
PHYSICAL g KVIK% D VOLUME 19,

Gauge-model constrairits of recent elastic and deep-inelastic neutral-current data

R. E. Hendrick* and Ling-Pong Li
Carnegie-Mellon University, Pittsburgh, Pennsylvania 75213

(Received 5 July 1978)

Recent neutrino-induced elastic and deep-inelastic
constraints on gauge models of weak interactions.
quarks in a doublet, only the Weinberg-Salam model

X U, models are also analyzed.

neutral-current data are shown to impose stringent
For SU2 X U I models, assuming left-handed u and d
is in agreement with the data. SU2 X SU2 X Ui and SU3

I. INIODUCTION eleus target can be parameterized as

One of the most important. diScoveries in re-
cent years has been the existence of neutral cur-
rents in neutrino-induced reactioris. This dis-
covery has given strong support to the description
of weak and electromagnetic interactions in terms
of spontaneously broken gauge theories. ' Models
proposed for a variety of theoretical reasons pre-
dict different quantitative results for neutral cur-
rents in neutrino reactions. Thus a careful study
of neutral-current phenomenology can provide im-
portant clues to the detailed structure of gauge
models of weak and electromagnetic interactions.

Recently, a second generation of accurate neu-
trino-induced neutral-current experiments has
been completed. These experiments include the
elastic neutrino- and antineutrino-proton scatter-
ing data recently reported by the Harvard-Pennsy-
lvania-Wisconsin (HPW) collaboration, ' and the
neutral-current deep-inelastic scattering of neu-
trinos and antineutrinos on isoscalar targets
measured by the CERN-Dortmund-Heidelberg-
Saclay-Bologna (CDHSB) collaboration. ' These
data, summarized in 'Table I, will be shown to
impose stringent phenomenological constraints
on gauge models.

The most general effective Lagrangian, which
describes v„or P„neutral-current scattering
off.hadrons, can be written as

~ac =~s~~2 f"iy~(1 ys)"ulJs ~

where G~ characterizes the overall strength of
the neutral-current interactions and J~ is the part
of the hadronic neutral-current coupling to the
neutrino. In general, J~~ contains light guarks (u
and d) and heavy quarks (s,c, . . . ). We make the
usual assumption that the nucleon matrix element
of the heavy quarks is negligible compared with
that of the light quarks. Then the part of J~ rele-
vant to neutrinos scattering off a nucleon or nu-

P~ = a~(u)uy'(1 —ys)u+ al, (d)dy"(1 —y, )d

+ as(u)uy'(1+ y, )u+ a„(d)dy'(1+ y, )d, (1.2)

where q, ~ =-,'(1 -y, )q, and q, s =-,'(1+ y, )q, are left-
handed and right-handed components of the quark
fields. The parameters a~ „(q,) characterize the
strength of each piece of the neutral current. Ex-
perimental data on neutral-current reactions in-
volving neutrinos allow us to measure these four
coupling constants: a~(u), a~(d), aalu), and as(d),

A number of authors, most recently Abbott and
Barnett, ' have made use of neutral-current neu-
trino data to fix these coupling parameters. Ab-
bott and Barnett used not only the elastic and deep-
inelastic neutrino data, but also included both in-
clusive and exclusive pion-production data. Most
other recent phenomenologiea1 analyses'~ also
make use of the one-pion inclusive production
data. However, the analysis of pion production
in neutrino neutral-current reactions requires
additional theoretical assumptions about the pion-
production mechanism. 'The inclusive pion anal-
ysis uses the parton model at rather low energies
as well as assumptions about the pion-fragmenta-
tion mechanism. " Exclusive pion analysis at low-
energies uses a detailed model of resonant and
nonresonant pion production. "

In this paper, we present a determination of
couplings based only on the recently measured
elastic and deep-inelastic neutrino-induced neu-
tral-current data, summarized in Table I. It
should be noted that the q' cuts and cross sections
for the elastic scattering data have .hanged since
the analysis of Abbott and Barnett. ' Qf course,
even the analysis of elastic and deep-inelastic
neutral-current data is not free from theoretical
input, though that input is on a much firmer footing
than the pion-production assumptions, In elastic
v~ and P„p scattering we assume that the ratio
of isoscalar tg isovector form factors for axia'1-
vector currents is given by SU, . To the extent
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TABLE I. Summary of elastic and deep-inelastic neutrino-induced neutral-current data
from experiments of Columbia-Illinois-Rockefeller (CIB), HPW (Harvard-Pennsylvania-Wis-
consin (HPW), Harvard-Pennsylvania-Wisconsin-Fermilab (HPWF), Caltech-Fermilab (CF),
Gargamelle, and CERN-Dortmund-Heidelberg-Saclay-Bologna (CDHSB) collaborations.

Elastic d

xperiment CIH HPW (1st generation) HPW (2nd generation)

~v vp~vp(J
el

v n~lf p

vn ~vp
el

Ovp p+n

0.23+ 0.09 0.17+ 0.05

0.20 + 0;10

0.11+0.02

0.19+ 0.05

Inclusive da
xper iment HPWF Gargamelle CDHSB

(TQC
gv v lY~vX

+v E~p XCC

0.29 + 0.04 0.24 + 0.04
(Ep) = 53 Gev (E„)= 50 Gev

0.25 + 0.04
+,) =-2 Gev

0.295 +0.010
12 —Ev —200 GeV

+C
~v vN~vX

~v@ p+X

CC

v E~@+X
CC CC.+vA'~p X

0.39+ 0.10 0.35 + 0.11 0.39 +0.06
(E—) =41 GeV (E—) =50 GeV (E—) =2 GeV

0.38 +0.02

0.34 -'0.03
12«E—, «200 GeV

0.48 + 0.025

that strange-quark contributions may be ignored,
this assumption is justified. In analyzing CDHSB
deep-inelastic neutrino scattering data we assume
validity of the parton model. " The energies of the .

CDHSB data are certainly high enough to permit
such an assumption.

The analysis in this paper has been done in such
a way as to reveal correlations among relevant
parameters. In determining the constraints on
the coupling parameters a~(u), a~(d), a„(u), and

a„(d) due to the elastic and inclusive data, for ex-
ample, we include correlations between left- and
right-handed couplings.

In analyzing SU, x U, gauge models we have as-
sumed that left-handed quarks belong to the weak-
isospin doublet

(1.3)

We then examine the constraints the elastic and
inclusive neutrino data place on the remaining
four free parameters: T,(u„) and T,(d„), the weak
isospins of the right-handed u and d quarks,
sin26)~, the Weinberg angle, and X, a fourth free
parameter multiplying neutral-current cross sec-
tions arising from a free choice of Higgs bosons.
The general class of SU, x U, models consistent
with the assignment of Eq. (1.3) is examined, as
well as a number of specific SU, x SU, x U, and SU,
x U, models.

We find that without using inclusive or exclusive
pion-production analyses the recent elastic and
deep-inelastic neutral-current results are accurate

enough to provide a useful test of various gauge
models. Within the class of SU, x U, models con-
sistent with Eq. (1.3), only the Weinberg-Salam'
(WS) model agrees with these data within 1 stand-
ard deviation for any value of the Weinberg angle
and ~. Since the SU, x SU, x U, model of Mohapa-
tra and Sidhu" reproduces the phenomenology of
the WS model for c = 0, it too has a region of
agreement within 1 standard deviation. The SU,
x U, model of Lee and Weinberg" is found to have
a range of parameters within 2 standard devia-
tions; the model of Langacker and Segre" is not
consistent with the elastic and deep-inelastic data
within 3 standard deviations.

Section II of this paper discusses our analysis
of elastic neutral-current scattering, Sec. III de-
tails our analysis of inclusive neutral. -current
rieutrino-induced scattering. 'In Sec. lV we discuss
our analysis and results, and Sec. V contains our
conclusions.

II. ELASTIC NEUTRALXURRENT SCATTERING

The differential cross section for elastic v or P
scattering on protons can be expressed in terms
of the form factors of the neutral current J~~ as
(see Fig. 1)

2
Z E 1 T — —r 7+1

+47 — 1 ——7 G, 2.1
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p&G. 1. I,ovrest-order graph contributing to v- (or v-)
proton elastic scattering.

with Q
' = -q' = (k —k')', 7 =Q'/4M', and M is the

nucleon mass.
The form factors, C~, 6„, and 6„, defined by

(P'~~„'~p& =u(~') y„E,(q')+ ,M' E.(q')

+y,y„G„(q') u(P),

experimentally to satisfy the scaling law, i.e. ,

Gem( ) Gem( )Gem(qo) ~r q &&e.q
(1 —q'/Mv')' '

~-0 71

Gs (q')=0

(2.6)

G (3 (o& ( &&)G

2( v v I(1 2/M 2)R (1 2/M 2)2 sl

where p, t),
= 2.79 and JLt, „=-1.91 are the anomalous

magnetic moments of the proton and the neutron,
respectively. Then the vector form factors G~
and G„of the hadronic neutral current J~~ can be
related to those of J', through the isospin prop-
erty

G~(q') =F,(q')+ ~,E,(q'),

G „(q')=F,(q') +E,(q')

(2.2) (o& (&&)

&(=ot3~v (l"o+ &e)+ & (&o &e)1(1 o iM e~e

are the usual electric and magnetic form factors
for the vector current, and G„(q') is the usual
axial-vector form factor. It is convenient to de-
compose the current J„by I.orentz and isospin
properties into

= —,'(2.64&v(o&+ 4.7e'„".)

(1-q'/M„')' (1-q /M ')

yu = o (2.64e(vo&+ 4.7c'„"). (2.10)

JZ (0)p(0) ~(l)p(1) + f(0)g(0~ (l~+(1~
p ~F ~ + V g A, p A

where

V'„"= —,'(uy„u+ dy„d),

V(„"= —'(uy„u -dy„d)

are the isoscalar and isovector currents, and

= o(uyeyou + dyoyod),

4(„(&= -,'(uy, y„u -dy, y,d)

(2.3)

(2.4)

(2.5)

For the axial-vector current, we define the iso-
vector and isoscalar form factors by

(2.11)
& p ~&'."

~

p& =-'G'"(q')u y.y.u .
The isovector form factor G„" can be related to
the charged axial-vector form factor measured
in the reaction v„+n- p,-+p, with the result"

e(vo& = a~ (u)+ a„(u)+ a~ (d)+ a~(d),

q v
' = a~(u) + a„(u) —a~ (d) —aI((d)

g„(o& = a~ (u) —a&((u) + a~ (d) —a»(d),

&„"&= a~(u) —a~(u) —a~(d)+ a„(d) .

(2.6)

Assuming that the nucleon matrix elements of
the heavy quarks are negligible, the hadronic
electromagnetic current can be written as

are the corresponding axial-vector currents. ,

The coefficients z~"„and z~('„are given by

(2.12)

For lack of experimental knowledge about the iso-
scalar axial form factor, we will assume that the
isoscalar axial form factor G„'"(q') has the same
q' dependence as the isovector axial form factor
G(&&(qo)

G(o&(qe) kG(&&(qe)

Within the assumption that the nucleon matrix
elements of heavy quarks can be neglected, we can
use SU(3) symmetry to relate the proportionality
constant k to the D/E ratio, "

= Qo2uy~u —dy„d) = V~ + e V~
' . (2 7) k = 3 —4o.'„, where (&(„=D/(E+D) .

'The nucleon form factors of J~ are wel. l-known
Experimentally, "Ot„= 0.658+ 0.007, and hence we
take the isoscalar axial form factor to be-of the
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G(0)(q3) 0 368G(l)

'The total axial form factor is then

( 2) ( [~(()G(a)( 2) (0)G(0)( 2)]

1.24 y
(1 -q'/M„')' '

y„= 2 (e„'"+ 0.368&„~'}.

(2.13)

(2.14)

charged-current cross sections, giving

(r(( p —vp)
o(vn- p. p)

= &(+,y '+ &,y '+E,y '+&',y y ),
o(~P -~P)" o(~P - u'n)

= ~(E ys'+E.y(('+E y~' -E.ya'a},
where

(2.17)

(2.18)

With these expressions for the form factors G~,
G~, and G„, we can rewrite the differential cross
section in (2.2) as

do'" "
dQ2

= 2' [ys'f((Q' E)+yu'f2(Q' E}

+ y~'f, (Q', E) + ygy 44(Q', E)1

(2.15)

where the kinematical functions f,(Q', E) are given
by

&1 )(' M ' M&'
f((Q I } (1 Q2 /M 2)( l(1 )I

I rE r-E)

) ~.(E)/o(~n- W-O)&

dQ' dE/ (EF() 2((, , (gp(E)/o(vp- p'n) )
xf,(Q', E) . (2.19)

g„(E) and g~(E) are the BNL spectra for v and
P, and X=G~'/Gz'. If we take M„'= 0.90 (GeV)',
thenE, and E, are given by

E,=O.OVO, F,=O.OJV, F,=0.266, F,=0.079

F,=0.234, F =-0.058, F =0.930, E =0.291.
Equations (2.17) and (2.18}, then read

E",, = X(0.070ys'+ 0.017y~~+ 0.266y~2

1 "r M' r'M'
f2(Q i }-(1 2/M 2)4 1

(2.16)

+ 0.079y„y„),

E„=X(0.234ys'+ 0.058y„+0.930y„'

—0.291y„y~) .

(2.20)

(2.21)

(1.24}2 M M'
f,(Q,E)=;, „, 1 — r+r—(1+r)~—

~E

(Ivf M
f,,(Q, E)=471E I rE (,

—

-Q./M 2)2

1.24
(1+Q2/M 2)2 '

In E(I. (2.15), f, (Q', E) are the model-indepen-
dent kinematical functions of Q' and E; all the mo-
del dependence is contained in the constant coef-
ficients y~, y~, and y„. Hence, in principle, for
any model which predicts the values of the coef-
ficients ys, y„, and y„, we can use E(I. (2.15) to
work out the differential cross section da/dQ'
and fold it with the v or P spectrum" to compare
with experimental data (since broad band v or v
beams are used in the experiments). All the Q'
dependent is contained in the known kinematical
functions f, (Q', E). To compare to the experimen-
tal data, we integrate the differential cross sec-
tion over Q' subject to the HPW experimental cut
0.4&Q'& 0.9, integrating over the neutrino or
antineutrino spectra, and normalizing to the

+ q(syi[Ts(q(s) -Q(q(s)»n'@ h(s)
(2.22)

where 6 is the Weinberg angle, Q(q, ) is the
charge of q, , and T,(q,~) is the 3rd component of
the weak isospin of q«. The basic neutral-cur-
rent Lagrangian is given by

2 cos 8@p
(2.23)

where J~~ =P„~y„v»+ is the leptonic neutral
current. Comparing with the second-order effec-

In these forms, the experimental data on 8,", and
R"„will give model-independent relations among
the parameters y~, y„, y„, and X. If we take into
account the experimental uncertainties in R,y

and
R~(, E(ls. (2.20) and (2.21) will give two constraints
among the parameters rather than exact relations.
These constraints can be used along with inclusive
cross-section constraints to test the validity of
each model.

Let us first consider gauge models based on the
SU(2) x U(1) group. In this simple case, there is
only one neutral current given by

J„=2 Q (q(~y) [T,(q(~ ) -Q (q(i ) sin'6(( ]
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tive Lagrangian given in Eq. (2.1), we can identify

2"'~=8scos'

From the charged-current interaction, we get

(2.24)

For the simple case where only the doublet Higgs
field is present, we have M~'=Ms'cos'8, which

gives X= 1. For more general models with both
triplet and doublet Higgs fields X canbe arbitrary.
However, the result of combined analysis of
elastic and inelastic neutral-current v and v reac-
tions show that A, = 1 seems to be preferred. Our
analysis does not assume a value for X.

Most models based on the SU(2) x U(1) group
assume the left-handed quark fields (ut, , d~, s~,
and c~) are in doublets,

(u'} (c)
&dc) r, ),scj,

where

d~ = cos 8~d+ sin8~s,

sc = -sin8cd+ cos 8c

and 8~ is the Cabibbo angle. 'Therefore, most
models based on SU(2) x U(1) can be classified
according to the possible assignments of right-
handed components of the light-quark fieMs, u~,
d~. Some of the possible models, which are char-
acterized by the values of T,(u„) and T,(d„), are
listed in 'Table II. In general, there will be mix-
ing between states with the same charge and hel-
icity. For simplicity, we assume the mixing ang-
les to be negligible. 'Then, from the structure of
the hadronic neutral current given in Eq. (2.22),
we can read out the coefficients e~ '„and e~"„,

«I,"= T,(u„)+T,(d„) --', sin'e~,

e„'"= T(uz)-—T,(dh)

E„'"= 1 —T,(u„)+T, (d„).
We then may express the cross-section ratios
R'„and R„as functions of T,(u„), T,(d„), the
Weinberg angle, and X.

'The SU, & SU, x U, model of Mohapatra and Sid-

TABLE II. Classification of SU{2)XU{1)gauge models according to weak isospin of right-
handed quarks.

Model

Weinberg-Salam

Right-handed multiplet structure

{»a «~a ' "

r,{u„)
{x coordinate in

Fig. 5)

&,(dg)
{y coordinate in

Fig. 5)

b quark (d)s, ' ' ' 1,
2

t quark {»~,
'

~ ~ ~

Vector

Unconventional
models: (u)s,

l

d

~a
2
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Kg(u) = 4 +
L+&

-1+ 3x
&1, (d) = 4 1-& 1+&

cg(u) = 4 + 1+6

(2.26)

I

hu, designed to provide naturally parity conserv-
ing neutral currents, assigns u and d quarks to
left-handed and right-handed doublets transform-
ing under separate SU, groups. 'The relevant neu-
tral-current phenomenology depends on two ad-
justable parameters, & and x, with"

I

III. INCLUSIVE NEUTRAL-CURRENT SCATTF RING

Here we summarize gauge-model parametriza-
tions of deep-inelastic neutral-current scattering
to compare with the experimental measurements
of neutrinos scattering on isoscalar targets (Fig.
2).

An essential assumption in the analysis of deep-
inelastic scattering is the parton model. " In the
usual quark-parton picture, the lepton-hadron
deep-inelastic cross section can be expressed in
terms of quark distribution functions q, (x), with
x=q'l2Mv. Since the charged current v and v in-
clusive cross sections are very well described by
the usual left-handed doublets in the WS model,
i.e. ,

The Mohapatra-Sidhu model reproduces the neu-
tral-current phenomenology of the Weinberg-
Salam model for & = 0, x = 2sin~8~. Jn general,
-1& & & 3. and x & 0.

There are several popular SU, x U, models as-
signing left- and right-handed quarks to weak-sU,
triplets. 'The model of Lee and Weinberg" as-
signs quarks to the multiplets

i, u, .

l

do) i E+o& ~

we will assume that for the models with right-
handed currents„ the new quarks to which u~ or
d~ couples are very heavy, so that they do not
contribute to the present day experiments. Thus
for the isoscalar target, the charged current v

or P inclusive cross sections are given by

o,', =cr(vN- p, X)

=(t'~'MBA)f xdx[[u(x)+de)]+-,'[ri(x)+d(x)]],
0

Neutral-current scattering depends on two adjust-
able parameters, l and zv, l~ 0, 0» se «1, with"

o,', = o(vN- p,'X}
(3.1)

ei(u) =-,'(1+ l)(1 -w),
&&(d)=-'(1+ f)(-1+w),

cR(u) = ——,'(1+ l}w,

e~(d) =-,'(1+ l)(-1+w) .
'The model of Langacker and SegrÃ' assigns
quarks to the triplets

(2.27}
xdxQu(x)+ d(x)]+ —,

'
[u(x)+ d(x)]],

~h~~~ u(x), d(x) and u(x), d(x) are the usual quark
and antiquark distribution functions.

For convenience, we will use the notation

q(x) = —,'[u(x)+d(x)],

to write

(3.3)

Phenomenological predictions again depend on
two parameters, z' and r", which depend on ra-
tios of Higgs parameters and f;he Weinberg angle,
ranging roughly over the values —,'- ~ y''= 1 and v'"
~ 0. In thi. s niodel, '

aI (u) =r; 2,

[] xdx[q(x) + g[f (x)]
(3.4)

&q (d) = —,j(r + r ),
a~(u) =r "/2,
c„(d)= ,'(r" r')=. -

(2.28)

I'IG. 2. Lowest-order graph for v- (or v-) induced
deep- inelastic neutral-current scattering.
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From the CDHSB experiment, we use the result"

R„=0.48 ~ 0.025. (3.5)

+[a '(x]+a '(d)]f xdx[q(x)x-,'a(x)]
0

(3.8)

For the general neutral-current parameterized
f

in Eq. (1.2), the ]d neutral-current inclusive cross
section on the isoscalar target, is given by

2&G 'MZ
o"„= ~ [a~'(u)+ a~'(d)] x dx[q(x)+ q(x)]

0

left- and right-handed couplings

A = ~( sin 8][r+ sin 8p) .
R = ~j[T3(u~ ) —3 sill 8g ]

+ [&,(d„)+—,
' sin'8~]'}.

(3.12)

Equation (3.12) gives a constraint between y and
sin'8] . Equation (3.13) represents a circle in the
T,(u„) —T,(d„) plane centered at (

—', sin'8, ——',

sin28 ) having ra[i jus (8/X) . A and B are not
known exactly, but are determined by the CDHSB
data for R", R", and R„ to be

If we normalize it to the corresponding charged-
current inclusive cross section and use the rela-
tion (3.4), we obtain

A. = 0.282 + 0.016,

.B= 0.028 + 0.020.
(3.14)

R"=—„"= X([a~ '(u)+ a~'(d)]+R,P [a„'(u)+ a~'(d)]] .
OCC

(3.8)

From the measured values of R", R", and R„,
Eqs. (3.7) and [3.8) give relations among the par-
ameters a~(u), a~(d), as(u), as(d), and X. Before
comparing with the predictions of various models,
we first separate the right-handed couplings from
the left-handed couplings by forming the following
combinations out of Eqs. (3.7) and (3.8):

R.,-'R" -R,
A = '*

—, ' = ]].[a~'(u)+ a~'(d)]
CC CC

(u)+ eg (d)

R" -R"8=, = a[as'(u)+ a„'(d)]
CC CC

(3 9)

(pR"= ~=A([a~'(u)+ az'(d)]+R„[a„'(u)+ as2(d)]] .
CC

(3 7)

Similarly, for P neutral-current inclusive cross
section, we obtain

For SU, x SU, xU', models and 8 U, x U, models
the constraints of the inclusive data are expressed
by Eqs. (3.9) and (3.10), writing the couplings

ze()u, ,ez, {d), es{u), and es(d} in terms of the ap-
propriate expressions of Eqs. (2.25)-(2.27).

IV. METHOD AND RESULTS

'The five experimental. ratios R"„, R"„,R", R"
andR„measured by HPW and CDHSB provide four
equations of constraint, Eqs. (2.20), (2.21), (3.9),
(3.10), where R", R"„, A and B are fixed within
experimental errors. Vfe use these four constra-
ints to test various gauge models.

This may be done in a model-independent way by
determining limits on the four coupling parame-
ters" ez(u), ez(d), e„(u), and es(d). If R"„, R"„,
A. and 4 were known exactly, these four couplings
would be fixed precisely, aside from sign ambi-
guities. Experimental errors on the five experi-
mental ratios mean that at best we can determine
a range of values for the coupling parameters.

It is useful to introduce a X' function which ex-

(3.10)= es'(u)+ e„'(d) .
where c~(q, ) = X'~'a~(q, ).

For the SU(2) x U(1) gauge models considered in
the last section, which have common left-handed
doublets but with different assignments for u~ and

d„, we have the following values for the parame-
ters:

«L(d)

—«„(U)

«g(d)

~«~(u)4

a~(u) =-,' —
~ sin'8]], ,

a~(d) = --,'+-,' sin'8

as(u) = T,(u„) --', sin'8„,

as(d) = T,(d„)+—,'sin'8

(3.lla}

(3.11b)

(3.1lc)

(3.111)

then from Eqs. (3.9) and &3.10), we get for the

«L( u ) —«L( d) «~(0) —«~(d)

FIG. 3. Constraints on neutral-current coupling para-
meters due to elastic and deep-inelastic neutral-current
data. Figure 3(a) plots left-handed couplings, Fig. 3(b)
right-handed couplings. The darker shaded region is
consistent within 1 standard deviation, the lighter shaded
region within 2 standard deviations.
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presses the agreement between model and experiment:

R",,(model) -R"„(expt))' R",(model)-R"„(expt))
el el

&(model) -A(expt)~~ &(model) -B(expt)&~
i (4.1)

e~ (u) —-e~ (u),

ei(d) —-e&(d),

e„(u) -e „(u),
c„(d) -es(d),

(4.2)

which cannot be resolved by the neutral-current
data.

An important feature of the constraints, namely,
the correlations between left- and right-handed
couplings, is hidden by Fig. 3. To reveal those
correlations, we have plotted the two right-handed
couplings, es(u) and e„(d), versus a third quantity

(e (d)
e~(M)

' (4.3)

'This quantity distinguishes the isoscalar or iso-
vector nature of the left-handed quarks; the coup-
lings are mainly isoscalar for 0 ~ 8~ ~ v/2, mainly
isovector for m/2 8~ ~m'. The fourth parameter,
Bz = [ez, '(u)+ ez, (d)p~', is not plotted, but is al-
lowed to vary over all possible values. In prac-
tice, RI, is constrained to a small range of values
by the inclusive data, 0.51 RL, ~ 0.54 within our
one standard deviation criterion, 0.47 & R~ & 0.58

where the denominators M"„, M"„, 4%A, and ~
represent 1 standard deviation in the experiment-
ally measured quantities, including both systemat-
ic and statistical errors. We can require general
agreement within one standard deviation of the
four measured quantities by requiring X

~ 1. This
is slightly more lenient than demanding that each
constraint be satisfied separately within 1 starid-
and deviation. Agreement within 2 standard devia-
tions of the experimental data (95% confidence
level) requires y'~ 4.

The range of coupling parameters consistent
with the elastic and inclusive data within one and
two standard deviations is shown in Fig. 3. The
figure plots separately left-handed couplings and
right-handed couplings, thus ignoring correla-
tions due to the constraints between left- and
right-handed coupling parameters. 'The darker
region is the allowed range of couplings within one
standard deviation, the lighter region includes
coupling values within two standard deviations
of the data. Figure 3 reflects an overall sign
ambiguity

within the two standard deviation criterion. The
correlations among 8~, e„(u), and e„(d) are shown
in Fig. 4. Again, .the dark regions represent par-
ameter values within one standard deviation, the
lighter boxed regions give parameter values with-
in two standard deviations of the data.

Seghal, ' Hung and Sakurai, ' and Abbott and
Barnett' have shown that the coupling parameters
may be further restricted by including model-de-
pendent constraints coming from inclusive and ex-
clusive single-pion data.

We would like to emphasize that strong con-
straints are imposed on gauge models without go-
ing beyond the new elastic and deep-inelastic neu-
tral-current data. For SU, x U, models, we as-
sume the left-handed u and d quarks have the doub-
let assignment of Eq. (1.3). This does not fix
ez, (u) or ez(d), since X and sin'8I(, are still free to
vary, but it serves to resolve the overall sign
ambiguity of Eq. (4.2). The four parameters
T,(us), T,(ds), sin'8~, and X are left free to vary.
The values of T,(us), T,(ds) and sin'8, consistent
with the plastic and inclusive data are shown in
Fig. 5. The darker regions denote consistency
within 1 standard deviation, the lighter boxes
within 2 standard deviations. The results indicate
that within this broad class of SU, x U, models,
only the Weinberg-Salam model [T,(u„)=T,(d„)
= 0] is consistent within 1 standard deviation. The
Weinberg angle for the WS model ranges from 0.2
to 0.3, and X, though not plotted, ranges from
0.85 to 1.15, with sin'8 = —,', X = 1 being the prefer-
red values.

Both the f) -quark [TR(us) = R, T,(ds) = 0] and (-
quark [T,(us) = 0, T,(ds) = -R ] models are beyond
2 standard deviations of the experimental data.
The vector model [T,(us) =-,', T,(ds) = =~], as well
as a wide range of less conventional models, is
ruled out by the data. Qne may also construct
SU, x U, models in which right-handed I and d
quarks occur as mixtures of singlets and doublets.
Figure 5 may be used to read off the mixing angles
and Weinberg angles consistent with the elastic
and inclusive neutral-current data.

The SU, x SU, x U, model of Mohapatra and Sidhu
depends on the two free parameters E and x. The
range of these parameters consistent with the
four experimental constraints is shown in Fig. 6.
Note that the region preferred by the data centers
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FIG. 4. A three-dimensional plot of constraints on the coupling parameters due to elastic and inclusive neutral-cur-
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——tan" [&1 (d)/&&(u)] within 1 standard deviation are shown by the darker
regions the values within 2 standard deviations by the lighter boxes. A fourth arbitrary parameter, B&, is varied over
its complete range, but is not plotted here.

around e = 0, the value reproducing the elastic
and inclusive phenomenology of the WB SU2 + Uj
model.

Two SU, x U, models are less compatible with
the data. The Langacker-Segre model has no
choice of parameters comyatible within 3 stand-
ard deviations of the data, at a X' of 9.'7 the pre-
ferred parameters values are x'= 0.95,t'" = 0.55.
The model of Lee and Vfeinberg hs no choice of.

parameters within 1 standard deviation, but a
reasonable range of the two parameters L and m

within 2 standard deviations, as shown in Fig. V.

The conclusions of the preceding'analysis are in-
sensitive to several of the assumptions goirig into
the ana1ysis. In particular, the same qualitative
conclusions prevail when the parameters k and
hl„' [Eqs. (2.12) and (2.13)] going into the elastic
scattering analysis are allowed separately to vary
within 20-30% of their chosen values.

%e should also stress the fact that since we have
not used the data on the inclusive or exclusive
pion productions, the constraints on the coupling
parameters are not as strong as those obtained

in the previous analyses where these pion produc-
tions are included with additional model-depen-
dent assumptions about the pion-production mech-
anism. However, for the purpose of testing spe-
cific gauge models, our analysis shows that the
new elastic and deep-inelastic neutral-current
data can provide very useful constraints which are
free ot the model-dependent assumptions on the
pion-production mechanism.

V. CONCLUSIONS

The recent elastic (HPW) and deep-inelastic
(CDHSB) neutrino induced neutral-current data,
used alone and with minimal theoretical assump-
tions, impose stringent constraints on viable
gauge models. %ithin SU, & U, models making the
usual assignment of left-handed u and d quarks
and without mixing of right-handed u and d quarks,
only the %einberg-Salam model is consistent with
the data. In the %8 SU, x U, model, the data are
consistent with 0.2& sin'8 ~ 0.3 and 0.85 & X& 1.15.
All other such SU, x U, mode1, s are inconsistent
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FIG. 6. Values of the SU2 &SU, xU& parameters ~ and
x consistent with elastic and deep-inelastic neutral-cur-
rent data within 1 standard deviation (darker region) and
2 standard deviations (lighter pegion).

FIG. 7. Values of the Lee-Weinberg SU& &U& model
parameters E and se consistent with the elastic devia-
tions. No choice of parameters falls within 1 standard
deviation of the data.
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with the data. The parity-conserving SU, x SU,
x U, model of Mohapatra and Sidhu is also consis-
tent with the data for e = 0, 0.45- x 0.58. 'The

SU3+ Uy model of I angacker and Segre is not com-
patible within 3 standard deviations of the recent
data, while the SU, x U, model of Lee and Wein-
berg falls within 2 standard deviations of the data
for certain values of its two adjustable parame-
ters.
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