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I. INTRODUCTION

The structure of gauge theories of the woak and electromagnetic inter-
actions can be studied with the weak neutral-current Interactions of quarks
and leptons. In geuge theories, the charged currcace (CC) ave related to
the neutral currents (NC). In SU(2) x U(1) wmodels, for exsmple, the de-
tarmination of the noutral currents follows from the relacion (vwhere for

sisplicity right-hsnded charged curreats are ignored):
C_ = 0 ) 2 ]
J:‘ =iy, eyp e~ zan’ o) (11

whers q is the vector {u, ¢, d, 9, ...) and J:m 18 the electromagnetic

currenc, C° 1s a matrix obtafned from

- [c. c"] 1.2)
where C 1is @ watrix giving the appropriace charged currert ot a given

sU(2) x U(1) model, {.c.,

cC -
Feden, avrpa .3y

Thus information about neutral currents can determine the cxistence or

non-exigtence of charged currents such as Gbn. Edn or E""eR vhere L

®, and oo can be arblrrarily large.
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With the data now available, it is possible to establish uniquely
the valuea of the ncutral-current couplings of v and d quarks. The roles
of cach type of experiment {n the derermination of these couplings are
analyzed in Section II. The necrion concludes with a discussion of the
implications of these results for gauge moacls of the weak and elactro—
magnetic interactions. Cfection IIT contalns an .nalysis of the ncutral-
current couplings of clectrons. The first part of this section presanca
an snalysis of the data based on the assumption thot oaly ane z° boson
exists. The second part discusses a model-independent analysis of parity-

viclation experiments, The conclusions are given in Section IV.

11. DETERMINATION OF QUARK COUPI INGS

A model-independent anulysisl of neutrino scattering data has shown
that the neutral-current couplings of u and d quarks could be uniquely
dateroined. The {nput involved four types of experiments which will be
discuseed separately. The l.'orlxI described here was done together with
Larry Abbott.

It i# mssumed here that there are only V ond A currents. The cur=
rents of s and ¢ quarks arc noglected. The nocation used in this section
as o dL' v and dR (L = lefe and R 7 right} as the coefficients in the

effective neutral-current coupling:
[ - -
& = 14 ¢ + -
v w ¢ '5)‘["1. By, (L4 ygdu tug iy, (- ygdu

+d a,u (L4 drdg a v (- yg) d] (2.1)

"
In the Welnberg-Salam (WS) medel” with the Glashow-1liopoulos-Mafant (GIM)

1 2 2
-3 sin” 0, uith oy free

uchanlsm] incorperated, v, is eaqual o

parameter of the theory; Mee 4y

-4 dy T ainilar forms.
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Note that thers i no assumption about the bosons carrying the nautral
current, only an assumption that the effective Lagrangian (2.1) holds.
A. Neutrino-Nueleon Inclusive Scattering

The calculation of decp~inclastic meutrine ecattering off nucleons
(wN + vX) 18 done using the parton model. Por sake of discussion only,
16t us ceglect Sea contributions and scallng violations (frem QCD). For
an 1scscsler targer, one finds that the weuktral-current (NC) and charged-

cutrent (CC) cross sections for neutrinos ares

v:c - —Gz'—.![dx F(x) [(u: + d:) "% (u: + d:)] ) €2.2)
o . G2 [ ax Fe) (1] ' 2.3)

Than the ratios for nautrinos and for auntimeutrinos are

(2.4)

.5

Therefore, one can determine the values of (u: + dlz_) and of ("lzl + d:) .
vhich are the radii In the left (L) and right (R} coupling planes. The
availsble clar.aﬁ are shown in Fig. 1 along with the predietions of the
WS model.

Using the data® of the CERN-Dortmund-Hetdelberp-Saclay (CDAS) group
(lv = 0,295 ¢ 0.01 and Rﬁ = 0.3 £ 0.03), the values of the radii in the

L and R planes allowed at the 90% confidence level arc shown i Fig. 2.



An overall eign ambiguity amomg the four couplings 18 resolved by requiring

w > 0.
B._Xuclusive Production of Plons by Neutrinos
The allowed radii are well determined by deep-inelastic scattariag.
It remainvs to determine the allowed angles in the left and right plunes,
Let us dafine
8 ® arctan (u /d))

(2.6)
& arctan (up/dp)

One mesns of detcrmining the angles fe through use of inclusive picn pro-
duction (vB < wX). Again parton model asmmptions ate fnvolved in the

This 1o has been d by Sehgal, Huag and

-]

Scharbach.” It {s assumed that pions p d ia the £

region (leading plons) are decey produces of the struek quark. If s ts
datived aa B /B, . (vhere B, = [eotal hadzon energy) = energy of the
struek quark), then D;(:) describes the probability that a givan pica bas
» fraction x of enorgy of the atruck quark q. The calculatious ste sim-
1ler to those for inclusive deep-inelastic scattering except that tha
1tsmited specification of the final state requires that the u couplings de
muleiplied by D:(z) and d couplings by D;(:). Then the tatio of o tow
produccion €or neutrinos 18 (neglecting wea contributions for discusefon

ouly):

+ +
Yo (Bedad)em s {dedag)ny .
“T17.,1 1),.-, FE IR z,,.' -7e
("1.*3"! u (x. I% 17T
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(2.76)

where cne raquires z > =1 (lecding pions), z < , (avoida resonance re-
yicc) and Boad ” Byi the velues of z,, r,, and E, depend op the partic-
ular experiment. .

Thera sr¢ fscapin relations

P - +
\ "] L ¥
D‘I 0 aud b, =D, . a.8

& -
which belp e19p11€7 Eq. (2.7). Furtuermore, the ratio of D, ta D},
can be measured in ¢p scateering and in charged-cucrent ceutrinc scec-

tering; the ralsvant rtatio ix

2 %2
= L "
n = de D (2) dz D, (2) 2.9)
Y

f1

Using Bq. (2.8) and (2.9) fu Bq. 2.7, one obtatns

") (o3 g)ne (2 -24)
L) S

For antiveutrinos, Eq. (2.10) holds Lf one fnterchenges L and B. Thate

(2.10)

are corrections to Eq. {2,10) from sea contributions and from experi~
mentsl afficiencies,
Tte data usad here gre low energy data from cn;uaun‘ at the

CERN P8, These data ara (n N ) = 0.77 * 0,14 and (N N ) -
ol ot /3

v
1.64 2 0,36 for 0.3 < 2 < 0.7 and Byad 1 GeV. These are shown in Pig. 3
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along vith the predictions of the WS model.
Recently, high onergy data have bacome available. The nevtrino
elln6 sre not for plons but for all charged particles (within the pre-

scribed cuts); Abbott and I have used e

P on data to

K and p contamination in the signal and €ind thac the results are con-
eistent with the Gargamelle resuvlta. The preliminary antinsutrino dlns
are also consistent witb the low snergy data.

Ws find that the high energy data do not MO our conclusions or
the finsl values of the neutral-current couplings cbtained £rom out anal-
ysis. Howevar, the evror bars would be incrmnsed; this ie due in part to
ths fact thet the actual quantity used (see Eq. B3 end B4 {n the second
papat of Ref. 1) favolves differencec berwecn numbers of the sama maguitude,

As can be seer: in Fig. 2, the Carganelle pion-inelusive data (even
with 90% confidence levels) place suvers restrictions on the allowed
angles, FEowsver, since the ratfos (Eq. 2.10) are functions of the aquares
of the couplings, there are varicus sign ambiguities.
€. Elsstic Mautrino-Proton Scattering

Purther detersinstion of the allowed angles along with resolution of

sose ajgn msbiguities can be obtained from nnly-ulﬂ

of elastic neutvino-
proton sesttaring (Vp < vp), Unlika the calculations of Sections IIA snd
B, no parton model assuuptions ars needed here. The matrix element for
the process le

- 1o 3
Glaled = u(p’)[v“v1 BT, gy, FA]H(I!) @.11)

The vector form faciors [Fl(qz) and Fz(qz)] are related via OVC to
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tha electromagnetic Fore-factors of protons and mautrons:

sovector F, * rz -7 2.12)
Isoscalar F, = LA A 2.1%

The isovector part of the axial-vector form-factor has been measured

a5d has the form:

) - —L4 ' (.24)
Q+q/ay
whare u: = 0.79 Gevz (our results are not vary sensicive to variacion
of ®,). The isoucaler pact of the axial-vactor form factor is assumed
to bave the sama qz dependencs. :

Tha appropriste factors batween these four tarms are obtained uaing
the SU{8) wavefuncticna of nucleons. The date of the Marvard-Penasylvenie-
Wiacoustn OF0) growp® are B, = o"0/0% - 0.11 £ 0.02 and B; = 0.19 = 0.05
(etatistical errors shewm). These are ahown 1o Fig. & slong with the pre—
detions of the WS modsl.

The resolution of the afgu anbiguities ressining from the plon=
inclugive dats is difficult to eee in Fig. 2, since correlaticas batwveen
the left and right planes are not evident. Prom the pion-inclusive data
shown ia Fig. 2, one might think that there are 2, 3, or & alloued reglons.
The correlations can be made evident by plotting 0,. ve on (aee Eq, 2.6)
a8 in Fig. 5: this can be dons “uniquely,™ bacsuse the radii in the left
and right planes are vell datermined. The piop-inclusive data result in
four sllowsd reglous (appesring as ellipses in Fig. 3); there would ba

eight ragions except that d‘n & 0 so that four pairs of reglons coalesce.
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By “fnverting™ the vp 2lastic sca=tering data (with the analysis de-
seribed gbove), one can rule vut tuo of these four regions completely and
ean rule out substantiol portions of one other. Varying portions of two
tegions do remain alloved. Independent of the plon-inclusive data, tha
elastic data severely limit tho allowed vegions In coupling space.

D. Production of Exclysive Pion Modes by Neusrinos
‘Two of the three vemaining allowed regions in Fig. 5 can be ruled out

by on of the jon ratios for six exclusiva channels

containing & plon:

alwp + vpr®) loy (2.15)
olva » wnn")/oy (2.16)
alvn + wpr )o, 2.17)
alvp + vnw") ILN 2.18)
focie + 30 + o6+ e fa, @19
ol + ;pt')laz . (2.20)
with
9, 2 olwa » ppe%) (2.21)
0y = allp » u'm®) (.22)

where recont Gargamslle dnu’ were used,

To anslyze the dats, the detsiled pien-production modal developed

10

by Adler”" was used. This model is superior to all othee plon-production

modaln; it 1 non-! (an important festure)}, In-

corporates excitation of the A(1232) resonance, and satisfles curtent
algebra constzaints. The model gives quite good descriptions ol a varfety

of data amd is cruclal for analysis of the Gargamelle data.
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One begins with the Born awplitudes showm in Fig. 6 which ove given
in tetms of the form factors Fps ¥, and LA (described in Seetion ITIC),
P (coming from Fig. 6c) and g (the pilon~pucleon coupling). There are
tvoe types of corrections applied.

One cowes from using tha current algebra relation:
u 5 5 u { ] r}
r{a J“ﬂ} .-t (:o)[ao..j] s r{sds (2.23)

{wvhere T indicates timn-ordered product, and ,ﬁ is :’hg waek currenc of
ioterest). 7Taking the Fourier transforms and than the watrix element be—
tvean nucleon states for each piece of Eq. (2.23, one finds frow PCAC thac
the left side L3 proportional to the demired macrix elemeut (Nx| 2 (0){N).
The first term on the right side leads to additional form factor terms.
Tha second term containing the .ls current with axial-vector couplings,
tather chan the pacudo-gcalar coupling asaumed for the plon, implies cer-
tain vertex corrections,

The second type of correction 15 for final-state interactions; the
outgoing plon and nucleon can resonate. Im particular, for the eppropriate
I= % terms, one must aceount for the 4(1232) reacnance. There sre the

usval phase shifts {¢ ") and enhencement effects for this P4y vesonance.

It is crucial to keep (he non-rescuant {including I = -;'-) plecas; both the
anslysis and the data say those pieces are eigaificant.

Ta avoid other (higher mass) resonances aad for consistency with the
aoft-pion assumptions of currant algebra, it {8 necessary to Tequire that
the invarisnt pass W of the plon-nucleon system be less than 1.4 GeV. Un-
fortunately, the data are not aveilable with this cut, and for wodes with
final-state neutrons it is, of course, quite diffleult to abtsin the in-

variant mass. However, the relcvonce of the efut to our conclusions is
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aininized becaune: (1) most data are below the W @ 1.4 GeV cuty (2) rotics
of croas sections are used; (3) application of the cut to the limited ex~
perimencal mass plots available indicates a strengthoning of our conclu~
sions; and (4) the model predictions are assumed to be valid oaly to with-
4n 30X and the data to the 90% confidence level (thia 1o somewhat differ-
ant from the procedure followed in tha first paper of Ref. 1). This fourth
point in approximately equivalent to allowing any theoretical values which
11e wichin a factor of two of the various data.

Our analyeis of the sin exclusive pion-production channels showe that
mall valees of 9 (8, < 90°) are totally forbidden by theso data. Recall
chat there vere four teglons fu Fig. 5 allowed by plon-inclusive dats, and
that two were ruled out by the elascic data. A third region (with el » 40°
and eR = 270° 1n Fig. 5) 19 nov completely ruled out., The region with
o, = 140° and 8, = 90°, vhich was forbidden by elastic data, is oot sl-
loved by these data either, The exclusion of chis latter region by thess
dsta alona would be uch move marginal than for the reglions with OL = 40°,
tihat Temains is o single vegion (vith 6, = 140° and 0 & 270%) uhich s

{0 good agreement with all four types of neutrino esperiments. This unique

can be in terms of the coupling conatants 8o that

the allowed region (see Fig. 2) is

= 0,35 £ 0.07 u, = -0.19 ¢ 0,06

o ® 2.20)
4, = <0.40 £ 0.07 4 = 0.0 2011

wheTe the arrors are 90% confidence levela and an overall aiga coavention

(up 2 0) has been assumed.
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E. Impifcarions for Gauge Mudels

In examining the structure of &.

2ge models of wuak and electromagnetic
ioteractions, one of the important questions is whether, in the eoentext of
SU{2) x U(1) models, there i any evidence fur right-handed charged cur~
rents. The nevtral-current results are directly relevant to this question
and ipdicate that there are no right-handed chargad curvente for u or 4
quarks in 5U(2) x V(1) wodels.

This can be by considetation of Fig. 7 which shovs

the allowed regions from Fig. 2. ALl SU(2) x U(1) nodels uich the left~
barded coupling doublet GdL have values in the left-coupling plans (Fig. 7a)
which are indicated by the lipe with tick marks. These medels hava atnz °w
as a frae parameter so that the position on the line (i.e., the valua of
utn’ °u) 1o deteruined nolely from the data. Clearly from Fig. 7a, the
slloved valua of sin® 0, 16 between 0.2 and 0.3,

Now locking at the right coupling plane, Fig. 7b, onn eees that for
che WS wodel the values of ulnz 8y = 0.2 - 0.3 ace aluo olloved there. The
overall magnitude of these neutral-current couplings was dependent on the
maes ratio of m(z°)/n(H) which 1s predicted by the WS moded® with the

minimal Higgs boson structure (one or more doublats) ¢o be: .

Izn - -"!Ico- by .25

1f this mase ratic were not gu predictel, then the medel would be ruled

out (for example, one might find that sinz (1H = 0.1 was vequired by the
left-coupling plonu, Fig. 7a, but sxn2 0y = 0.4 by the right-coupling plane,
Fig. Tb). The succesy of these predictions of the WS model is remarkable.

2
For other SU(2) = U(1) madels, {f one chooses sin® 0,03 from the



left-coupling plane, ther the resulting points in the right plane are
datermined. Shown in Fig, 7b arc the points for the cases where the
wodels have the right-handed doublcts Cbk (labeled n\).ll ':dR (B)“. and
beth ;bll and Edk (C). The latter mael (C)l:| has baen called the "vector"
wodel. As can be seen, these models are ruled out by the data. Varying
the ratio n(2°)lm(|l:) moves the polats coward or away from the origin,

but these models stil) cammot survive. There are other SU(2) = v(1)
node1sl® involving ~ %and 5/3 charged quarks, and t‘hen are also Tuled
out,

The applicability of these results is not limited to SU(2) x UQL)}
models, For example, there are two 5U(J) x U{l) models which are ruled
out by these data. t)nel's (labeled D in Fig. 7b) has the u quark {n a
right-handed singlet and the olhu’16 (E) has the u quark in a vight-handad
triplet (for this latter case the parameters of the modal wars chomen to
place u and d'_ in the alloved region in Fig. 7a).

These remults alsc apply to the SU(Z)L x SU(Z)‘ * U1} uvdel.u Since
that wodel con be chosen to have the same values of o, dl.' vy and ‘l as
the WS model, it is allowed by the anmalysis of quark couplings. In fact,
Genrgl and H!inbnn“ have generalized this conclusion by showing that at
zero-nomentum transfer, the meutral-current Interactions of weutvines in
an SU(Z) = G % U(l) gauge theory are the asame as in the corresponding

8U(2) x u{1) cheory Lf neutrinos are meutral under C.

ITT, DETERMINATION OF ELECTRON COUFLING

A._Anslysis of Neutrino and Par{tyv Viplatfon Fxpuriments

There are two types of experiments which are uscd to obtain {nforma-

tion sbout the weak neutral-current coupling of the electron. The first
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19 veutrivo-electron scaczering which can be ¥ in a model

feohion as vwas done for quarks. The second involves searches for partry-

in el leon interactions. This analysis requires use of

the uniquely derermined quark couplings obtained in Section II. However,
1€ the vosults from analysis of parity-violation experiments are to be com-
pared vith those from ve scattering (i.e., if 8 and gy are to be caleu~
1sted), then one must make the assunption that there is only one z° bosen
which cen carry the relevant weak neutral curTents.

Oue typa of expariment involves the search for parity-violatfon fn
atomic trensitions in bismuth. The detalls of these experiments have
been glven elpevhere.t? Clearly such effects are proportional to the VA
)

tars is completely dominant. The optical rotation p which is measured is

interference terms, and, in the case of bismuth, the (vhndron Aglectron

than proporticnal to this terw, {.e., o = KQ“, where K im a conmtsnc and

(with th ona 2° assumption)
Q = Va8 (3.1)

I¢ one deflues e, and ep as the coefficients in the cffective neutral-

curreat coupling:

Za %[.L Fyty)ete iy - vi)c] (3.2)
then
82 (e —ep)
€a.3)
WE o tey
and

vh_‘-(zu'_+a,_+an+an)z

(3.40)
+ g + 24, 4 up + 24N



where Z and ¥ are the numbers of protons and neutrons {for bi{smuth, Z~83
and X = 126).
20
Although there Is svme question about the atomic and nuclear cal-
culations of K (where ¢ = K\)Y), present theorstical estimates tor X are
such that the optical rototions o for the two transitions that have been

measured are
P o= 1.1 % 107 q radtans (for 8757 §) @3.5)
e = 1.5 %107 q radtana (for 6476 %) G.6)

Tuwe cxperiments teport results coasistent with zero: the Washington
group?® reports ¢ = (-0.5 ¢ 1.7) % 107 for the 8757 & tramsition vhile
the Oxford group®! reporcs o = (42,7 & 4.7) = 10°° for the 6476 & transi-
tlon. By contrast, the Novosibirsk experiment?? found o = (-21 ¢ £) 108
far the 6476 R transition,

Assuming that there exists only one 2° boson, then the quark couplings
(ig. 2.24) imply that By = 0 * 0.06 for the first two experimenta, and
8, = =0.4 ¢ 0,17 for the Novesibirsk experiment,

The other type of cxperioent for which results h:lv(; been rnpor:cdn
involves ve elastlc scattering (uith v e, \-Aun and Gue measured by varfaus
‘groups). The cross sections for v,e and Tiuc scattering are (no 2° assump~
rion {8 iavelved here):

du":' . G m,

dE 2T
3

2
] E
S .2 2 ,7)_5 7
'P'A) (l EV)*(“.\ By 2 0.7
K]

where bottom signs arc for aptincutrinos. For ;e"‘ elastic scattering,
there 16 an annililation term (through a4 W boson), so that (n Eq. (3.7)

a.v hd gy + 1 and &, + 1. Fknowledge of thrse cross wectlons leads to
A
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allmed regions in a gA-gv plot which are cllipsoldal annuli.
Resulte have been repovred for a SLAC cxpermmz" involving the

deep-inelastic scattering of polarized clectrons off deuterivm and hydrogen

targets. In this one the y between che cross
sections up and o a with clectrons polarized parallel and antiparallel to
the bean- Tf there are weak parity-violating effects, the asymmetry will

be monezero. The asymmetry is sensitive to both the and

vlud Aelec
Valec T€TE9, and furthermore involves no difficult atomic of nuclesr
caleulations.

For an isoscalar target (deuterium) the asymmetry (see Ref. 25) fa,

with the ove z° assumption:

—B_ 8 g4 x 10'-’

do_ - do z(
ag +dog l

2
f, 4u )—:(d +dR)]gA

* [—‘ ]E(u,_ up) - —(d,. a9 s,,} Q.8

1+ ap)?

The SLAC experiment on the imelastic scattering of prlarized electrons
from deuterfum has reporced an asymaetry of {(=9.5 & 1.8) x 10'5 qz uhete

Qz 18 about 1.€ cnvz

and y » 0.21, This is shown in Fig. 8 along with the
pradierions of the WS model and the “hytrid"” model (described later). Sim-
4lar xesults were obtained with hydrogen. A run at a higher value of y
way be made in the future,
B, Wode) Ind-pe.dent Analysis of Parity Vlnlnti.on Experiments

Djorlmn“ has ghovn hov to analyze parity violacion experimeats fn

& cadel-independent foshion {{n particular, there iy no need to assume

that therc {6 only one 2° boson). One defines the parity-viclation
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PATAmOLeTS :5:: and t:"lq ae the coefficients {n the vficctive Lagrangtian

&z~ % [_v" e {t;"\" Gy vg u + ::.'\d d v, d}
(1.9)
+ v e {t:,'," ;'u 6+ :f“"d LN A}]

It turns out that more informgtion cam be obtained about ::“,q than abeut
::i‘ from oresent data. The tmplications of the results of the Novesibirek,
Ouford and Waahington ulplrh.ntszo-zz in biemutk and of a "hypothetical"
¥ = 0 polarized-electron deuterium experiment are shown in Fig. 9, along
with the predictions of the WS aodel.
€. Iwplications for Gauge Nodels

The WS model predicts g " ~0.5 (indepenlcac of an 8,) which (s
uot qonsisrent with the results of the Oxford and Wauhington experiments,
but £t ia consfstent with the results of the Novosibirsk experiment.
There 1s an SU(2) * U(1) mode) which predicts 8 % 0, This model, called
tha "hybrid" model, 18 {dentical to the WS model excopt that in addition
to the coupling (;-)L there 15 a right-handed coupling (85 e)n. However,
Marcigno and s-ndan have shown that highet ocdet corvections in the
hybrid osdel make gA large emough to already be in marginal conflict with
the Oxford and Washington expariments. Furthormore, us can be seen lm
Fig. B, ceasurements of the polarized-eléctron deuteron scattering asym-
Bty at diffcrent values of y should clearly distinpuish the hybrid and
WS nodels (it can already be sald that the hybrid model {s in some con-
€lict vith the y = Q.21 Seasurement).

The three varieties of ve scattering lvad to an allowed reglon in

the g, = &, plot as ehown in Fig. 10. The WS model with sin 0 = 0.2-0.3
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£m clesrly consistent with the data. Us=ing the single 2° boson assump~
tion, one can also plot the regfoms alloved by the two types of parity
vialation experimenta.

The SLAC data rule out that version of the Sll(l)'_ = SIJ(Z)K = 0Q1)
wodel which predicted ne parity-viclation (to Lowest order); however,
other versions of that model reproduce the WS model's predictions for all

peutral-current phenomens.

IV. CORCLUSIONS

The discussion {n Sections II and III indicated that wost models are
yuled ouc by present analyses, but that the WS model aud certaio corve—~
spoading SU(2) * UC1) x G wodels survive. In geaevel, thcse wodela which
fail are ruled out by many standard deviations. In contrast, the
§u(2) * U(1l) model of Weinberg and Salam agreea withio 90% confidence
iavels with 17 different experimental mmbers as shown in the Table. Note
thee at the 90% confidence level rme would expect about 2 of the 17 munbers
to disagree with the theory; the fact thet none disagrees may indfcate that
the error bara ate conservative, Clearly one should not ugse ocly one stand-
ard devistion sisce Tiwn & numbers would be expected to dissgree with the-
oty. Left out of the Table are the resulte frow the atomic parity-violatien
esparivcats since there are conflicting ex-erimental resulta.

If one chooses to believe both the Oxford-Washington result and the
SLAC result (and assuming there {s uv large y dependence), then the atand-
#rd WS podel faile. However, there s a simple utenslonn of the model
which cau account far all of these phenamena. Consider the group

§0(2) * UQ1) * u(1); where neutrinos are ncutral under U(1)p. Then all
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TABLE

Comparison of W5 Theory with Expcriment. The theorctical numbers for

exclusive glon production comtaln 30 crrers as discusued in the teat.

90% Conf ideace WS Theory
Quantity| Experimental Limits 2. .
Pracess Measured | (Statistical + sia” £5=0.25
Systematics)
WK+ uX R 4295 .02 .31
W+ vk |3 .36 3,05 .36
Wi+ ynK N /N 77 .22 82
=y
R+ Unx N /N 1,64 & .58 1.18
=
v+ v R A1+ .08 1
o+ W ) 19 ¢ .10 12
vp + vpr® R .56 ¢ .16 4213
v+ nn® R . [ VRN ) 263 s .13
o > vpw R W45+ .20 .28 = .08
v - vt R 34 s 12 .28 + ,08
IN > nn® R 57+ .16 W39 £ 12
Yo > Vpr R .58+ .26 .29 ¢ .09
2 ~42 -42
o f{cm
ve e E(m) (1.5:1.5) x16%2 | 1,4 » 10
2
- - [ =) . -62 -42
vue - vy E (m) £1.9:1,8) =10 1.4 % 10
SeeTetLs < €300 | o (wd) | (5.96:2.7) <1073 [ 5,94 x 207
= s 2 -6 -43
Set* V(30 <E <48 | o (em') (3.2123.3) 10 2.53 * 10
2 -5 -5
L5 e2.6) ¥ . =10
Sl D ek AlQ (9.5 22.6) 10 7.2
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eharged-curreat and all {nteractions are unaffected.

The parity-violation experiments here reflect the curremt

et “%.1
where the current resulting from '.l(l)R 1s isgsealar (uu + dd),

and p is a free parsaeter vhich 1s taken to be small (say 0.1 or 0.2).
Since the SLAC result iovolveo differences between u; and 4, (uk and 4.),
1t 1s Htele sffected by m iscacalar plece (vhich is gultiplied by a
eaall uunber). However, in the bismuth experiment one messures sums of w
and d.,_. and one finds that it ia poseible to cancel the effect due to the
US current. While it is poseidl:s to achieve this eancellation, it might

sees to be a rather 1 or " " mol to this prob

obtaining zero by cancelling two large numbers against each other.

Yor tho tims, 1t o'ght ba beat to wait for further atomic physics
Tesults an binmuth, thallium and hydrogen before reaching finzl conclu-
elons. Nonetheless, the assential nature of the -seak neutral-current inter—
actions hew becous cuite clear and the succcss of the Weluberg-Salmm wmodal
is svidont.
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WEAK NEUTRAL-CURRENT INTERACTIONS*+

R. Michael Barmett

Stanford Linear Accelarator Center
ty. d, California 94305

1. TNTRODUCTION .

The structure of gauge theories of the wesk and electromagnetic inter—
actions can ba studied with the wesk neutral-current intaractions of quarks
aod leptons. In gauge theories, the charged currenats (CC) are related to
the uneutral curveats (KC). [In SU(2) x U(1) models, for exsmpla, the de-
taraination of the neutral currents follows from the relation (whare for

sinplicity right-hsnded charged currents are ignored):
- : 2
J:‘:.qt?vuua-vs)q-zlstn eu.l:‘ .1

whers q 18 the vector (u, ¢, d, =, ...) and .l:- 18 the electromagnetic

curvent. C° s 8 matrix obtained from

- [;, c’] Q.2
where € 1s & matrix giving the appropriate charged currant of a given
SU(2) = (1) model, i.6.,

cC =
3, s3cy, Qe EARE . Wy

Thus information about ngutral currents can determine the existenco or
non-existence of chorged currents cuch as b, Edn or E“'n vhere n, .
% aud Bpo can be arbitrerily large.

¥Rasearch supported in part by the Drpartment of Energy.

tInvited talk at the Summer Institute on Particie Physics, Weak
Interactions - Prepent and Future, Stanford Linear Atcelerator
Center, Stanford, California, July 10-21, 1978,



With the data now available, it is pessible to establish uniquely
the values of the meurral-currenr couplings of u and d quarks. The roles
of each iype of experiment in the determination of these couplings are
analyzed in Scction II. The scction concludes with s discussion of the
implicacions of these results for gauge models of the weak and electyo—
wagnetic interactions. Section 111 contains an analysis of the neutval~
current couplings of clectreona, The first part of cthis sectinn preseats
an smnalysis of the data brsed on the assumption thac only one z° boson
exists. The second part discusses a wodel-independent analysis of paricy-

violation experiments, The conclusions are givem in Sactien IV,

II. DETERMINATION OF QUARK COUPLINGS

A wmodel-independent ana!ysinl of neutrino scattering data has ehowm
that the neutral-current couplings of u and d quarks could be uniquely
determined. The {nput involved four types of experiments which will be
discussed acparately. The \ml'k1 deseribed here was done together with
Larry Abbote.

1t is asaumed here that there are only ¥ and A currents. The cur~
rents of B and ¢ quarks are neglected. The notation uged {n thia mectiom
has v dL' up and dR (L % left and R % right) as the coefficlents in the

offective neutral-current coupling:
-L 3 5 = .
& = W Vs"’[“L By, (4 ydu tug iy (- u ¥

+a dy (14 vp) d 4 dp d v, (- ¥s) d] 2.1

2

In the Weilnberg-Salam (WS) model® with the Glushow-Illopoulos-Malani (GIM)

uchnnlsn"’ incorporated, up 18 equal to } - —:2,- sinz G, with 6, a free

parameter of tha theoary: u dL and dR bave similar forus.

o
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Note that there is no @ssumption about the bosons carrying the neucral
surrent, only an assumption that the effective Lagrangian (2.1) holds,

4. Neutvino-Nucleoum Inclusive Scattering

Tbe cal of deep: scattering off nucleons

(v¥ + vX) is done using the parton model. FPor sake of discussion enly,
1et us usglect sea coatributiocas and scaling violations (from QCD)., For
an isoscalar target, one finds that the neutral-current (NC) and charged~

currsnt (CC) cross sections for neutrinos are:

Eath e PRI [("1. + a’) +3 d:)-! @.2)
2 .
86 - CuE / ax £(x) (1) @0
Theo the ratioa for and for ant: are
r, 2}, 1(z2, 2
. HC oy + dl.. + 3 lw + dll)
5w ) @

%.;W("’L‘ﬂ @5
3

Therefore, one can detaroine the values of (ulz_ + di) and of (u +4d )

v

in =
o

vhich sre the radii {n tha left (L) and right (R) coupling pluncs. The
svailable dnta“ are shown in Fig. 1 along with the predictions of the
¥§ model,

Using the datnl' of the CERN-Dortmund-Heidelberg-Saclay (CDHS) group
(R = 0,295 ¢ 0.01 and i\ = 0,34 & 0.03), the values of the radii in the

L a0d R planes allowed at the 90% confidence level are shown in Fig. 2.
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An overall sign ashiguity among the four couplings is resolved by requiring

w > 0.
8. Yocluaive Production of Plons by Weutrinos
The allowed radii are well by deep-inelastic

It vemains to deternine the allowed angles in the laft and right planes,
Lat us define
6, = eretan (u /d;)
N (2.6)
Ok £ arctan (ulld‘)
One seans of determining the angles 1n through use of iaclusive pion pro-
duction (VN -+ 7X). Again parton model assumpzions are iavolved ia the

calculatfona. This analysis has baen discussad by Sehgal, Hung and

Sr.h-rbl:h.s 1t is assumed thet plons p in tha curranc-f

region (leading plons) #ve decay products of the struck quark. i 2z is
dafined as B /B, (vhere B, = Ttora) hedron ensrgy] = esergy of the
struck quark), then n;(:) describes the probability that & given pion has
a fraction z of encrgy of the struck quark q. The caleulstions ara sim-
1lar to those for inclusive deep-inelastic scattering except that the
limited gpecificaticn of the final state Tequites that the u coupliogs be
wultiplied by D:(z) and ¢ couplings by Il;(z). Then che tratic of g oY
production for neutrinos 16 (aeglecting sea contributions for discussion

only):

""_ (2 o%u:)v"* +{eed d:) r"‘
w_ o (ol +dad
1 4

(.
o (41 )p' i
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with
r; zf de: (2.7}

where oue Tequires z > z, (Yeading pions), ¢ < z, {avoides Tesonance re-
glon) and :Iud > Byi the values of z;. z,, and Eo depe:d on the partic
ular experiment,

Thera are ivospin relations

+ - - +
¥ ) 0 «
D = I)d and D“ - Dd . Q.8
o «
which belp fy Eq. (2.7). the ratio of B to D,
can be 10 ep and in charged neutrioo scat-

tearing; the relevant ratio is

2 2
5t Ll
n 2 dz D (e) dzp, (=) {2.9)
|

o
Using Eq. (2.8) sod (2.9) im BEq. 2.7, one obtains

(2.10)

Por antinsutrings, B4. (2.10) holds {f one toterchanges L and R, Thare
are correections to Eq. (2.10) from mea contributions and from experi-
wmntal afficiencies.

The data used here are low anergy data froo Gm-grmu:lh6 at the
CERN PS. These daca are (u“,,/n“_)‘J - 0.77 £ 0.14 and ("-",N-' )‘ -

1,64 ¢ .35 for 0.3 < z < 0.7 and B ga > 1 GeV. These are shown gn Fig. 3
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along with the predictions of the US model.

Recently, high energy data have bacome available. The acutrino
d-n" are oot for plons but for all charged particles (within the pre-
scribed cuts); Abbott and I have used clectraproduction datas to estimnte
K and p contamination in the signal and find that the results are con-
sietent with the Gargamella results. The preliminary antincutrino datu6
aTe also consistent with the low caergy data,

We find that the high energy data do not ch-n;; our conclusions or
the final values of the neutral-current cauplings obtained from our acal-
ysin. However, tha error bars would be inercased; this is due in part to
the fact thac the actual quantity used (see Eq. B3 and B4 Lo the second
papar of Ref. 1) lovolves diffevences butveen numbers of the saze magnitude.

As can be maen in Fig, 2, the Gargamelle pion~inclusive data (even
with 902 confidence levels) place severe restrictions on tho allowed
angles. However, sinca the ratios (Eq. 2.10) are functions of the squares
of the couplinge, there are varicus sign anbiguitiea.
€. Elastic Neutrino-Proton Scstrering

Further determineticu of the allowed angles along with veo asweq of
womo 0ign embtguities can be obtained From Anal.yelll" of glastic neutrino-
proton scattering (Vp * vp). Unlike the calculationa of Sections ITA and
B, 0o parton wodel assumptions are needed here. The matrix elament for

tha process 1is
- 10 v qv
R TR A et AR A ) @.1m

The vector form factore [?l(qz) and rz(qz)] are related vh'cvc to
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the electromagnetic form-factors of protons and neutrons:

Isovector 7, » F - F] 2.12)
Isoscalar F, = 1‘; + l?: (2.13)
Tha fsovectar part of the sxial £ £ has been d

ed has the form:
2 3 '
Flgh) o ;—}—, .10
2

where ., = 0.719 aevz {our Tesults are not vary sensitive to variatien

of m,). The isoncalar part of the axial-vector form factor is assumed
to bave the ame o dependence. :

The sppropriste factors bstween these four terms are obrained using
the BU(6) wavefunctions of nucleons. The data of the Harvard-Pennsylvania-
Wacousin GIFD) group® are B, 2 0/a%C = 0,11 ¢ 0.02 s B - 0.19 £ 0.08
(stacfotical errara ghown). These are showm ia Fig. & along with che gre~
dicticns of the WS madel.

The resolution of the sign acbiguities remaining feom the pion=
inclusive data is dLfficylt to see in FPig. 2, since correlatfons becween
the Jeft and right planes are not evidant. From the pion-inclugive data
ohown iu Fig. 2, ona might think that chere are 2, 3, or & allowed regions,
The corTelations can be made svident by plateing 8, ve 0 (see Eq. 2.6)
a8 {u Fig. 5; this can be done “vniquely," becauss the radii in the left

aad right planes ars well The pi data result in

four alloved regicns (appesring e ellipses in Fig. S); there would ba

wight regions except that dR & 0 ao that four pairs of regiona coalesce,




-
By "inverting' the vp elautic acactering data (uwith che analysis de-
scribed above), one can rule out tvo of these four vegions completely and
can rule cut gubstantial partions of ome acher, Varying porcioms of two
teglons do remain allowed, Independent of the plon-inclusive data, tha
elastic data sevarely limit the allowed végioms in caupling spaca.
D. _Production of Exclusive Pion Modes by Mautrimos
Two of the three remaining allowed regions in Fig. 5 can be ruled out

by of the m ratios for six excluaive chanaels

containing a plon:

otwp » wpn") o, @15
olsm ~ vox*) /oy (2.16)
afva + \'Pn_)/vl {2.17)
olvp + 'y oy (2.18)
[u(ap ~ V) + olin = tm")] Io (2.19)
ofm + Spw )/, (2.20)
with
o) & ol + W™ (2.21)
oy E al%p » u ) (2.22)

where recent Csrgomalle dlll’ ware uaed.
To analyze the data, the detailed pion-produccion model daveloped

by Adterld

wap used. This model {s superior to all other pilon-produccion
medels; it includes non-resonant production (an lmporcant featurve), in-
corporates excitation of the 4(1232) resonance, and satisfies current
algebra eonstraints. The model gives quite good descriptions of a vaviety

of data and {e crucial for analyetls of the Gargamelle data.
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One begins vith the Born amplitudes shown in Fig. 6 which are given
{n terms of the form factore }'l. l-‘z and I‘A (deacribed 3o Ssction ITIC),
L (coning from Fig. 6c) and g (the pton-nucleon coupling). There are
two types of corrections applicd.

One cozes from using the current algebra relatien:
U oS 5 u 5
'r{a Ju.ﬂ} =8 (xg) [JD,J] + 9 r{.v“.ﬂ} 2.23)

(vhere T indicates time-ordered product, and 4 is :.he weak curreut of
{uterest). Taking the Fourier transforms and then the matrix element be-
tween nucleon 6tates for each ple~e of Eq. (2.23, one finde from PCAC thae
the left side 19 proportional to the desired matrix element {Bn| 7 (0)[N).
The Eirst ters on the right side leads to additicnal foram facror terms.
The second terts containing the Js current with axial-vector coupliungs,
rather than the paeude-scalar coupling assumed for the pion, implies cer-

tain vertex corrections.

The aecond type of 1s for final the
witgoing pion and nacleom can vescnate. In particular, for tha appropriate
1= 2 terms, one m: acecount for the 4(1232) resomaance. There arm the
wsuAl phase shifts (- R) and enhancenment effects for thie Py, Tesonanca.

It is erucial to keep the non-resonant (including I = 7) piecea; Loth the

anslyais and the data say those pileces are significant.

To avoid other (higher mass) resonances and for consislency with the
soft-plon asoumptiona of current algebra, it ia nscessary to require that
the iavarigat mass W of the plon-nucleon systes be less then 1.4 GeV. Un-
fortunately, the datu are not gvailable with this cut, and for modes with
flosl-state neutrons it is, of course, guite difficult to obtain the im~

variant mass. Howeier, the relevance of the cut to our conclusions is
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oin{uized because: (1) most data arec helow the W = 1.4 GeV cut; (2) rauos‘
of cross sections are used; (3) application of the cut to the limfzed ex-~
perimental mass plots available indicstes a strengthening of our conclu-
sions; and (4) the model predictiona are assumed to be valid oniy to with-
in 30% and the dats to the 90 confidence level (this is somevhat differ-
ent from the procedure followed {n the first paper of Ref. 1). This fourth
point is approximately equivalent to allowing any theoretical valuvs which
lie within a factor of tws of the various data. -

Our analysis of the 8ix exclusive plon-production channels shous that
small values of BL(DL < 90°) are totally forbidder by these data. Recall
that there were four regions in Fig. 5 allowed by plon-fnclusive data, and
that two were ruled out by the elaatic data. A third region (with & = 40°
and 6p = 270° 1n Fig. 5) is nce completely ruled oue. The reglon with
SL = 140° and eR = 9o°. which was forbidden by elastic data, is not al-
lowed by these data either. The exclugion of thia latter region by these
data alone would be much more marginal than for the regions with BL = 40°,
Wnat remans is a single reglon (with 8 = 140” and 8y ~ 270°) which s
in good agreement with all four types of neutrino experiments. This unique
determination can be expressed in terms of the coupling constants 80 thst

the slloved region (see ¥ig. 2) is

- 0.35 £ 0.07 u, = -0.19 £ 0.06
L R (2.26)

d, = -0.40 2 0.07 d, = 0.0 £ 0.11

R
vhere the errors --e 90% confidence levels and an ovetall sign convention

(up 2 0) has been assuaed.
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2. Implications for Gauge Models

In examining the structuvre of gouge models of weak and electromagnetic
1nteractions, one of the important questions is whether, ia the context of
5U(2) x D(1) wodels, there is any evidence for right-handed charged eur-
zents. The neutral-current results are directly rele:aat fo this quéation
and indicate that there are no right-hended charged currents for u or d
quarks in SU(2) x U(1l) models.

This 1 can be by n of Fig. 7 vhich shovs

the allowed regions from Fig. 2. ALl SU(2) x U(1) models with the left~
handed coupling doublet EdL have values {a the left-coupling plane (Fig. Ta)
which are indicated by the lire with tick marke. Thear modcls have llnz a“
48 & froe paramecer 5o that the poeition on tha line (i.e., the valua of
ain? eﬁ) 15 determined solely from thc data. Clearly from Fig, 7s, the
alloved value of -1,nz 8y, 18 betueen 0.2 and 0.3,

Now looking at the tight coupling plane, Fig. 7b, one sess that for
the WS model tha values of ain’ 6y = 0-2 - 0.3 arc aleo allowed there. The

overall wagnitude of thege neutral-current couplings vas depandent on the

2288 ratio of u(2°)/u(¥®) which is predicted by tha WS model? with the
minimal Higgs bosom structure (one or more doublets) to be: .
~a /cos o (.25

wt

1f this mees ratio vere not as predicted, then the model would be ruled

out (for example, cne might find that s.l.nz °w = 0.) was required by the
left-coupling plawe, Fig. 7a, but sinz 8y = 0.4 by the righe-coupling plane,
Fig. 7b). The cuccess of these pred ctions of the S model is remarkable.

¥or ~thor §U(2) « U(1) modela, Lf one chooses sin® 6,=0.3 Crom the



left-coupling plans, then the resulting points in the right plane are
determined. Shown in Fig. 7b ave the points for the cases where the
wodels have the tighc-handed doublecs Gby (labeled 4).' Tay )12, wut
both Gby and E8_ (C). The latter model (C)'® has been called the “vector®
wodel. As can be seen, these wodels are ruled out by the data. Varying
the ratio n(z")ln(\lz) moves the points roward or away from the origlm,
but these models seill cannot survive, There are other SU(2) x V(1)
nodelal? tavelving - % and 5/3 charged quarke, and ;he-n are aleo ruled
we,

The applicsbility of these results {s not limited to SUL2) x V(1)
wodels, For example, there are two SU(3) x U(l) models which are vuled
out by these data. t‘)ne15 (labeled P iu Fig. 7b) has the u quark {s a
vight-handed singlet and the other“f‘ (E) has the u gquark in a r{ght-banded
criplet (for this latter case the paramcters of the model were chosen to
placa u and dL {a the allowed region in Fig. 7a).

These roeults also apply o the SU{2); * SU(2)p x U(L) model. ! stace
that model cen be chosen to have the same values of 1, d;, ug and §; as
the WS model, it is allowed by the analysis of quark couplings. In fact,

Genrgi and Hsinbergla

have generalized this conclusion by showing that at
zeto-momentum transfer, the neutral-current interactions of neutrinos in
an SU(2) x ¢ ¥ U(1) gouge theory are the same as in the cerresponding

SY(2; - U(1) theory 1f neutrinos are ncutral under G.

II1. DETERMTNATION OF ELECTRON COUFLING

A.__Anslysfe of Neutrino ad Perfty Violation Exjcriments

Tiere are two types of experizents which are used to obtain (nforms~

tion about the weak neutral-current coupling of the eleetron. The ffrae
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is neutrinc-electron acatteriug which can be analyzed in a model-fndependent
fashiom 28 was done for quarks. The eecond involves searches for pariry-
violecion in wlectron-nucleon interactions. This analysis requires use of
the uniquely determined quark couplings obtained In Section IT. However,
1f the results from analysis of parity-violation experiments ave to he com—
pared with those from ve scattering (i.a., if 8y and gy 8re to be caleu-
Leced), then cne ouet eake the assumprion that there is only ome 2° boson
which can carry the relevant weak neutral currents.

One typas of emperiment involves the search for parity-violatfon {n
atomic transitions in bisumuth. The details of cthese experiments have

19

been given elsavhere. Clesrly such effects are proportional to the VA

interferencs terns, and, in the case of bismuth, the (‘Ih )

adron Aeleccron
tarm {s completely dominsnt. The optical ratation ¢ which ia measured (s
than proporticoal to this term, i.e., p = K%, whera K iz 8 constant and

(vith the one 2° assumption)
Q v -4V, 8, €.1)

If coe defines e, and e a9 the coefficients in the effective neutral-

current ecupling:

[} - -
Za« E[." natipetgiva- '5)4] a.2
thea
8y & (o =~ ap)
.3)
sy & (e +ep)
and
Vieg = (20 9y + 2up + 4z
Q.4)

¢tu,_~ru'_1 up + 2N



vhere Z and ¥ are the numbers of protons and neutrons (for bismuth, 2+-83
and N = 126).
20
Although there s some question about the aromic and nuclear cal-
culations of K (where o = x%). rresent theoretical cstimates for X are
much that the ojtical rotatlons ¢ for the two transitlons that have been

measured are
o = Lux 107 q radians (tor 8757 §) 3.5
o =15« 3070 g radtans Cror 6476 B (3.6)

Twe experiments report resuwlts consistent with zevo:  cthe Washington
graupzo reports © = (=0.5 ¢ 1.7) = 10-8 for the 8757 R transition whilo

. i
the Oxford group-! reports o » (+2.7 * 4.7) * 10”0 for the 6476 & transi-

22 8

tion. By contrast, the Nuvosib{rek experiment® found o = (-21 = 6) x 10~
for the 6476 § transition. )

sosuming that there exists only one 2° boson, rhen the guark couplings
(Eq. 2.24) ioply that By > 0 * 0.06 for the firet two expariments, and
)= =0.4 % 0,17 fur the Novosibirsk experiment.

The other type of cxperiment for which results have been reported
involves ve clastic scattering {with v,e, Gue and ;ee measured Ly various
groups). The cross scctiens for vy and 3ue scattering are (no 2° aggamp~

tion {s {nvolved herc):

5 2

v,V Gm E . o E

do”* o 2 z o) .2 N Ee

RS . . Y - K}

dE, 7 (3\' “.\) *(gv s E‘.\) (l Ev) Hgy- ey 2 a.n
v

vhere bottom sipns arc for antineutrinos. For \-Jec elastle scactering,
there {s an annililation term (through a ¥ boson), so that in Eq. (3.7)

8y hd 8y + 1 and By he N + 1. Knowledge of these cross scctions leads to
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sllowed regions in a 8,78y plot which are ellipsoidal annuli.

Results have been reported for a SLAC exparimcnt“ involving the
deep-inelastic scattering of polarized electrons off deuterium and hydrogen
targets. In this experiment cne measures the asymmetry betweea the cross
gections up and % with electi.ns polarized paralle) and antiparallel to
thu bean., If there wre weak parity-vliolaring effecrs, the asymmetry will
be noo-zero. The agymmetry is sensitive to both the thd Aele: and
A velec terms, and furthermore involves no dlfft;:ult atomic or nuclear
calculations,

For an isoscalor target (deuteriut) the asymmetry {see Ref. 25) is,

with the oue 2° aseumpeiont

do_ - do
B8 g x 1070 @ {[3

dup-i-dup k)
o
. 1"1‘)][3( cu) - L -a)] (3.6
[1+(1-y)2 DT Ul A Ty 4 T

The SLAC e eriment on the fnelascic scattering of polarized eleccrona
from deuterium has reported an asymmetry of (~9.5 = 1.6) x 1073 Qz where
@® 10 about 1.6 Cov? and y = 0.21. This is shown in Fig. 8 along with the
predictions of the WS model and the "hybrid” model (described later). Sim~
tlar results vere obtained with hydrogen. A run at a higher valua of y
sy be made in the future.

B. Model Tnd nt_Analysis of Parity *'i2lation Fxp:

2
Bjorken’ 6 has shown how to analyze p . 'ty violation cxperimente in
a model-independent fashion (in partlcular, there is Do need to agiume

that there 1s only one 2° bosen). One defincs the parity-violation
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€
parameters ch.iq and £:‘;q as the coefficients In the effective Lagrangfan

G [=.v eu = e,d =
&= s [E‘v e {\:VA vy v ud ept® dy vy d}

a9
L€l

= -~ e,d
+ ey YSE{AV DA Zvud}]

It eutns out that wore informatlon can be obtatmed about c:"’q chan about

:;iq from present. data. The isplications of the results of the Novostbirek,
20~

Oxford and Washington elperlmun:s'o 22 in bisoutk ad of a "hypothetical"

¥y = 0 polarized-electron deuterium experiment are shown in Fig. 9, along

vith the predictions of the W5 mslel.

€. Tmplicationa_for Gauge Y

The WS model predicts g, = =0.5 (independer of sinz 0") which ig
oot consimtent with the results of the Oxford and Washington experiments,
bie it is consistent with the resulis of the Movosibirsk experiment.
There is an SU(2) * U(1) model which predicts 8, ¥ 0. This model, called
the "hybrid" model, is identical to the WS modcl except thar {n addicion
to the coupling (35)'_ there 18 a right-handed coupling (f‘" e)R. However,
Marcianc and Slmﬂ27 have shown that higher order corrections in the
hybrid model make By iarge 2nough to already be in marginal comfliet with
the Oxford and Washington experisents. Furthevmore, as can be seen {n
Pig. 8, measutements of che pelar{zed-electron deuteren scattering asym
metry at dLfferent values of y -hould clearly distinguish the hybrid and
WS models (it can already be said that the “vb,.d model is in sowe con-
flict with the y » 0.21 mrasurevent).

The three varjzties of ve scattering lead to an allowed fegion in

the 8A -y plot as shovn o Fig. 10, The WS model with sin" ')H « 0.2-0.3
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is cleoarly consis ent with the data. Using the single z° boson assump~
tfon, one cen aiso plot the regions allowed by the two types of parity
violation experfuments.

The SLAC data rule out that version of the su(z)l‘ x Su(!)u » UQ)
model which predicted no parity-violation (to lowest order): however,
other versions of thot model Teproduce the WS model’s predietions for all

ueutral-current pheummena.

IV. CONCLUSIONS

The discussion in Sections Il and III indicated that most mode.s are
ruled out by present analyeea, mut that the WS model and certain corve—
wponding SU(2) X U(1) = G models survive. In general, those models which
fail are ruled out by many standard deviations. In concrast, the
sU(2) * V(1) model of Woinberg and Salam agrees within 902 confidence
1svels with 17 differcnt vxperimental mumbars as shoun ia the Tahle. Hote
chat at the 90% confidence level une would expact about 2 of ths 17 nusbers
to dissgrec with the theory; the fact that none digsgreew way {ndicate that
the error bars are conaervative, Clearly one shauld not use oaly ong etand-
ard devistion since then 6 nunmbers would be oxpected to disagree with the-
ary. lefc cut of the Table are the vasules {rom the atomic parity-yiolatlon
experigents since there are conflicring experimencal regults.

1f one chooses to belleve both the Oxford-Washington result and the

SLAC reesult (and asenming there {s nu large y dependence), ti.en the stand-
ard WS podel fajls. However, there 1s a simple euennmu of the model
which can account for all} of these phenomens. Cevaider the group

Su(2) * U(1) * V(1) whera neutrinos are neuteal under U(L) . Then all
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TABLE

The thearctical numbers for

exclusive pion production contain 30° 2rrovs as discugsed in the r.xt.

902 Confidince US Theory
Process ::::::: %;‘[’::::t;‘;;: Lisits) y4n2 0,=0.25
System:ties)
VB + vE ® 295 5 .02 .
Wl B 36105 | e
WH > w¥ n"*ln“_ 1oy 22 .82
TN - Unx n"*/un 1.66 ¢+ .58 1.18
w e R WAl 2 05 331
W+ R 219 ¢ .10 .12
vp = vpr? R 56+ .16 42 £ .13
va + wmn? R A6k 4321
va - ypr~ R W45 s .20 .28 = .08
v v’ R % o:.az .28 ¢ .08
W - Iun® R 57+ .16 .39 ¢ 12
Sa =+ pr” R 58z .26 .29t .09
we e %(é-e—:' .5:1.% =107 | 1.4 = 10792
PR %(;—‘:—: 1.9:1.8) 102§ 1.4 » 20792
Tervaltycr <30 | o () | 1596021 0 [ 590 0 2672
TerTe(0r <o | o) | Goern a0t | 2.53 . 1070
Deex arq? (9.5 +2 @3 w10 2.2 « 1073

.pol
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herged: and all are

The parity-viclotion expariments here reflect the current

=0
B oeodf “%.1)

vhare che curreat resu)-.ing from UCL), is fsoscalar {Lu + dd),

and p 23 A free parsmeter which 1s takem to be emall (say 0.1 or 0.2),
Since the SLAC result involves differences between uy and d (“l and d!),
1r 1y 1ietle affacted by an isoscalar piece (which 1s @altinlied by &
smal] guaber). Hovaver, io the bismuth expericent one medsures suas of
=nd ‘I-' and one finda that it is possible to camcel the effect due tc the
W5 current. While {c {s possible to achieve this cancellation, it might

sten €0 be s rather accificial or ' 1" to this probl

obtuining zero by cancelling two 1arge oumbers against esch other.

For the time, it might ba best to wait for further atomic physics
Tesults on bismmuth, thallium snd hydrogen before reaching finsl conclu~
sions. Nopetheless, ths sssentisl naturs of the veak teutral-current inter-
actions has beeome quite clesr and the euccess of the Weinberg-Salsn sodel
i evident.
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Fig. 2. The left (a) and right (b) coupling-constant planes. The lower
half of (a) 18 ooitted due to vur sign convention up ¥ 0. The annular
regions are alloved by deep-inclastic data. The regions shaded with
dots are allowed hv inclusive-pion results, and the veglon shaded with
lines fs allowed by elastic and excluzive-pion data. Unique detersine-
tion of the quark coupling values is given by the reglon shaded with
both dote and lines.
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