one
sees that for a given value of sin'8~ 8'"&8'~ while

The solid curves represent the values
below the threshold for charm production, while
the dashed curves represent the values calculated
for energies far above charm threshold. The dif-
ferences are easily understood; as the energy in-
creases past the threshold for the production of c
quarks and corresponding physical hadrons, the
s - c transition increases o „/E. This transition
occurs off sea quarks and hence is a rather small
effect, but (like the 2-u contribution) it is not sup-
pressed by a (1-y)' dependence, as is the u-d
transition. Since the neutral current in this model
is diagonal in quark flavors it yields a cross sec-
tion which is not enhanced by new-particle pro-
duction. Consequently R'~ and 8'~ decrease as one
passes charm threshold Si.milarly o"„/E increases
somewhat because of the d- c transition. Although
this effect is of full valence strength, it is sup-
pressed by a factor sin'19~ and is not enhanced rel-
ative to the original transition d-u by a different
y dependence.

In connection with the discussion at the begin-
ning of this section, it is of interest to see how
rapidly the values of cr"„/E and v"„/E increase, or
equivalently how rapidly «V and B' decrease as
functions of E. Taking a reasonable value for the
%einberg angle in this model, sin'0~= 0.4, a plau-
sible mass for the c quark, m, =1.5 GeV, and
finally a value TV, -3 GeV for the corresponding
physical threshold in invariant mass, "we calculate
A" and A' as functions of E. The resulting curves

0.

0 ~0.9
0

I

0.5 1.0 l.5

FIG. 3. The ratios R "'" and R "'" ~ as functions
of sin 8& in the vector model. The solid lines are (a)

Px Rv~) and ~) gv~ ' R"~) for E below heavy-quark
thresholds. The dashed lines are (c) (R", R" ) and (d)
(8"~, R"~) for E far above these thresholds. The varia-
tion of sin 8& from 0 to & along each line is indicated by
tick marks at each tenth of a unit.

are shown in Fig. 2.
In Fig. 3 we plot the various neutral- to charged-

current ratios for the six-quark vector model.
Since o"„,=cr'„, in this model the dependence of R""
and R' on sin'8~ is the same, and hence one ob-
tains straight lines. With appropriate changes the
same statement holds for the ratios 8'~and B"~ Again
the solid lines are the values below the c, b, and
t quark thresholds while the dashed lines are the
values far above these thresholds (so that z, ~,
= x). As in the Weinberg model, for a given value
of sin'0~, B"~&8'~. In contrast to the former mod-
el, as sin'19~ increases from zero to one, both.V
and A" decrease-, reach a minimum for sin'0~
= 0.8-0.9, and then increase slightly.

As is evident from Fig. 4, the dependence of E"
and -7' upon E is considerably more pronomM:@d in
the vector model than in the model of Weinberg a,nd
Salam. This is a consequence of the fact that the
new-particle production involves charged- current
transitions off valence, as well as sea, quarks
which, moreover, are not suppressed by small
angles. These are the transitions d- t in the neu-
trino case and u- b in the antineutrino case. The
effect on cr" is especially marked since asymptot-
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FIG. 8. The ratios R "'" + and R "'" & as functions

of E in the Giirsey-Sikivie model (C} with sin~0& ——0.4.

0.55

which a,re quite similar to those of the GS (B) mod
el and are, accordingly, only shown in the summary
plots (Figs. 9 and 10). From Figs. 6 and 7 one sees
that «&' and A" for both isoscalar and proton targets
decrease as sin 8~ increases from zero, reach
minima for sin'8~= 0.7-0.8, and then bend a,round
and increase somewhat. For small sin'6)~ the vari-
ation of the ratios is roughly linear.

The energy dependence of these ratios is depicted
in Figs. 6 and 8 for sin'8~=0. 4. For this computa-
tion we have chosen" the following set of values
for effective quark masses and physical thresholds,
in units of GeV: m, =1.5, m~=m~, =4, 8', =3, W~
= W~, = 5.5. Since m~ =m~, and 8', = W~, the cross
sections are independent of the mixing angle g. As
in the vector model, from low energies of a few
GeV to E =40 GeV, 8'" drops considerably: by

-30%%u&

f GS (B) model and by -40% for the GS (C)
model. This is primarily a result of the excitation
of the u-b and u-b' V+A. transitions. In the GS

(C) model the neutral current is flavor-changing
and consequently not only the charged-current
cross sections, but also the neutral-current ones,
increase with energy. However, the growth in
(o';,"/E) is small, since the flavor-changing transi-
tions d —b, d-b, s-b', and s-b' are suppressed
by the factor sin'(n/2) cos'n/2 = 0.16. (The latter
three transitions would make small contributions
to begin with because they involve sea guarks. )

In Fig. 9 we plot, on an expanded scale for each
model considered, the ranges of R"" and ~~" which
lie closest to the data. These curves have been
calculated for energies below the onset of heavy-
quark thresholds. The Weinberg-Salam model is in
reasonably good agreement with the data; the opti-
mal value of the Weinberg angle is given by sin'8~
= 0.4. The vector model predicts a line which lies
somewhat below the data in R""and above it in -~'~.

0.50 0.20 0.25 090 095

RvN

W

FIG. 9. The ratios R" and R" as functions of sin2gz
for the Weinberg-Salam (WS), vector, Gursey-Sikivie
(GS) models (8) and (C), and the five-quark model of
Achiman et al. The curves are calculated for E below
heavy-quark thresholds. The tick marks on each curve
denote the value of sin28&. See Table III for a list of
the data points and relevant references.

IV. NEUTRINO-NUCLEON ELASTIC SCATTERING

The elastic and quasielastic scattering of neu-
trinos from nucleons has been the subject of a great
deal of theoretical work over the past 15 years. "
%e summarize here the basic expressions on which

Indeed, the HPWF group states that its measure-
ments of o"„/o'„and ft""/~V" give a value of cr"„"/

o„", which lies -3 standard deviations below the val-
ue of unity predicted by the vector model. ' The
CITF group asserts that its measurement' of these
quantities implies a result for o'„,"/o"„~ which is 1.0
to 1.7 standard deviations away from a pure vector
theory. The value sin'0~= 0.5 yields the best
agreement between the vector model results for A'"
and P.'~, and the inclusive data. In contrast, the
GS (B) and GS (C) models agree reasonably well
with the experimental measurements; the optimal
value" of sin'L9~ is -0.4. Finally, Fig. 10 shows,
again on an expanded scale, the predictions of the

various models for '4'P and R"~, as calculated below
heavy-quark thresholds.
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our computations are based.
The differential cross section is given in terms of

six form factors: four first-class terms (gv, f„,
g„, and h„) and two second-class terms (hv and

f„) W. e omit the second-class terms since only
first. -class currents enter the gauge models of in-
terest. Then the differential cross section takes
the form

V ~ V

,f(q'+m' —4ME)'W, + (q'+m )[SM'W, —(q'+ 4V')W, +m'W4]+ 2q'(q'+m' —4MZ)W$,

(4.1)

where E is the incident neutrino energy, M is the
target nucleon mass, and I is the mass of the
scattered lepton. The coupling strength is given
by the Fermi constant, G, and the parameter"

W, = (1+7')G„'+7G~',

W, = G„'+ (G '+7G ')/(1+v),

W3= —2G~G
(4.3)

cos'8~, quasielastic scattering
A. =

I, elastic scattering.~

~

~

~

~

~

(4.2)

The structure functions W ~ ~ 8' depend only upon
q'= —t& 0.

For the quasielastic charged-current process vn- p. p the structure functions are given by

g7 G 2 g 2

where conserved vector current (CVC) has been
used to relate the weak and electromagnetic form
factors, and ~ -=q'/4M' The in. duced pseudoscalar
term involving k~ has been dropped since it only
enters proportional to m' and is difficult to mea-
sure. The form factors of the charged current are
conventionally described by dipole forms as

0.50

G (q') =(1+q'/M ') ',
G„(q') = 4.7(1+q'/M„')-',

G„(q') = 1.24(1+q'/M„')-',
(4.4)

0.45

0.40

with M~'=0. 71 GeV'. The axial mass, M~, is less
precisely fixed. To illustrate the range of pos-
sibilities consistent with existing experimental in-
formation, we present results for two values: M„'
= 0.71 and 1.32 GeV'. An excellent review of two-
body neutrino reactions has been given by Schrei-
nel .

For the elastic neutral-current process, vp -vp,
we relate the structure functions W, W, (W~ does
not contribute) to the neutral-current form factors
G~, G'„, and G„' in analogy with Eq. (4.3). The neu-
tral-current form factors are taken to be propor-
tional to the charged-current form factors:

0.30

G&(q') =k(a+&)G~(q'),

G'„(q') = —,'(n + 0.88y/4. 7)G„(q'),

G:(q') =l(e d)G. (q').

(4.5)

0.30 0.35
R

0.40 0.45

FIG. 10. The ratios 8"& and 8"~ as functions of
sin 8+ for the steinberg-Salam (WS), vector, Gursey-
Sikivie (GS) models (B) and (C), and the five-quark
model. The curves are calculated for E below heavy-
quark thresholds.

The parameters n, P, y, 6 are specific to the models
chosen for the neutral-current interaction; they
are listed in Table II for the models we consider.
The isoscalar axial-vector part of the hadronic
neutral current is negligible in the WS model since
it involves only strange and heavy quarks and con-
sequently has small matrix elements between nu-
cleon states. For the AKW and GS (8) and (C) mod-
els the isoscalar axial-vector current involves
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valence quarks and is not a Priori negligible. One
can estimate its contribution as follows. For def-
initeness, let us consider the GS (8) model; with
obvious changes the same method can be applied
to the AKW and GS (C) models. With the neglect
of strange- and heavy-quark currents, the ratio
of the isoscalar to isovector form factors at q' = 0
is e =3-4o.„, where n„=B/(D+F). Experimen-
tally, "n„=0.658+ 0.007, and hence q = 0.368. For
lack of any experimental information, the q' de-
pendence of the isoscalar axial-vector form factor
is assumed to be the same as its isovector analog.
Since the above estimate suffers from the lack of
knowledge of this q' dependence of the isoscalar
axial-vector form factor, and since the changes in
the cross sections (see below) are smaller than the
uncertainty already present due to the range of al-
lowed values of M„' and sin'0~, we have judged it
preferable to show only the results for e =0.

We have computed the differential cross sections
for elastic and quasielastic scattering in each of
the models reviewed in Sec. II. To compare with
the experimental results we have folded the theo-
retical distributions with a parametrization of the
BNI neutrino spectrum, "

0.12 expI-0. 8(& —$.6)2], 0.5&+ & 2 4—(~) =
. e + 0.0133e "~ E& 2.4,

(4 6)

where E is measured in GeV. This spectrum is
not yet very well determined; however, as we shall
discuss below, our results for neutrino scattering
are relatively insensitive to its details.

In anticipation of measurements of vP elastic
scattering, we have made predictions assuming
that the antineutrino spectrum also has the form
(4.6). These are more dependent upon precise fea-
tures of the spectrum, and may require some re-
vision when the P spectrum has been determined in
detail. Nevertheless, computations based upon the
distribution (4.6) allow us to compare the expecta-
tions for neutrino and antineutrino scattering under
conditions a.pproximating the experimental ones.

To compare the predictions of the various models
with data, we have imposed the appropriate experi-
mental cuts. For the Harvard-Pennsylvania-Wis-
consin experiment, "the restriction is a simple
q' cut: 0.3 & q' ~ 0.9 GeV'. For the Columbia-Illi-
nois-Rockefeller experiment, "the recoil proton
is required to have a laboratory momentum greater
than 550 MeV/c and a recoil angle ln the laboratory
greater than 25'. We have ignored effects due to
nuclear ta,rgets. Yao's analysis" shows that they
are quite small for q'& 0.3 GeV'.

The predicted va.lues of

l
0.
0.4
03-

4I0 2 .=—:.:.'m~~~m~ammIIW~~
0.(-
0 -('-)

0 5 I I I I

0.4—

o, (b)

0 0.5
sin gw

I I I

I.o

FIG. 11. {a) Ratio R,"~ of elastic to quasielastic neu-
trino-proton cross sections in the Weinberg-Salam
model. Theoretical curves are for the experimental
conditions of the HPW measurement. The solid curve
corresponds to an axial-vector form factor with M&
=0.71 GeV; the dashed curve is for M~ —-1.32 GeV .
The HPW measurements from Bef. 11 are indicated by
the shaded bands. The point at sin28& -0.4, the Wein-
berg angle favored by deep-inelastic scattering data, is
the CIR measurement also from Ref. 11. (b) The ratio
R&& of elastic to quasielastic antineutrino-proton cross
sections in the Weinberg-Salam model.

8;, -=a(vP -vP)/(r(vn- p p)

&:I=-o(vP -vP)/o(8 -g'~)

(4.7)

as functions of the Weinberg angle are compared
with the experimental results in Figs. 11-14. The

0.5
0.4—
0.5—

I I I I I I I

or Model

0.2 ~&WR~l
0 I

o.5---=, ~, I 1 I I

0 0.2 0.4 0.6 0.8
sin 8

l.o

FIG. 12. Same as Fig. 11, for the vector model. In
this instance, the preferred value of the Weinberg angle
is sin 8 =0.5.
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FIG. 13. Same as Fig. 11, for Gursey-Sikivie model
(8). In this instance, the preferred value of the Wein-
berg angle is sin2+ =0.4.

theoretical curves plotted are those appropriate
for the HPW cuts. Those for the CIR cuts have
been omitted for clarity; they differ only slightly
from the HPW predictions, as we shall discuss be-
low. The full curves are computed with M„'=0.71
GeV', the dashed curves correspond to M„'=1.32
GeV'. In each figure, the shaded bands represent
the HPW values

R",i = 0.17+ 0.05,

1 I I I I

sey-Sikivie Model C

v 03-
[

0.2 =m~=
0.I

0

0,4-

0 0.2 0.4 0.6 0.8 I.O

sin 8w

FIG. 14. Same as Fig. 11, for Gursey-Sikivie model
(C). In this instance, the preferred value of the Wein-
berg angle is sin20+ —-0.4.

R', =0.23+ 0.09,

is denoted by a point at our favored value of sin'8~.
The prediction of the Weinberg-Salam model lies

approximately 1.5 standard deviations below the vp

data, but agrees well with the vP value. That of the
vector model lies at least two standard deviations
below the vp data, but is in reasonable agreement
with the PP value. The Giirsey-Sikivie models (8)
and (C) (with e = 0) (see Ref. 33) are both in agree-
ment with the vp and Pp data. As an example of the
effect of including the isoscalar axial-vector cur-
rent, in the (B) model It;, decreases by -10/o for
M„=0.71 GeV' and by -15% for M„'=1.33 GeV',
while R",

&
is essentially unchanged for M„'=0.71

GeV' and decreases by ™4/0for M„'= 1.32 GeV'.
The five-quark model of Achiman, Koller, and
Walsh interpolates between the Weinberg-Salam
model and the Giirsey-Sikivie model (B) as cos P
ranges between 0 and 1. In all models considered,
the ratio R„ is expected to be significantly larger
than Z"„.

I.et us briefly take up the questions of energy de-
pendence and experimental cuts. We show in Table
IV the predictions of the four models for incident
energies of 1.5 and 10 GeV, for the HPW and CIR
cuts and no cuts. In all the models, ~~'& increases
slightly with neutrino energy, while "Ver decreases
more markedly. This behavior can be understood
from the energy dependences of the quasielastic
and elastic cross sections shown in Fig. 15. The
quasielastic antineutrino reaction cross section
doubles above 1 GeV, whereas the quasielastic neu-
trino reaction cross section decreases slightly.
The cross sections for both the elastic reactions
(here computed for the Weinberg-Salam model with
sin'8v = 0.4) increase by about 15%between 1 and 10
GeV. The entries in Table IV also justify our ear-
lier claim that the two kinds of experimental cuts
lead to essentially identical theoretical expecta-
tions.

We now turn to the differential cross sections.
We plot in Figs. 16-19 the predictions of the four
models for the reactions vn- p, p and vp -Q, fold-
ed with the BNL neutrino spectrum (4.6), for our
two choices of the axial-vector mass. The theo-
retical curves are given with absolute normaliza-
tion. The full curves are for M„'=0.71; the dashed
curves correspond to M„'= 1.32. The HPW data"
are plotted as events. We have assumed agreement
between theory and experiment for the quasielastic
cross section, and we test the predictions of the
models for elastic scattering.

The Weinberg-Salam model gives a good descrip-
tion of the shape of the differential cross section,
but (as we noted in connection with Fig. 11) yields
a smaller cross section than is observed. The vec-
tor model prediction is significantly flatter than
the data. " Both versions (B) and (C) of the Giirsey-
Sikivie model are in excellent agreement with the
published data.
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TABLE IV. Energy dependence of the ratios R,"~ and R,
&

.

Energy (GeV) Cuts
R cv)

M~ =0.71 M~ .=1.32
Rei

Mg =0.71 M~ =1.32

WS
sin Q =0.4

Vector
sin28@, =0.5

GS (8)
sin eI, =0.4
e"=0

GS (C)
sin 0@ =0.42

a=0

1.5
10
1.5

10
1,5

10

1 5
10
1.5

10
1.5

10

1.5
10
1,5

10
1.5

10

1.5
10
1.5

10
1.5

10

none

HP%'

none

HPW

none

HPW

0.099
0.114
0.071
0.090
0.065
0.084

0.052
0.068
0.067
0.088
0.070
0.092

0.188
0.209
0.172
0.200
0.167
0.196

0.196
0.226
0.168
0.207
0.160
0.201

0.118
0.144
0.103
0.135
0.097
0.131

0.039
0.051
0.046
0.062
0.046
0.063

0.161
0.175
0.144
0.162
0.139
0.157

0.160
0.181
0.134
0.160
0.126
0.152

0.174
0.125
0.157
0.100
0.154
0.095

0.097
0.076
0.166
0.100
0.192
0.107

0.255
0.220
0.263
0.211
0.267
0.210

0.293
0.241
0.293
0.223
0.295
0.219

0.242
0.164
0.262
0.154
0.297
0.156

0.084
0.059
0.128
0.072
0.155
0.076

0.220
0.185
0.204
0.169
0.206
0.167

0.250
0.196
0.223
0.172
0.226
0.167
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FIG. 15. (a) Energy dependence of the cross sections
for quasielastic neutrino and antineutrino scattering.
The lower limit of each band corresponds to an axial-
vector form factor with M&2=0.71 GeV2; the upper limit
is for M~ =1.32 GeV . (b) Energy dependence of the
cross sections for elastic neutrino (solid curves) and
antineutrino (dashed curves)-proton scattering in the
Weinberg-Salam model with sin28& ——0.4. The lower two
curves are for M~ = 0.71 GeV; the upper two corre-
spond to M~2--1.32 GeV~.

IP-40
0 OA 0.6 0,8

q'- (GeV')

FIG. 16. Differential cross sections for elastic vp
scattering and for quasielastic neutrino scattering in
the %einberg-Salam model with sin28z, ——0.4. Solid curves
correspond to an axial-vector form factor with M&2
=0.71 GeV; the dashed curves are for M& ——1.32 GeV .
Data are from the HPW experiment, Ref. 11.
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FIG. 17. Same as Fig. 16, for the vector model with
sin28w=0 5

It is possible for the reaction

to mimic vp elastic scattering by virtue of +
charge exchange within the detector. %hether this
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FIG. 19. Same as Fig. 16, for Gursey-Sikivie model
(C), with sin 8w ——0.4.

effect is important can only be judged by the ex-
perimenters themselves. " However, we wish to
note that theoretically the vn elastic cross section
is quite comparable with v„(vp). We show in Fig.
20 our prediction for the vn- vn differential cross
section at BNI, in the Vfeinberg-Salam model.
Roughly speaking, dv(vn)ldq'= 1.5do(vp)/dq' over
the range 0&@'& j. GeV'. Similarly, we find that
do'(vn) jdq'= der(vp)dq'. In the vector model, the
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FIG. 18. Same as Fig. 16, for Gursey-Sikivie model
(B), with sin28w =0.4.

l
0-40

0 0.2 0.4 0.6
q~ (Gev )'

0.8 I.o

FIG. 20. . Differential cross sections for elastic vn
and vg scattering in the Weinberg-Salam model with
sin28w —0.4. Solid and dotted curves correspond to an
axial-vector form factor with M& =0.71 GeV; the dashed
and dot-dashed curves are for M& =1.32 GeV .
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cross section for scattering off neutrons is about
—,
' that for scattering off protons. In model (B) of
Gursey and Sikivie, der(vn)/dq' = —3do(vP)/dq' and
do(vn)/dq' =-,'do(vp)/dq'. If some of the reported
vP elastic-scattering events were to be attributed
to vn contamination, agreement between the Wein-
berg-Salam model and experiment would be im-
proved.

We show in Figs. 21-24 the predictions for the
differential cross sections dg/dq'(vp - p'n) and
da/dq'(vP - vP), folded with the BNL spectrum (4.6).
All models, with the possible exception of the vec-
tor model, are in agreement with the vp - vp data.
Figure 25 illustrates the dependence of the ratio of
flux-averaged cross sections, o(vp -vp)/o(vp —vp),
on sin'8~. We emphasize that any calculation of
this ratio is sensitively dependent upon the form
taken for the neutrino and antineutrino flux spectra.
It might be noted that in the Weinberg-Salam mod-
el, for sin'0~=0. 4, this ratio is -0.9, and conse-
quently it would be difficult to detect parity viola-
tion by observation of differences between vp and

vp elastic scattering. However, if one were to use
the value sin'6)~= 0.3, which is also consistent with
the deep-inelastic inclusive data, the ratio would
decrease to -0.6. Establishing parity violation
will of course also be complicated by any differ-
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V. CONCLUSIONS

Experiments on neutral-current interactions have
moved from the discovery phase to detailed in-
vestigation of the structure of the neutral current.
It is now possible to require that models for the
weak interactions account for many different neu-
tral-current observables at once.

In the deep-inelastic regime, forthcoming mea-
surements of the ratios R"~ and R"~ of the neutral-
current cross section to charged-current cross
section will impose important additional constraints
on models of the weak current.

Given measurements of R"N and P'" below new-
flavor thresholds, ' we find that the two experi-
ments" on vp elastic scattering provide nontrivial
tests of models, which can be augmented by mea-
surements of vp elastic scattering. Having con-
strained the Weinberg angle in all models by re-
quiring optimal agreement with deep-inelastic data
on R""and R"", we have confronted these models
with the elastic-scattering data and have arrived at
the following judgments.

The %'einberg-Salam model' satisfa, ctorily de-
scribes the slope of the differential cross section
for vp and vP elastic scattering. It also is in

agreement with the integrated vp cross section,
but predicts a value of a'~ which is too small by
about 1.5 standard deviations. In view of the pos-
sible presence in the data of conta, mination from
the reaction vn- vn, this model still must be re-
garded as an entirely adequate description of elas-
tic scattering. However, it is not rich enough to
describe satisfactorily all the phenomena observed
in deep-inelastic scattering at high energies.

The vector models" are in significant disagree-
ment with the differential cross section for vp elas-
tic scattering. These models are also in serious
conflict with high-energy data on deep-inelastic
scattering.

The Giirsey-Sikivie models (B) and (C)" are in
excellent agreement with the vp and vp elastic-
scattering data in magnitude and shape. Both mod-
els (B) and (C) also appear to agree with the trends
of the deep-inelastic scattering data at high ener-
gies.

We may now look forward to further tests of
weak-interaction models by improved data on vp

elastic scattering, by further mea. surements of vp

elastic scattering, and ideally by separation of
(v, v)n elastic-scattering events. This promises to
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be a topic for fruitful interaction between theory
and experiment.

Note added. While preparing this manuscript for
publication, we received a related report from
Barger and Nanopoulos. " The corrected version
of their article is in agreement with our results,
where the two works overlap. After submission of
this manuscript, new results on vP elastic scatter-
ing were presented by the HP% Collaboration. "
The article has been revised to incorporate these
data.
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