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The neutral-current phenomenology of several SU(2) X U(1) models of quarks and leptons is considered in the
light of recent data. Elastic and deep-inelastic neutrino-nucleon scattering and elastic neutrino-electron
scattering are examined. Four models are shown to be reasonably consistent with these data, while two models

are in some conflict with the data.

I. INTRODUCTION

There have been several quark-lepton models'~'?
proposed within the general framework of the
Weinberg-Salam SU(2) X U(1) gauge theory! of weak
and electromagnetic interactions. These models
contain specific weak charged and neutral currents
whose consequences can be tested experimentally.
In these models, there are only vector and axial-
vector currents. Interesting terms in these
charged currents may be suppressed at present
energies by the large mass of some quarks,!3™7
However, the consequences of the neutral currents
differ considerably from model to model at all
energies. Several of the models considered have
right-handed as well as the usual left-handed neu-
tral (and charged) currents.

The neutral currents in deep-inelastic neutrino
scattering have been widely discussed elsewhere'®
and will be used here only to place limits on the
values of sin®0, and the mass of Z° (the neutral
intermediate vector boson). The elastic neutrino
scattering (vp— vp) provides an independent test of
neutral currents and does not require the parton-
model assumptions used in deep-inelastic scat-
tering. Most attention here will be devoted to the
elastic neutrino-nucleon scattering. The values of
sin®6,, and m 4o found in neutrino-nucleon scat-
tering must also be consistent with their allowed
values in elastic neutrino-electron scattering.

The calculation of v-e scattering involves the
fewest theoretical assumptions, but the experi-
ments are very difficult.

It is found that four models are reasonably con-
sistent with the data, but two models have some
difficulty with the data.

In Sec. II a detailed description of the formalism
for elastic and quasielastic neutrino-proton scat-
tering is presented. A very brief description of
deep-inelastic neutrino-nucleon scattering for the
case of neutral currents is given in Sec. III. The
charged and neutral currents of a number of
SU(2) X U(1) models are shown and briefly dis-
cussed in Sec. IV. In Sec. V a comparison is made
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of the predictions of these models and of the exist-
ing data. Some conclusions can already be reached
although more data are needed. A short discussion
of neutrino-electron scattering is given in Sec. VI
along with some conclusions.

II. FORMALISM FOR ELASTIC AND QUASIELASTIC
SCATTERING

For charged currents, the usual first-class
transformation properties under G conjugation
are assumed here. For neutral currents, the
usual properties of vector and axial-vector cur-
rents under charge conjugation are assumed (as is
found in models considered here); charge sym-
metry is not assumed and is not found in all mod-
els. If the muon mass is taken to be zero, then
the general matrix elements of charged and neu-
tral currents have the form™®
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v msFA(qﬂuN , (2.1)

where ¢°=(p, - p,)* and p, (p;) is the momentum
of the incoming (outgoing) nucleon N (N’). F, and
F, are the vector and F, the axial-vector form
factors.

The form factors used by Lee and Yang® for
charged currents and by Weinberg® for neutral
currents are obtained by use of the Gordon de-
composition

wp )= (B s %Ny, (2.2)

2m

N |J, [Ny =T [v , Fi(q®) = (D, + PL)FYq?)

+7,7sFa(q®) Juy (2.3)

where
Fi(¢®)=F\(q") + F,(q") , (2.4)
FY(q®°)=Fy(q°)/2my . (2.5)

However, it is the Sachs form factors® G, and
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G, which experimentalists give in terms of which

(@=-¢%

. G(i)+(Q2/4m Z)G(i)
(i) 2y_ JE N /Y
Fy (q )= 1+Q2 47””2 ’ (2.6)
i G(i)_G(i)
() 2y M E
Fy (g% = 1+Q° 74mN2 s (2.7)

where we now distinguish ¢ = ¢ (charged currents)
or 0 (neutral currents).

The conserved-vector-current (CVC) hypothesis
identifies the weak hadronic vector current with
the isospin current. CVC allows one (with an
isospin rotation) to use the proton and neutron
electromagnetic form factors (G%, G%, G%, and
G7) in finding the weak vector form factors for
the charged current (vn— up):

G¥)=c0s0,(GE - GL), G’ =cosb,(G: -~ G) .
(2.8)

The factor cosé. is present because the charged
current is

J )= cosbaty, (1 +ys)d. (2.9)

In the SU(2) X U(1) models considered, the neu-
tral current is

JO=JY - 2sin®6,J ", (2.10)

where J; can be found by an isospin rotation from
the complete charged currents (discussed later)
and where J;” is the electromagnetic current. In
this model J, has the general form (when quarks
other than # and d are ignored)

JU=JY, +JY,, (2.11)
JY, =g uy u - dy,d) + g5y ju + dy ,d) , (2.12)
J;Ju =gf1=1(7'—‘7u75u - a‘)’“‘}/ﬁd)

+ 850y yysu+dv,vsd) . (2.13)

Since in the neutral currents quarks other than
u and d are ignored here, the relations Eq. (2.8)
can, with use of quark field theory, be extended
to the neutral currents where there are both iso-
vector and isoscalar terms so that

Gy’ = g7 (Gh - G7) + 3¢4%Gh + GF)

—2sin®0,GY" (2.14)

(and the same for G’ where + (-) on the first term
and p (n) on the last term refer to scattering off
protons (neutrons). The factors + and 3 are ob-
tained in Appendix A. g% and g} are the cou-
plings in the current [Eq. (2.12)] of a given model.

G% is experimentally®® (from electron-proton
scattering) much smaller than G% for relevant
(small) @2, and here it is assumed that

G%=0. (2.15)
Also measured is
G? Gn < Qz -2
by M M| ] .
g, T, Mo Gev2> (2.16)

(k,=1.79 and p,=~1.91). For @?<1.0 the first
equality is good to 10% accuracy, and the second
equality seems good to 10% accuracy for @* up to
45 GeV?/c?.

The axial-vector form factor is determined from
charged-current neutrino scattering® to be ap-
proximately

2\ =2
FAg?) =cos0.F ,(¢°) ~+ 1.2300s90<1+mig> ,
A

(2.17)

where m ,*~0.79 GeV*® (see further discussion in
Sec. V).

Again the axial-vector neutral currents contain
both isovector and isoscalar parts (in general)
although there is no identification with the electro-
magnetic current, of course. As before, only «
and d quarks are kept in the neutral current. The
axial-vector form factor for the neutral currents
is then

Fg®) =g F ,(¢°) +5 85°F ,(¢9)

where + (-) refers to scattering off protons (neu-
trons) and the factor of ¥ is discussed in Appendix
A. g{:l and gf“ are the coupling appearing in the
current, Eq. (2.13). It has not, of course, been
shown experimentally that the isoscalar axial-
vector form factor has the same @* dependence as
the isovector part, but it is probably a reasonable
approximation.

To find g %" and g’7%*, recall that J¥ [see Eq.
(2.10)] can be found by an isospin rotation from
the charged current Jff’. If one writes?®

(2.18)

J ' =gCy,(1+v))q
and (2.19)
JY=gC% ,(1+v5)q,

where ¢ is the vector (u,c,d, s) (or the equivalent
in other models) and C is the four-by-four matrix
(or equivalent) giving the appropriate charged cur-
rents of a given SU(2) X U(1) model; then C° de-
scribing the neutral currents is

c=]c,C). (2.20)
Following this procedure, one finds for these
models [see Eq. (2.10)] the general form of the
neutral currents (where quarks other than « and

d are neglected):
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J, =% [y ), - (dy,d); + alay u) , - B(dy ,d) 5]
- 25in®0,,J o™, (2.21)

where the subscript L or R (left or right handed)
indicates (1 +v;) or (1 -v,), and o =27% and
B=-27% 7, is the weak isospin of the right-handed
charged-currents. |a| and |g| are <1. The fac-
tor of one half in Eq. (2.21) is discussed in Ap-
pendix A.

J, can be rewritten as the sum of isovector and
isoscalar parts and separated into vector and
axial-vector terms:

JV=5(2+ o +B)ay u - dy,d)

+i(a = B) @y u+ dy ,d) - 2sin®0,J ™, (2 22)
JA=3(2 = o = B) @y 75 — Ay ,75d)
+i(-a +B) @y ,ysu+dy,vsd) . (2.23)

Recalling Eqgs. (2.12) and (2.13), it follows that
(2.24)
(2.25)

gv,A(I = 1):%(1 i%a i%ﬁ) ’
gy, alI=0)=5(23a%2p).

Given Eq. (2.1), one can write the cross section
for elastic charged-current and neutral-current
VN scattering as!®2!
do  G*my’k™ [A S —u

s —u)?
T = g [A=BS *C(m?) ], (2.26)
v N N

where (+) refers to neutrinos and (-) to anti-
neutrinos, G*=(107%/m,%)? GeV™*=5.02 x 10" cm?/
GeV?, (s —u)=4myE, - @*, and E, is the lab ener-
gy of the incoming neutrino. « is equal to one for
charged currents and is defined in Eq. (2.33) for
neutral currents. Setting m uz =0 and with the as-
sumptions given before Eq. (2.1), one has (for
charged and neutral currents)

e F {1 g R 5)
A‘W FA 1+Z—7}’l—f _Fl 1—4—2-

My
Q2 Qz 2
+4mzv2 <1 -——4mN2> l"‘22+———n,lN2 FLFz:l ,

(2.27)
QZ

BszA(F1+F2), (2.28)
N

1 2 2 Q2 2
C=-"I FA +I’11 +WF2 B (2.29)

where F,, F,, and F, are defined in Egs.
(2.6)—-(2.8),(2.14) —(2.18),(2.24),(2.25).

G* may be written in terms of the mass of the
intermediate vector bosons, W+ and Z°, astollows:
for charged currents

GP=E (2.30)

and for neutral currents

_(g*/cos%,,)

2
G g (2.31)

However, in the usual Weinberg-Salam model*

(2.32)

so that the G? is the same. But in other models
these relations may differ, and one can define x
by

m 4o° =my,?/cos?0,

m 40° = k*m,,?/cos?8,, (2.33)

and k™ therefore appears in Eq. (2.26).

III. NEUTRAL CURRENTS IN DEEP-INELASTIC
SCATTERING

The deep-inelastic neutrino-scattering experi-
ments considered here have been done off iso-
scalar targets (with equal numbers of neutrons
and protons). In the discussion which follows,
quarks other than « and d will be ignored. The
neutral currents in the SU(2) X U(1) models con-
sidered are assumed to have the form of Eq. (2.21).
In the quark-parton model, the left-handed currents
have a constant y dependence for neutrinos and
a (1 - y)? dependence for antineutrinos, while right-
handed currents have the opposite y dependences.
Using the fact that for left-handed currents the
weak isospin 7,=3% for u quarks, and -3 for d
quarks, one obtaing'?:2%:26

dc*  G*myEx™
dxdy T
X [(a®+b.5) +(ag®+ 051 -9)%], (3.1)

d®e®  G'myEx™

F(x)

dx dy F)
X (a2 +0,.5(1 =92 +(az?+b )], (3.2)
where
a,=3 -35sin®,, ap=sa-3sin®,,, (3.3)
b,=~3+38in%0,, by=—-3B+3sin%, . (3.4)

x=Q*/2p+q, y=(E-E')/E, x was defined in Eq.
(2.33), and a=27¥ and B=-27¢ for the right-handed
part of the currents. Most experimental results
are given in an integrated (over y) form in which
case (1-y)? in Egs. (3.1) and (3.2) is replaced
with 3. The neutral-current cross sections are
often given relative to the charged-current cross
sections. In theoretical calculations, this ratio
commonly (and here also) is expressed in terms
of the naive charged-current cross sections ex-
pected at low energies:

d’c  G*myE 1, for v’s

{
dxdy w_'F(x) ><1(1 -y)%, forv’s. (3.5
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However, in many of these models®™ these are not
the cross sections expected,’®™'" nor is it the cross
section found in the antineutrino data.?7:2®

If one defines

R”=0(UN ~ 7+ X)/a"3V(IN — u* + X) (3.6)

(and similarly for neutrinos), then the number to
be compared with experiment is R’ divided by an
energy-dependent factor® (which is about 1.35 at
E,~40 GeV, but approximately equal to 1 for
neutrinos at all present energies). Another fre-
quently used ratio is

Ry=o(WN—=V+X)/o(vN-v+X). (3.7)

IV. QUARK MODELS

Only those quark models proposed within the
general framework of the Weinberg-Salam
SU(2) X U(1) gauge theory' are considered here
(leptons are discussed only in Sec. VI). These
place the quarks either in weak “isodoublets” or
“isosinglets” for left-handed and right-handed cur-
rents. The standard Weinberg-Salam (W-S) and
Glashow-Iliopoulos-Maiani (GIM) model®? has
four quarks all in left-handed doublets and right-
handed singlets; therefore in Eq. (2.21) a=p=0.
The doublets are (neglecting Cabibbo angles)

(o) )

The Caltech-Harvard-Hawaii-Princeton (CHHP)
vector model®=® has six quarks all in both left-
handed and right-handed doublets (e=1, g=1):

u c t u (4 t

d/y \s/p \b/y \b/g \s/gp \d/g
The Harvard-Yale-Maryland-Caltech (HYMC)
model®>%° has six quarks (not the same charges

as CHHP) with a mixture of doublets and singlets
(=1, p=0). Its doublets are

RN OALCIATO) R

Several variations of the fourth doublet are pos-
sible which do not alter the nature of the model
significantly; of course, there is also the freedom
to mix b and g.

An interesting possibility which is consistent
with the charged-current data is another model
which is a mixture of doublets and singlets. This
model has six quarks, but two have charge —.‘;- be-
cause T¢=+% for the right-handed d (=0, f=-1).
The mass of the — £ charged quark would be great-
er than 4 GeV. The doublets are

CoCECLCL e

There are other models including an axial-vector
model which has - % and + £ quarks (a=-1, =-1)
and a seven-quark model?® which was constructed
to maintain the desirable features of the vector
model, but to try to do better in fitting the ob-
served neutral currents (a=0.75, B=1). All other
combinations of integer o and 8 were tried.

V. CONCLUSIONS FROM vN SCATTERING

The data for vp- vp scattering considered here
is that of the Harvard-Pennsylvania-Wisconsin
(HPW) and Columbia-Illinois-Rockefeller (CIR)
collaborations at Brookhaven National Laboratory
(BNL). The HPW data has 0.3<@%<0.9 GeV?/c?,
and the CIR data has similar cuts. There is a
spectrum of neutrino energies centered around
1 GeV. The calculations reported here make the
same @ cut and are integrated over the » energy
spectrum of these experiments.® Since the value
of m,? in Eq. (2.17) is not well determined a vari-
ety of such values were tried. Generally the re-
sults are relatively insensitive (10% change) for
reasonable m %, but in some instances changing
m,? from 0.79 to 1.2 GeV? can have a noticeable
effect (in the W-S—GIM model, R; increases by
50%). Here m ,? is chosen as 0.79 GeV? since this
is the best value from weak interactions.**

The values of R, and R; for deep-inelastic scat-
tering [Eq. (3.6)] have been calculated previous-
1y®6:8:912:2526 for many models and are shown in
Fig. 1. This figure shows (for three models) these
ratios as a function of the Weinberg angle (sin?0,,)
which is a free parameter. The vector and HYMC
models shown have k=1, but that is not necessary.
Also, it should be recalled (see Sec. IIl) that R; for
theory has not accounted for the rising value of
o(VN - u*+X)/E; an easy, visual means of account-
ing for this effect is to multiply the Harvard-Penn-
sylvania-Wisconsin-Fermilab (HPWF) data®’ by
about 1.35 and the Caltech-Fermilab (CF) data®®
by about 1.50. Two values are shown for the HPWF
point, because a model-dependent extrapolation®”
to low hadron energies is needed to calculate R;.
The two points show are the extremes from this
extrapolation for the models considered here. The
CF data are raw data with no extrapolation per-
formed; for the models considered here, R; would
probably decrease slightly.

For elastic scattering R, and R; can be defined
similarly to Eq. (3.6), but it is important to notice
that unlike those for deep-inelastic scattering,
these ratios are energy dependent and here are
defined for 0.3<@%*<0.9 GeV2/c? only. These ra-
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FIG. 1. The ratios in deep-inelastic scattering of
neutral-current to charged-current cross sectins for
antineutrinos vs neutrinos. The theoretical values as a
function of sin%y, (for k=1) and using naive charged-
current cross sections are shown for the W-S—GIM mod-
el, the CHHP vector model and the HYMC model. Other
models shown (with sin?y,=0 and different k) have
a=0, B=-1and o= -1, B=0 (triangle); a=-1, B=~1
(square); and ¢ =0, B=1 (diamond). The data are from
Refs. 27 and 28 and J. G. Morfin, in Proceedings of the
1975 Intevnational Symposium on Lepton and Photon In-
tevactions al High Enevgies, Stanfovd, California, edited
by W. T. Kirk (SLAC, Stanford, 1976), p. 537.

tios are shown in Fig. 2, again as a function of
sin%g,,.

The ratios, Ry, of v to v neutral-current cross
sections for both elastic and deep-inelastic scat-
tering are shown in Table I for the best overall
values of sin®9,. The HPWF data®” for deep-in-
elastic scattering are again subject to the extrapo-
lation to low energies, but for the models consid-
ered here R, lies between R, =0.40+0.17 and R,
=0.48£0.20. From the CF data®® (for deep-inelas-
tic scattering) without any extrapolation, one can
find R, =0.73 (CF do not show their error bars).
For elastic scattering, HPW* give R, =0.40
+0.20; however, there is a systematic uncertainty
comparable to the statistical uncertainty shown
(the background for vp—~ p*n is different than the
background for vn— p"p, and both v and v neu-
tral-current cross sections are normalized to

ELASTIC
- SCATTERING
| 035Q220.9

Vector

0.6

0.4

0.0

Ry

FIG. 2. The ratios in elastic scattering of neutral-
current to charged-current cross sections for antineu-
trinos vs neutrinos (where 0.3<Q2< 0.9 GeVz/c2 and o
are averaged over E,). The theoretical values as a func-
tion of sin®fy, (for k=1) are shown for the W-S—GIM
model, the CHHP vector model, and the HYMC model.
Other models shown (with sin%,=0 and different «)
have @ =0, = —1 (triangle pointing up); = -1, f=0
(triangle pointing down); a=8= —1 (square); and a =0,
B=1 (diamond). The data are from Ref. 31. The point
shown at the bottom with dashed error bars is that of
CIR for neutrino scattering; CIR do not report antineu-
trino data.

charged-current cross sections).

The W-S-GIM model [Eq. (4.1)] is consistent
with all neutral-current data, but it should be
noticed that the best fits in Figs. 1 and 2 are not
for the same Weinberg angle in elastic as in deep-
inelastic scattering. Choosing sin®6,~ 0.3 gives a
reasonable fit to both sets of data, and also gives
good agreement with the ratios, R, in Table I.

The CHHP vector model, Eq. (4.2) (and also the
axial-vector model, a=p=-1) appears to be some-
what inconsistent with both sets of data. This in-
consistency is clearest in the ratios, R,, in Table
I, but it is probably wise to wait for further con-
firmation of these results.

The HYMC model [Eq. (4.3)] is consistent with
the data although it does not do quite as well as the
W-S-GIM model. If =1 were reduced to a=0.75,
this model is in better agreement with the data,
but this mixing of weak isodoublets and isosinglets
for right-handed currents might be theoretically
unappealing.

Three other models including that of Eq. (4.4)
(a=0, B=-1) are consistent with the data if «

[see Eq. (2.33)] is increased to 1.26 (for o =0,
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TABLE I. The ratio, Ry, of antineutrino to neutrino neutral-current cross sections for
elastic (BNL energies) and deep-inelastic scattering for given values of sin? Oy

R}evlastic
Model sin% 6y R eep inclastic [(0.3<Q@%<0.9)(GeV/c)?]
W-S- GIM 0.3 0.50 0.49
CHHP Vector independent 1.0 1.0
HYMC 0.4 0.63 0.76
a=0, f=-1 0.0 0.71 0.48
Axial vector 0.0 1.0 1.0
a=-1, =0 0.0 0.71 0.75
a=0, f=1 0.0 0.71 0.34

B=-1and a=-1, B=0 models) or to 1.19 (for
a=0, =1 model). In Figs. 1 and 2 these values
of k¥ and sin®,,= 0.0 have been used.

Only the CHHP, HYMC, and Eq. (4.4) models
have a mechanism for explaining the rise of
o( YN — u"+X)/E, and can therefore be completely
consistent with the charged-current data.

300+ —

T
/

100~
C
COR
§ 30+
[}
= 301 1
S .
~ -
%)
*—
z
w
S 0k 3
: S ]
I \\\
3 yp-uwp \\

] T S R N B I
o} 02 04 06 08 10

Q2 [(Gev/c)?]

FIG. 3. The elastic neutrino-nucleon cross sections
as a function of Q2. The charged-current reaction is the
usual ¥V — A result. The neutral-current cross sections
are for the W-S—GIM model (solid curves; on right side,
from top to bottom sin?6,,=0.2, 0.3, 0.4), the CHHP
vector model (dotted curve; k=2 and sin29W= 0.6), and
the HYMC model (dashed curve; sin29W=0.4 and k=1.0).
The data are from Ref. 31.

The @? dependence with present error bars is
not capable of clearly distinguishing among models
considered here. The results are shown in Figs.

3 and 4. The CHHP vector model has a rather
poorer fit to this data than other models. All of
the other above models give more or less the
same fits.

300

100
-

30

EVENTS/0.] (GeV/ec)?

——

A T T A O
0 02 04 06 08 10

Q? [(GeV/c)z]

FIG. 4. The elastic antineutrino-nucleon cross sections
as a function of Q2. The solid curve at the top is the
theoretical calculation of charged-current scattering
(V-A). The neutral-current cross sections are for the
W-S—GIM model (solid curves; on right side, from top
to bottom sinZBW=0.4, 0.3, 0.2), the CHHP vector mod-
el (dotted curve; k™ =2 and sin%y=0.6), and the HYMC
model (dashed curve; sin20W= 0.4 and k=1.0). The data
are from Ref. 31.
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VI. NEUTRINO-ELECTRON SCATTERING

The values of sin?0,, and « obtained from neu-
trino-nucleon scattering must be consistent with
the allowed domains of those parameters in neu-
trino-electron scattering. Figure 5 (taken from
Ref. 6) shows the allowed values (for current ex-
perimental results) of g, and g, (see Refs. 6 and
32) in neutrino-electron scattering where

gy=K*~3+7,+2sin%,) , 6.1)
ga=K=2 ~T,)

(1, is the weak isospin of the right-handed electron
where left-handed 7,= —3). Clearly, changing
moves any point toward or away from the origin
in Fig. 5. It has been assumed that the couplings
of v, and v, in the neutral currents are the same.
The W-S-GIM model*? (which has 7,=0 and k=1)
is consistent with this data for sin®6,,=0.3 as found
from neutrino-nucleon data. The CHHP vector
model®® (with 7,= —3) must exclude sin?@,, from
about 0.45 to 0.55 and above 0.70 to avoid conflict
with neutrino-electron scattering data, but most
other values of sin®¢,, are allowed if « is chosen
appropriately. The HYMC model®*? hags the
right-handed coupling (v, E”) and (v, M") where E
and M are heavy leptons, but has no coupling to
e” (or u7) so 7,=0. Therefore, g4 and g, for the
HYMC model are the same as for the W-S-GIM
model; if k=1 and sin®6,,=0.4, then the HYMC
model is on the edge of the allowed region. How-
ever, if k is slightly less than one then sin®6,,
=0.2 or 0.3 are allowed. sin*g,, greater than 0.5
are not allowed by this neutrino-electron scatter-
ing data. ‘

gv T

SIN2 8=

SIN2 820 5 )
K=1

FIG. 5. The allowed domains (90% confidence level in
shaded area) of g and g4 from experiment (see Ref. 6).
The line with dots at every one-tenth value of sin?6,,
shows the theoretical values of g and g4 for the W-S—
GIM model (the HYMC model is the same) where k=1,
Recently reported data (not discussed in the text) may
be used to further limit the allowed regions to those
inside the dashed curves (see Ref. 32).
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Note added. While preparing this manuscript,
we received a paper by Barger and Nanopoulos33
reporting similar calculations. We have also
learned that Albright, Quigg, Schrock, and Smith
have completed similar work.3
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APPENDIX A

One can obtain predictions for the relative fac-
tors between axial-vector and vector terms, and
between isoscalar and isovector terms by con-
sidering the following SU(6) quark representations
of protons and neutrons. The order of quarks in
a term indicates the color, and the upper (lower)
case letters indicate spin up (down).

proton:—% (2UdU + 2UUd + 2dUU — UuD - UDu

~uUD —uDU - DUu - DulU), (Al)

1

Tis (~2DuD - 2DDu - 2uDD + DAU + DUd

neutron=

+dDU+dUD + UDd + UdD). (A2)

Taking the nonrelativistic limit, 7. reduces to
the unit operator and y,y, reduces to the spin op-
erator o,. Then using representations (A1) and
(A2), and summing over quarks, one finds for the
isovector case (charged or neutral)

NHIAIN) 5
WY 3

3
Ry

(A3)
where Jﬁ” refers to the y, (or F,) part of the vec-
tor current. It is presumably possible to make
relativistic corrections to bring this closer to the
experimental value which is 1.23.

For the neutral currents, one also needs to con-
sider isoscalar currents. Using 1 and 7, for the
isoscalar and isovector currents (no approximation
needed) with Eq. (A1) (summing over quarks)

GIINT=D1p) - (A%)
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(PIIAI=0)1p) _3

Zp_ﬁl JAI=11py 5° (A%)

For neutrons the isovector terms change sign.
There is in addition a factor of 3 in the neutral
currents relative to the charged currents. This

is found from the ratio of Clebsch-Gordan coef-
ficients for isovector neutral to charged currents:

Tr(37,)?
Tr[3(7, +i7,) (7, —i7))]

1
=5 (A6)
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