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X. INTRODUCTION 

The s t ruc tu re of gauge theor ies of the weak and electromagnetic i n t e r ­

act ions can be studied with the weak neut ra l -cur ren t i n t e r ac t ions of quarks 

and lep tons . In gauge theo r i e s , the charged currents (CC) a re r e l a t ed to 

the neut ra l currents <NC). In SU(2) x u(11 models, for example, the de­

termination of the neut ra l currents fol lovs from the r e l a t i o n (where for 

s impl ic i ty right-handed charged cu r ren t s are Ignored): 

j J C - 4 C° Y j i (I + Y 5 ) q - 2 s i n 2 9 W j j » (1.1) 

where q ia the vector (u, c , d, s, . . . ) and J e m ia the electromagnetic 

cur rent . C I s a matrix obtained from 

• M 
where C l t i matrix giving the appropriate charged current ot a given 

Sl)(2) K U(l) model, i . e . . 

(1.3) 

Thus Information about neutral currents can determine the existence or 

non-existence of charged currents such as u b R , td or E e where n , 

a. and m_ 0 can be arbitrarily large. 
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Ulth the data now available, it is possible to establish uniquely 

the values of the neutral-current couplings of u ai.d d quarks. The roles 

of each type of experiment in thp determination of these couplings ore 

analyzed in Section II. The s.icrion concludes with a discussion of the 

implications of these results for gauge aoaols of the weak and electro­

magnetic Interactions. Section III contains an .malysls of the neutral-

current couplings of electrons. The first part of this section pteaanca 

an analysis of the data based an the assumption that only one Z boson 

exists. The second part discusses a model-independent analysis of parity-

violation experiments. The conclusions arc given In Section IV. 

II. DETERMINATION' OF QUARK COUPI IKCS 

A model-independent analysis of neutrino scattering data has shown 

that Che neutral-current couplings of u and d quarks could be uniquely 

dttarmined. The input Involved four types of experiments which will be 

discussed separately. The work described hero was done together with 

Larry Abbott. 

It la assumed here that there are only V and A currents. The cur­

rants of s and c quarks are neglected. The notation used in this section 

'tab u_, d, , u and d R (L = left and R ? right) as thv ^.oefficlenta in tha 

effective neutral-current coupling: 

* " ^ V1 + V 5 ) V K \ C 1 + *S> U + UR % C l - T 5> " • 

+ d L d \ u (1 + > 5 ) d + d s d ^ Cl - > 5 ) d] (2.1) 

In the Wctnbcrg-Saiara (W.S) -icdel" with tho Clanhov-Ilicpouloa-Matant <GtM> 

mechanism incorporated. u t is .v ; i..il :c , - v s i n ' 0 with $„ a free 

parameter of the tin-pry; »R, d ( .•«•..! d.s lui,» similar forms. 

M 



Bote that there l e no assumption about the bosons carrying the neutral 

Current, only an assumption that the effect ive Lsgrangian (2.1) holds. 

A. neutrino-Hudeon Inclusive Scattering 

The calculation of dcep-lnelastic neutrino scattering off nucleons 

(vM* vX) i s done using the parton model. For sake of discussion only, 

l a t us neglect sea contributions and scaling vio lat ions (from QCD). For 

•n l ioscs lar target, one finds that the neutral-current (NC) and chargei-

current (cc) cross sections for neutrinos aret 

- K C 

Than tha ratios for neutrinos and for antineutrlnos are 

« (.?*4) + ±(.|*4) 

(*) 
Therefore, one can determine the values of [u, + d 1 and of (u_ + dz] , 

which are the radii in the le f t (L) and right (R) coupling planes. The 

available data are shown In Fig. 1 along with the predictions of the 

VS nodel. 

Using the data of the CSRH-Dortmund-Keldelbcrf>.-Saclny (CMS) group 

(B v • 0,295 * 0.01 and R_ - 0.34 • 0 .03 ) , tha values of the radii In the 

L and R planes allowed at tlie 902 confidence level are shown in Fig. 2 . 

(2.5) 



An ovecall s ign ambiguity among the four couplings Is resolved by requiring 

B._ Inclusive Production of Plons by Hcutclnos 

The allowed radii are well determined by deep-Inelastic scattering. 

I t renalns t o determine the allowed angles In the l e f t and right planes, 

l e t us define 

©^ s aretes i^/\> 

9 R s arctan i^/\) 

One aeens of dctcrnlnlng t>ie angles i s through use of inclus ive plon pro­

duction (vN * wX). Again parcon nodel aeeunptlons are Involved i n the 

calculat ions. This analysis has been discussed by Sebgsl . Hunt and 

Scherbach. It Is assumed that plons produced In the current-fragMDCetlen 

region (leading pious) arc decay products of the struck qusrk. tf t I s 

defined as K^\^ * w h ' t e Eh*d " [ * o t a l tisdron energy] - energy of the 

•truck quark), then D*(z> describes the probability that a given ploa be* 

• fraction z of energy of t-« struck quark q. The calculations are s l a -

l l e r to those for Inclusive deep-lnelastlc scattering except that the 

Halted speci f icat ion of the f inal s tate requires that the u couplings be 

Multiplied by P*(z) and d couplings by !>£(*.)• Then the rat io of * to w~ 

production for neutrinos la (neglecting sea contributions for discussion 

only); 



where ona requires z > z (leading pions), z < t. (avolde resonance re­

gion) and E. . > BQ» the values of z.» c_, and E. depend on the partic­

ular experiment. 

There are ieoapin relatione 

(2.8) 

which help aiaplii7 Eq. (2,7). Furthermore, the ratio of Dtf to D u 

can be aesaured io «p scattering and in chazged-cutrrent neutrino acac-

tarlnti the relevant ratio la 

('' .• If1 «-
'1 ' *1 

Oalnt Eq. (2.8) and (2.9) la Eq. 2.7. one obtains 

(2.10) 

For antlneutrlaos, Bq. (2.10) holds if one interchanges L and R. there 

are corrections to Eq. <2,10) from sea contributions and from experi­

mental efficiencies. 

Ins data uaad hare an Low energy data froo Gerga&eLle at the 

CERH PS. These data are In + h \ - 0.77 ± 0.14 end /t» + / N \ • 

1.64 ± 0.36 for 0-3 « z < 0.7 and E ^ > 1 GeV. These are shown in Fig. 3 



along v l th the predictions of the US model. 

Recently, high energy data have become available. The neutrino 

6 

data are not for plans but fur a l l charged particles (within Che pre­

scribed cuts) : Abbott and I have used electroproductlon data to estlnate 

K and p contamination in the signal and find that the resu l t s are con­

s i s t e n t with the Cargaoelle resu l t s . The preliminary antlneutrino data 

arc a l so consistent with the lew energy data. 

Ha find that the high energy data do not change our conclusions or 

the f ina l values of the neutral-current couplings obtained froaj our enal-

ya ia . However, the error bars would be increased; th i s Is due In part to 

the fact that the actual quantity used (see Eq. B3 and B4 in the second 

paper of Ref. 1) involves differences between numbers of the aaaa aagnitude. 

As can be aeer. in Fig. 2 , the Cargaaelle pion-inclusive data (even 

with 901 confidence leve ls ) piece severe restr ict ions an the allowed 

angles, Eovavsr, s ince the ratios <Eq. 2.10) are functions of the squares 

of tha couplings, there are various sign ambiguities. 

C. Elast ic neutrino-Proton Scattering 

Further determination of the allowed angles along with resolution of 

see* sign saMgult les can be obtained froa analysis * of e l a s t i c neutrino-

proton scattering (vp * vp), Unlike the calculations of Sections IIA and 

B» no parton model assumptions are needed here. The matrix element for 

tha process la 

<r-U,|p> - :«>'>[yi + %^- "2 + v , *»]"<" ( a u ' 
The vector form factors |F.(q ) and F 2(q )J are related via CVC to 



the electromagnetic fore-factors of protons and neutrons: 

Isovector r f • Pj - p j (3.12) 

Isoscalar ?t • F* + P J (2.13) 

The Isovector part of the axial-vector fora-factor ha* been aeasured 

sad ha* the fora: 

A (1 *• QZ/»J) 

whs» »? s 0.79 <WT (our resu l t s are not vary s ens i t i ve to variation 

of » . ) . The lsoacalar part of the axlal-vsctor for* factor i s assumed 

t o have the s a w q dependence* 

The appropriate factors between these four terms are obtained using 

the SU(6) wavefunctions of nucleons. Tha data of the Harvard-Peonaylvanla-

Visconsln <HPW) group 8 are Ry 5 J^/o01 - 0.11 * 0.02 and R_ - 0.19 t 0.05 

( s t a t i s t i c a l errors ahem). These are abown lo F l | . 4 slang with the pre­

dict ions of the us aodel. 

The resolution of the alga aablguitiea remaining froa the plon-

lncluslva data i s d i f f i cu l t to see in Fig. 2, since correlations between 

the l e f t and right planes are not evident. From the pion-Inclusive data 

shown in Fig. 2 , one »lght think that there axe 2, 3 , or 4 allowed regions. 

The correlations can be nada evident by plotting 6, vs »_ (see Eq. 2.6) 

SJ l o Fig. 5; th i s can be done "uniquely," because the radii In the l e f t 

and right planes are well determined. The pioo-lneluslve data result in 

four allowed regions (appearing as e l l i p s e s In Fig. 5)j there would ba 

sight regions except that d . e 0 to that four pairs of regions coalesce. 



By "Inverting" the up e la s t i c sc-^terlng data (with the analysis de­

scribed above), one can rule out two of these Four regions completely and 

can rule out substantial portions of one other. Varying portions of two 

regions do remain allowed, independent of the pion-lncluslve data, the 

e l a s t i c data severely limit thu allowed regions In coupling space. 

P. Production of Exclusive Plon Modes by Heutrlnoa 

Two of the three resalnlng allowed regions In Fig. 5 can be ruled out 

by consideration of the cross-section ratios for s i x exclusive channels 

containing « plon: 

o ( v P * v p i ° ) / o , (2.15) 

e(vn - vn*°>/o 1 (2-16) 

o(vn •* vp*")/o, (2.17) 

o(vp - vnir + ) /a 1 (2.18) 

|o(vp •* vpv°) + o(vn * vns°) | /o2 (2.19) 

o(vn •* u p » ' ) / o 2 . (2.20) 

with 

a, £ o(vn •* y~pn°) (2.21) 

0 2 5 a<v» + u V * ) (2-22) 

o 
where recent Cargamelle data were used. 

To analyse the data, the detailed plon-production nodal developed 

by Ad le t was used. This model i s superior to a l l other pion-production 

oodeln; It includes non-resonant production (an important feature). In­

corporates exci tat ion of the 4(1232) resonance, and s a t i s f i e s current 

algebra constraints. The nodal gives quite good descriptions of a variety 

of data and i s crucial for analysis of the Cargonelie data. 
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One begins with the Born amplitudes shown in Pig. 6 which are given 

i n terns of the form factors F , F., and T& (described i n Section IXIC), 

F (coming from Fig. 6c) and g (the pion-nudeon coupling). There are 

two types of corrections applied. 

One comes from using the current algebra re lat ion: 

(where T indicates tima-ordered product, and $ i s the weak, current of 

in teres t ) . Taking the Fourier transforms end than the matrix element be ­

tween nucleon s t a t e s for each piece of Eq. (2 .23 , one finds from FCAC that 

the l e f t aide i s proportional to the desired matrix element ^H*| g (O)JN^. 

The f i r s t term on the right side leads to additional form factor terms, 

lbs second tern containing the J current with axial-vector couplings, 

rather than the pseudo-scalar coupling assumed for the plon, implies cer­

tain vertex corrections. 

the second type of correction i s for f ina l - s ta te interactions; the 

outgoing plon and nucleon can resonate. In particular, for the appropriate 

X - •= terms, one must account for the 6(1232) resonance. There are the 

usual phase sh i f t s (a ) and enhancement e f fec ts for th i s P . . resonance. 

It I s crucial t o keep (.he non-resonant (including I • i ) pieces; both the 

analysis and the data say those pieces are s igni f icant . 

To avoid other (higher mass) resonances and for consistency with the 

soft-pion assumptions of current algebra, i t i s necessary to require that 

the invariant mass W of the plon-nuclaon system be l e s s than 1.6 GeV. Un­

fortunately, the data arc not available with thia cut , and for modes with 

f inal-s tate neutrons i t i s , of course, quite d i f f i c u l t to obtain the i n ­

variant mass. However, the relevance of the cut to our conclusions i s 
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olniml?,cd because; (11 most data are below the W • 1,4 CcV cut; (2) ratios 

of cross sections are used; (3) Application of the cut to the limited ex­

perimental mass plots available Indicates a strengthenInn of our conclu­

sions ̂  and (4) the model predictions are assumed to be valid only to with­

in 30S and the data to the 90S confidence level (this Is somewhat differ­

ent from the procedure followed In the first paper of Ref. I). This fourth 

point la approximately equivalent to allowing any theoretical values which 

lie within a factor of two of the various data. 

Our analysis of the six exclusive ploa-ptoduction channels s h o w that 

small values of 9 (9 < 90°) arc totally forbidden by these data. Recall 

that there were four regions in Fig. 5 allowed by plan-Inclusive data, and 

that two were ruled out by the elastic data. A third region (with 9, * 40° 

and 6_ as 270° In Fig. S) is now campletely ruled out. The region with 

9. is 140° and 9 s= 90°, which was forbidden by elastic data, is not al­

lowed by these data either. The exclusion of this latter region by these 

data alone would be ouch more marginal than for the regions with 9. s 40°, 

-hat remains is a single region (with 9. =» 140° and 0 R ts 270°) which la 

in good agreement with all four types of neutrino experiments. This unique: 

determination can be expressed in terms of the coupling constants so that 

the allowed region (see Pig. 2) is 

u, - 0.35 i 0.07 u„ - -0.19 * 0,06 
^ 8 (2.24) 

d L - -0.40 i 0.07 d R - 0.0 ± 0.11 

where Che errors are 90S confidence levels and an overall sign convention 

(u, J 0) has been assumed. 



S. Implications for Gauge Models 

In examining the s t ruc tu re of £=^g° models of wuflk and electromagnetic 

In t e rac t ions , one of the important questions i s whether, In the context of 

SD(2) x 0(2) models* there i s any evidence for right-handed charged cu r ­

r e n t s . The neu t ra l -cur ren t r e s u l t s a re d i r e c t l y re levan t to t h i s ques t ion 

and ind ica te t h a t the re a re no right-handed charged cu r ren t s for u o r 4 

quacks in SO(2) x fl[l) models. 

This conclusion can be obtained by considerat ion of Fig- 7 which shows 

Che allowed regions from Fig. 2- A l l SU(2) x U(l) codels with the l e f t -

banded coupling doublet ud, have values in the le f t -coupl ing plans (F ig . 7a) 

which are indicated by the l inn with t i ck marks. These models hava a ln 9„ 

as a free parameter so that the pos i t ion on the l i ne ( i . e . , the value of 

• In fly) i s determined fiolely from the da ta . Cle. 

allowed value of s in QH Is between 0.2 and 0 , 3 . 

How looking a t the r i gh t coupling plane. Fig. 7b, one sees tha t for 
2 

che US model the values of s i n fly - 0.2 - 0.3 are a l s o allowed t h e r e . The 

Overall magnitude of these neu t ra l -cur ren t couplings was dependant on the 

aaaa r a t i o of m<Z°)/mOr) which i s predicted by the US model with the 

minimal Higgs boson s t ruc tu re (one or more doublets) t o be : 

m - m /cos t (2.25) 
Z H* W 

If t h i s mass r a t i o were not an p r c d i e t c l , then the model would be ruled 

out (for example, one might find chat sin 0 « 0.1 vasi required by the 

left-coupling pinna. Fig. 7a, but sin e u - 0.6 by Hie r lpht-coupl ing plane 

Fig. 7b). The succ'Qu of thcRp predic t ions of the WS model la remarkable. 

For other SU(2) * U(l) models, if one clioofios s in" 0 , , "0 ,3 from the 



lef t -coupl ing piano, ther. the r e su l t ing points In the r igh t piano are 

determined. Shown In Fig. 7b arc the points for the eases where the 

nodels have the right-handed doublets ub (labeled A), td (B) , and 

bcth ub_ and t d . (C). The l a t t e r rood*! CO has been cal led the "vectorV 

oodel . As con be seen, these models are ruled out by the da t a . Varying 

the r a t i o n(Z°)/m(U~) moves the poin ts toward or away from the or ig in* 

but these aodels s t i l l cannot surv ive . There a re o ther SU(Z) * U(l) 

•ods la Involving - -r and 5/3 charged quarks, and these a re a l so ru led 

ou t . 

The a p p l i c a b i l i t y of these r e s u l t s la not U n i t e d to SU(2) * U( l ) 

nodels . For example, there are two £U(3) * U(l) models which are ru led 

out by these d a t a . One (labeled D in Fig , 7b) has the u quark in a 

right-handed s i n g l e t and the other (E) has the u quark in a right-handed 

t r i p l e t (for t h i s l a t t e r case the parameters of the model vera chosen to 

place u, and d, in the allowed region In Fig. 7a ) . 

These r e s u l t s also apply to the SU(2) L * SU<2)R x U(l) model. . 1 7 Since 

tha t node! can be chosen to have the sane values of u , , d , , u- and d_ a s 

the HS Dodel, i t i s allowed by the analys is of quark couplings. In f a c t , 

Ceorgl and Weinberg have generalized t h i s conclusion by shoving tha t a t 

xero-monentum t r a n s f e r , the neu t ra l -cu t ren t i n t e r ac t ions of neutr inos in 

an SU(2) « C * U(l) gauge theory a re the sane as in the corresponding 

St)(2) x U(l) theory If neutr inos are neut ra l under C. 

I I I . SETEflMrKATlGfl OF ELECTRON COUFUHC 

A. Analysis ei Neutrino and Pari ty Vlol.it ton Experiments 

Thtre arc two types of expertaenia which arc used to obtain Informa­

t ion about the weak neu t ra l -curmni coupHnK of the e l ec t ron . The f i r s t 
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Iv neutrtoo-eleccron scattering which can be analyzed in a model-independent 

fashion as wis dime for quarks. The second Involves searches for parity-

Vlolatloo In electron-nucleon interactions. This analysis requires use of 

the uniquely determined quark couplings obtained In Section II. However, 

If die results from analysis of parity-violation experiments are to be com­

pared vith those from ve scattering (I.e., if g and g arc to be calcu­

lated), than one must make the assumption that there is only one Z boson 

which can carry the relevant weak neutral currents. 

One type of experiment involves the search Cor parity-violation in 

atomic transitions in bismuth. The details of these experiments have 
19 bttn |lveD elsewhere. Clearly such effects are proportional to the VA 

Interference terms, and, in the case of bismuth, the (vj,„Jr-_ A
e i e c t r o n ' 

tars la completely dominant. The optical rotation p uhich is measured is 

than proportional to this term, i.e., f> - KC , where K is a constant and 

(with the one Z assumption) 

S, - -«V„ r i8 A (3.1) 

Xf one defines e> and e_ as the coefficients in the effective neutral-

CUtrtat coupling: 

* * •?['••'' V + V • + C R ; V 1 - V ] «-2> 
tbio 

«* S <«L " eR> 

(3.3) 

and 

"*«. " ( 2 "L + d L + 2°K + V Z 

(3.4) 
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whcre Z and N art- the numbers of protons vind neutrons (for bismuth, Z-83 

and N •• 12b) . 

Although ihfiv is M'^L' qui-stlon about, the atomic and nuclear cal­

culations of K d-Horc c = KO ), present theor.-tlcal estimates lor K are 

such that the optiral rotations a for the two transitions that have been 

measured are 

P as 1.1 * ltf 9 q^ radians (for 8757 S) (3.5) 

P as 1.5 * 10~ 9 q^ radians (for 6476 X) (3.6) 

Two experlnenfs report result.- consistent with zero: the Washington 

group 2 0 reports c - (-0.5 i 1.7) - l O - 8 for the 8757 X transition while 

the Oxford group' reports o •> (•-2.7 i 4.7) - It)"8 for the 6476 8 transi­

tion. By contrast, the Novosibirsk experiment found a - (-21 : t) * 10 

for the 6476 X transition. 

Assuming that there exists only one Z boson, then the quark couplings 

(lq. 2.24) imply that g. = 0 *- 0.06 for the first two experiments, and 

g. V -0.4 i 0.17 for thi* Novosibirsk experiment. 

The other typo of experloont for uhlch reaul 

Involves ve elastic scattering (vlth v c, y e nnd v_c measured by various 

groups). The truss sections for v e and u c scattering arc (no Z assump­

tion is involved here): 

do ' H' !«Af*(»V^A) 2( l-y*K--J)^ (3.7) 

where bottom s igns arc for ant ineutr lno: . . For v c c l a s t i c s ca t t e r i ng , 

there i s an annil.i lnt i . 'n term (through ;i t f bouun), so that In Eq. (3.7) 

gy * g y + 1 and n. - gA •» I. Knowledge of th.-.'ie cross Kectlonr. leads to 



allowed regions in a 6.~8 V P l o t which ate e l l i p s o i d a l annul! . 
24 Results nave been r e p o s e d for a SLAC experLsent involving the 

deep- inelas t ic sca t te r ing of polar ized e lec t rons off deuterium and hydrogen 

t a rge t s . In t h i s experiment one measures the neyraoetry between che c ross 

sections o and o with e lec t rons polarized p a r a l l e l and an t lpar t f l le l t o 
P a 

the beam- Tf there arc vault pa r i t y -v io l a t i ng e f f e c t s , the asymmetry w i l l 

be non-zero. The asymmetry i s sens i t ive to both the V. . A ,_ «ad 

A. , V terms, And furthermore involves no d i f f i c u l t atomic or nuclear 

calculation!. . 

For an leoscalar t a rge t (deuteriua) the asymmetry (see Ref. 25) l a , 

with the one Z° assumption: 

P P »*• J 

The SLAC experiment on Che i n e l a s t i c s c a t t e r i n g of pclar lzed e l ec t rons 

from deuterium has reported an asymmetry of ( -9 .5 ± 1.6) x 10 Q where 
2 2 

Q i s about l . f GcV and y * 0 . 2 1 . This i s shown in F*g, 6 along with the 

predictions of the W5 model and the "hybrid" model (deacrlbed l a t e r ) . Si*-

l l a r r e s u l t s were obtained with hydrogen. A run a t a higher value of y 

•ay be made in the future. 

fl. Hodel Independent Analysis -if Parity Violation Experiments 

BJorken has shown how to Analyze parley v io l a t i on experiments i n 

a model-independent fashion (In p a r t i c u l a r , thorc io no need to assume 

that there Is only Dnc Z° boson). One defines the pa r i t y -v io l a t i on 



parameters e * H and c * H as the coefficients in the vffrctive Lagrangian 

•""•'s-l'""," 1 . ' ' . '!] 
I t turns out t h a t more Information can be obtained about e *** than about 

e •" from oresent da ta . Th« Implications of the r e s u l t s of the Novosibirsk, 

Olford and Washington experiments - ~ m bismuth and of a "hypothet ica l" 

7 - 0 po la r lzed-e lee t ron deuterium experiment are shown In Fig. 9 , along 

with the p red ic t ions of the WS model. 

C. Implicat ions for Gauge Models 

The HS model p red ic t s g , • - 0 . 5 (indepenlcnt of s in* 6„) which 19 

not cons is ten t with the r e s u l t s of the Oxford and Uauhlngton experiments, 

but i t I s cons is ten t with the r e s u l t s of the Novosibirsk experiment. 

There 1* *n SU(2> » U(l) model which predic ts g, % 0 , This model, ca l l ed 

the "hybrid" model, i s iden t i ca l t o the US model except that in addi t ion 

t o the coupling (ye), there I s a right-handed coupling (E 5 e) - However, 

Kerelano and Sands have shown tha t higher order cor rec t ions in the 

hybrid oo ie l make g, large enough to already be in marginal conf l ic t with 

the Oxford and Washington experiments. Furthermore, ,m can be seen in 

Pig. 8, measurements of the polar lzcd-e lec t ron tieutoron sca t t e r ing asym­

metry a t d i f f e r e n t values of y should c l ea r ly d i s t i ngu i sh the hybrid and 

HS models ( I t can already be said that the hybrid model Is In some con­

f l i c t with the y - 0.21 measurement). 

The three v a r i e t i e s of ve sca t te r ing le.ni to an a l l c w d region in 

the g, - gy p lo t as shown in Fig. 10. The WS model with sin Qy - 0 .2 -0 .3 
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Sm clearly consistent with the data. Using the s ingle Z boson assump-

t lon t one can a lso plot the regions allowed by the two types of parity 

violation experiments. 

The SUC data rule out that version of the SU<2)L « SU(Z)R x U(l) 

model which predicted no parity-violation (to lowest order); however, 

other versions of that model reproduce the US model's predictions for a l l 

neutral-carrent phenomena. 

XV. CONCLUSIONS 

The discussion in Sections I I and III Indicated that most models are 

ruled out by present analyses, but that the US model and certain corre­

sponding SU(2) * V(l) K C models survive, in general , these models which 

f a l l are ruled out by many standard deviations. In contrast, the 

SU(2) » U(l) model of Weinberg and Salam agrees within 90? confidence 

l sve l s with 17 different experimental numbers as shown In the Table, Note 

that at the 90S crafldence leve l «me would expect about 2 of the 17 numbers 

CO disagree with the theory; the fact that none disagrees may Indicate that 

Che error bars are conservative. Clearly one should not use only one stand­

ard dcvist los since th«n 6 numbers would be expected to disagree with the­

ory. Left out of the Table are the resul ts from the atonic parity-violation 

experiments since there are confl ict ing experimental resu l t s . 

If one chooses to believe both the Oxford-Washington result and the 

SLAC result (and assuming there i s no large y dependence), then the stand­

ard US model f a l l s . However, there i s a simple extension of the model 

which can account fa ' a l l of these phenomena. Consider the group 

5V(2) x U(l) « U ( l ) . where neutrinos are neutral under U(1) R . Then a l l 
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TABLE 

Comparison of WS Theory with Experiment. Tho t heo re t i c a l numbers for 
exclusive plor production contain 30X er rors as dlscusucd in the t ex t . 

P t Q c e s a 
Quantity 
Measured 

90tConfi>!.Mi:c 
Expcrlmeut-il Limits 
CSt.illstic.il + 
Systematica) 

WS Theory 

t l » 2 e „ - o . : 5 

vN •* vX R .295 i . 0 ! . 3 1 

vH -*• vK R .34 i .05 . 3 6 

uN * vtrX M + /N _ .77 ; .22 . 8 2 

vN * vnX N + / N _ 1.64 i .58 1.19 

vp * v p R .11 * .05 . 1 1 

up •* vp A .19 i .10 . 1 2 

vp •* vpw R .56 ± .16 .42 ± .13 

\m •* vnn R . .34 i .15 .43 ± .13 

v n -* vpir R .45 ± .20 .28 ± .08 
+ 

Vp •* VTIT R .34 i .12 .28 • .08 

VN -»• vNir° R .57 + .16 .39 ± .12 

un * Vpir~ R .58 i .26 .29 ± .09 

v e -» v e 
u u 

o /cm 2 \ (1.5 t 1.5) " 1 0 " 4 2 1.4 » 1 0 " ' 2 

Z c * v •-
y u 

< / c m 2 ) 
E \ GeV ' (1.9 i 1.8) * 1 0 " i 2 1.4 . I D " 4 2 

v , i * » / ( 1 . 3 « I O .OJ 0 Can2) (5.9612.7) - l O " 6 3 5.94 « 1 0 " " 

v e e * v a e ( 3 . 0 < E e < 4 . 5 ) o (cm*) (3.21:1.3) "ID" ' ' 3 2.53 » 1 0 - 4 3 

• , D + e X pol A/Q2 (9.5 ±2.(<) *10~ 5 7.2 • 1 0 - 5 

http://CSt.illstic.il
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Charged-curreot interactions and a l l neutrino Interactions are unaffected. 

The parity-violat ion experiments here ref lect the current 

J B S * ° J 5 " ° W ' l ) 

where the current resulting from '-l(l) R i s lsoscalar (uu + 3d), 

and p i n free parameter which 1s taken to be small (say 0.1 or 0 . 2 ) . 

Since the SLAC result involved differences between u^ and d^ (u R and d R ) , 

I t I s U t c l e affected by an laoacalar piece (which I s multiplied by a 

•mall number). However! In the bismuth experiment one measures sums of u^ 

and d . , and one finds that I t i s possible to cancel the e f fect due t o the 

115 current. Halls i t la possible to achieve thlB cancel lat ion, i t night 

seem t o be a rather a r t i f i c i a l or "unnatural" solut ion to th is problem— 

obtaining zero by cancelling two large numbers against each other. 

For tho time, i t D'.ght be beat to wait for further atonic physics 

results on bl"jautl», tfcslliun and hydrogen before reaching f inal conclu­

s ions. Nonethelesa, the es sent ia l nature of the veak neutral-current in ter ­

action* has become quite clear and the success of the Welnberg-Selam model 

l a evident. 
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tifr 2* The Left (4) and right (o) coupling-constant ^lanei* The lever 
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WEAK NEUTRAL-CURRENT INTERACTIONS** 

R. Michael Barnett 
Stanford Linear Accelerator Center 

Stanford University, Stanford, California 96305 

I . TKTRODUCTION 

the structure of gauge theories of the weak and electromagnetic Inter­

actions can ba atudled ulth Che weak neutral-current interactions of quarks 

and leptons. In gauge theor ies , tbe charged currents (CC) arc related CO 

tha neutral curreate (KC). In SU(2) * U(l) models, for example, the de­

termination of the neutral currents follous from the relation (where for 

s implicity rlght-hinded charged currents are ignored): 

j J C - 5 C° Yu (1 • T5) 1 - 2 sin 2 e H j j» (1.1) 

whan q is the vector (u, c, d, <>, ...) and J*" is the electromagnetic 
Is • matrix obtained from 

C° - [c, C*] (1.2) 

inure C la a matrix giving the appropriate charged current of a given 
JU(2) « 0(1) model. I.e., 

'5 
Thui Information about neutral currents can determine the existence or 
non-exlstenee of charged currents such as u b , tdQ or E u g where ft • 
m. and m_o can be arbitrarily large. 

(1.3) 

*Ra*earch supported in part by Che Department of Energy. 

tInvited talk at the Sumner Inst i tute on Part ic le Physics, Weak 
Interactions - Present and Future, Stanford Linear Accelerator 
Center, Stanford, California, July 10-21, 1976. 
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With the data now ava i l ab le , I t i s possible to es tab l i sh uniquely 

the values of the noutr . i l -currcnt couplings of u and d quarks. The ro les 

of each type of exporioent in the determination of these caupllngs arc 

analyzed In Section I I . The flection concludes with a discussion of the 

Implicat ions of these r e s u l t s for gauge models of the weak and e l e c t r o ­

magnetic i n t e r a c t i o n s . Section I I I contains an analysis of the n e u t r a l ' 

Current couplings of e l ec t rons . The f i r s t par t of t h i s sect ion presents 

an analysis of the data br.scd on the assumption tha t only one Z boson 

e x i s t s . The second part discu&sco a uodel-indcpendcut analysis of p a r i t y -

v io la t ion experiments. The conclusions are given In Suction IV. 

I I . DETERMINATION °F QUARK COUPLINGS 

A model-independent analys is of neutr ino sca t t e r ing data has ehoun 

that the neu t ra l -cur ren t couplings of u and d quarks could be uniquely 

determined. The input involved four types of experiments which w i l l be 

discussed separa te ly . The work described here vas done together with 

Larry Abbott. 

I t i s assumed here that then.' are only V and A cur ren ts . The cur ­

rents of s and c quarks are neglected. The nota t ion used in t h i s sect ion 

Has u . , d , . u and d (L '- l e f t and R 2 r igh t ) as the coeff ic ients in the 

a f fec t ive neu t ra l -cur ren t coupling! 

* " VJ \ { 1 + Y5 ) v[ t ll. \ C l + V U + UR \ <J " '5 1 U + 

+ d L d Y p (1 + T 5 ) d + d R d Y y (1 " Y5) d] (2.1) 

In the Uelnberg-Salani (MS) model with the Glushow-IHopoul03-«aianl (COT) 

oechanlsD incorporated, u i s ei]u.i3 to - - v s in (J with 0„ a free 

parameter of the theory; u , d nn.i d have s imi la r forms. 
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Note Chat there Is no assumption aogot the bosons carrying the neutral 

current, only an assumption that the e f fect ive Lagrangian (2.1) holdB. 

A. Kstttrino-Hucleon Inclusive Scattering 

The calculation of deep-inelast ic neutrino scattering off nucleons 

(yH •* vX) 1B done using the psrtoa nodel. For ssfce of discussion only, 

l e t us neglect sea contributions and scaling violat ions (from QCD), For 

•a iaoscalar target, one finds that the neutral-current (NC) and chargid-

eurrtnt (CO cross sections for neutrinos are: 

Than the ratios Eor neutrinos and for antineucrinos are 

(2.4) 

K*« 
(*) 

Therefore, one can determine the values of lu, + d.I and of lu + d_J , 
which are the radii in the left (U and right <R) coupling pluncs. The 

L 

available data are shown in Fig. 1 along with the predictions of the 

VS aodel. 

Using tlifc data of the CERN-Dortmund-Heidelberg-Saclay (CDHS) group 

(Rv - 0.295 ± 0.01 and R_ - 0.34 ± 0 .03) , the values of the radii In the 

L and R planes allowed at the 90X confidence level are shown in Fig, 2 . 



An overal l sign Ambiguity among the four couplings Is resolved by requiring 

u L > 0 . 

8 . Inclusive Production of Plons by Heutrlnoa 

The Allowed radii arc well determined by deep-lnelastlc scattering. 

It remain! to determine the allowed angles in the l e f t and right planes. 

Lat us define 

e, 5 arctan Gv/d^) 

(Z.fi) 
6 R = arctan (Up/dg) 

One •eana of deternlning the angles Is through use of inclusive plea pro­

duction (vH •* irX). Again parcon andel assumptions are involved l a tha 

ea lculs t lons . This analysis has been discussed by Sehgel, Hung and 

Scharbach. It It) assumed that piona produced in tha currsnc-fregaentatiou 

rsglon (leading plena) are decay products of the struck quatk. If z U 

defined as E , ^ ^ (where E. . - [ to ta l hadroo energy] » energy of the 

•truck quark), then D*(s) describes tha probability that « given plea has 

a fraction x of energy of the struck quark q. The calculations ore sim­

i l a r to those for inclusive deep-lnelaatlc scattering except that the 

limited speci f icat ion of the f inal s ta t e requires that the u couplings be 

multiplied by o"(z) and d couplings by ! £ ( * ) • Then the rat io of * to w 

production for neutrinos i s (neglecting aea contributions for discussion 

only): 

(Z.7«) 



<l°-j 

where one requires z > z (leading pions), z < z , (avoldB resonance re­

gion) and E. . > E_; the values of z , , z . , and E. depe.d an the partlc 

alar expariaenc. 

There arc Isospln relat ions 

D* - D* and D r - D* (2.8) 
u d u d 

which help alapl i fy Eq. ( 2 . 7 ) . Furthermore, the ratio of D to 0 

can be aeaMured ID ep scattering and In charged-cuxrent neutrino s c a t ­

tering; the relevant ratio la 

r'2 • If2 

n s / iz D" (t) / I d> o„ (i) 

D.lnj Eq. (2.6) Ifid (2.9) l o Eq. 2 .7 , one obtains 

(V) fc+K)"4M*p 
\V/v «+H) *k*i4 

For aatlnautrinosi Eq. (2.10) holds i f one interchanges L and R. There 

ate corrections to Eq. (2.10) fron sea contributions and from experi­

mental e f f i c i e n c i e s . 

The data used here are low energy data from Gargamclle at the 

CERH P3. These data are fa + /H \ - 0.77 ± 0.14 and /N + I H _ ) _ -

1.64 1 0.36 for 0.3 < z < 0.7 and & , > 1 GeV. These ari» shown in Fig. 3 
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along with the predictions of the us model. 

Recently, high energy data have become avai lable . The neutrino 

data are not for nions but Cor a l l charged part ic les (within the pre­

scribed cut s ) ; Abbott and I have used electroproductlon data to estimate 

K and p contamination In the signal and find that the results are con­

s i s tent with the Gargamelle resul t s . The preliminary antlncutrlno data 

are a lso consistent with the low energy data, 

we find that the high energy data do not change our conclusions or 

the f ina l values of the neutral-current couplings obtained from our anal-

yala. However, the error bars would be Increased; th is la due l a part to 

the fact th»t the actual quantity used (see Eq. B3 and B& la the second 

papar of Ref. 1) Involves differences between numbers of the aiae magnitude. 

As can be seen in Fig. 2 , the Gargamelle pion-inclusive data (even 

with 90% confidence levels) place severe res tr ic t ions on the allowed 

anglea. However, s ines the rat ios (Eq. 2.10) are function* of the squares 

of the couplings, there are various alga ambiguitlea-

C. E las t i c Heutrino-Proton Scattering 

Further determination of the allowed angles along with ret *«*&a of 

some sign ambiguities can be obtained from analysis of e l a s t i c neutrino-

proton scattering (vp + vp). Unlike the calculations of Sections IIA and 

B, oo parton model assumptions are needed here. The matrix element far 

the process Is 

< P - U w l p > - = ( F - > j y i * ^ g ^ f 2 * V u F A ] " * > ( 2 - U 1 

The vector form factors I M 0 . 2 ) a n d F 2 ^ JJ a r « *« la«J via CVC to 



tha alectroaagnetlc form-factors of protons and neutrons: 

Xaovtctor P t » pj - Fj (2.12) 

laoacalar r± - p j + p j (2.13) 

The leovectar port of Che axial-vector form-factor has been measured 

and has tha form: 

F.Cq2) X ' " 2 2 C2.14) 

where • • s 0.79 fieir (our results are not vary sens i t ive co variation 

of a , ) . The Isoaealar pare of the axial-vector form factor i s assumed 

to have the eama Q dependence. 

Tha appropriate l ec tor i between these four t e n s are obtained using 

tha SP(6) wavefunetions of nucleoli*. The data of the Harvard-Pennsylvania-

tttoeenaXn (HPW) group 8 are \ a J^/a®1 - 0 .11 ± 0.02 and R - 0.19 ± 0.05 

( s t a t l n t l c a l errata shown). These are ahotm i n Fig, & along with tha pre­

diction* of the HS model. 

The resolution of the «ign aBbigultiee remaining from tha ploa-

inclualve data la d i f f i c u l t to see In Fig. 2 , since correlations between 

the l e f t end right planes are not evident. Prom the pion-inclusive data 

•hewn l a Fig. 2 , one might think that there are 2 , 3 , or ft allowed regions. 

The correlations can be made evident by plott ing 6, va s R (see Eq. 2.6) 

as In Pig. 5; th is can be done "uniquely," because the radii i n tha l e f t 

and right planes are wel l determined. The plan-inclusive data result in 

four allowed regions (appearing ae e l l ipses i n Fig. 5) ; there would be 

eight regions except that d R * 0 BO that four pairs of regions coalesce. 



By "inverting" the vp e l a s t i c scattering data (with the analysis de­

scribed above), one can rule out two of these four regions completely and 

can rule out substantial portions of one other, Varying portions of two 

regions do remain allowed. Independent of the pion-inclusive data, the 

e l a s t i c data severely l imit the allowed regions in coupling space. 

P. Production of Exclusive Pion Modes by neutrinos 

Two of the three remaining allowed regions in Fig. 5 can be ruled out 

by consideration of the cross-section rat ios for s i x exclusive channels 

containing a plon: 

o(vp •* vpw ) / o , (2.15) 

o(vn * v n » 0 ) / 0 l (2.16) 

o<vn * vpn~)/d l (2.17) 

o(vp f vim ).'o, (2.18) 

lo(vp •* vp»°> + otva •* vn»°>|/pj (2.19) 

o(vn * vpw~)/o, (2-20) 

(2.21) 

a2 £ O(VP * w V ) (2.22) 

9 
where recent Csrgamelle data wsre used. 

To analyze the data, the detailed pion-productlon model developed 

by Adler was used. This model i s superior Co a l l other pion-productlon 

models; i t includes non-resonant production (an Important feature)) in­

corporates excitat ion of the a(1232) resonance* and s a t i s f i e s current 

algebra constraints. The model gives quite good descriptions of a variety 

of data and le crucial for analysis of the Cargoaclle data. 
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One begins with the Born amplitudes shown in Fig. 6 which w e given 

In terns of the form factors F , , F, and F, (described In Section IIIC), 

F (coming from Fig. 6c) and g (the pion-oucleon coupling). There are 

two types of corrections applied. 

One comes from using Che current algebra relat ion: 

(where T Indicates time-ordered product, and $ i s the weak current of 

Interes t ) . Taking the Fourier transforms and then the matrix element be­

tween nucleon states for each ple--e of Eq. (2.23» one finds from FCAC that 

tbs l e f t side Is proportional to the desired matrix element ^Hir| g ( 0 ) |H^ . 

The f i r s t tern on the right side leads t o additional form factor terms. 

The second term containing the J current with axial-vector couplings, 

rather than the pseudo-scalar coupling assumed for the pion, implies cer­

tain vertex corrections. 

The second type of correction i s for f ina l - s ta te interactions; the 

outgoing plon and nuclaon can resonate. In particular, for the appropriate 

I - -j terms, one must account for the A(1232) resonance. There are the 

usual phase sh i f t s (e ) and enhancement e f f ec t s for th is P-- resonance. 

It i s crucial to keep the non-resonant (including I • -A pieces; hath the 

analysis and the data say those pieces ere s igni f icant . 

To avoid other (higher mass) resonances and for consistency with the 

Soft-plon assumptions of current algebra, i t ia necessary to require that 

the Invariant mass « of the plon-nucleon system be l e s s than 1.4 GeV. Do-

fortunately, the datit are not available with th is cut, and for modes with 

f ina l - s ta te neutrons i t i s , of course, quite d i f f i c u l t to obtain the i n ­

variant mass, novcer , the relevance of the cut to our conclusions i s 
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minlmlzed because: (1) most data are below the M - 1.4 GeV cut; (2) r a t i o s 

of cross sect ions are used; (3) appl icat ion of the cut to the l imited ex­

perimental mass plots avai lable indicates a strengthening of our conclu­

s ions; and (4) the model predic t ions are assumed to be val id only to with­

in 302 and the data to the 90S confidence l eve l ( t h i s i s somewhat d i f fe r ­

ent from the procedure followed in the f i r s t paper of Ref. 1 ) . This fourth 

point i s approximately equivalent to allowing any theore t ica l values which 

l i e within a factor of two of the various da t a . 

Our analys is of the s ix exclusive pIon-productIon channels shows that 

small values of 9 (0 < 90 ) are t o t a l l y forbidden by these da t a . Recall 

that there were four regions in Fig. 5 allowed by pion-inclusive da ta , and 

that two were ruled out by the e l a s t i c da ta . A third region {with 6. ** 40 

and 6 . *s 270° in Fig- 5) i s n c - completely ruled out . The region with 

6. ts 140° and 6 x 90°, which van forbidden by e l a s t i c da ta , i s not a l ­

lowed by these data e i t h e r . The exclusion of t h i s l a t t e r region by these 

da ta alone would be much more marginal than for the regions with 0, a 40 , 

What remains i s a s ingle region (with 0, = 140° and 6 w 270°) which i s 

in good agreement with a l l four types of neut r ino experiments. This unique 

determination can be expressed in terms of the coupling constants so that 

the allowed region (see Fig . 2) i s 

u, - 0.35 t 0.07 u_ - -0.19 ± 0.06 
^ R (2.24) 

d^ - -0.40 i 0.07 d R - 0.0 ± 0.11 

where the errors -~e 90Z confidence levels and an overall 3ign convention 

(u > 0) has been assumed. 
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E. Implications for Gauge Models 

In examining the structure of gauge models of weak and electromagnetic 

Interactions, one of the Important questions Is whether« in the context of 

SU(2) x 0(1) models, there Is any evidence for right-handed charged cur­

rents . The neutral-current results are d irec t ly r e l c a n t to t h i s question 

and Indicate that there are no right-handed charged currents for u or d 

quarks In SU(2) x U(l) models. 

I b i s conclusion can be obtained by consideration of Fig. 7 which shown 

the allowed regions from Fig. 2. Al l su(Z) » U(l) models with the l e f t -

handed coupling doublet ud have values in the left-coupling plane (Fig. 7a) 

which are indicated by the l ine with t ick marks. These codeIs have s in e„ 

aa • free parameter so that the position on tha line ( I . e . , the value of 

• l a 6„) la determined so le ly from the data. Clearly from Fig, 7a, the 

allowed value of s in e H I s between 0.2 and 0 . 3 . 

How looking at the right coupling plane, Fig- 7b, one seen that for 

the HS model th« values of s in 8„ - 0.2 - 0.3 arc Also allowed there. The 

overall magnitude of these neutral-current couplings was dependent on the 

mass rat io of o ( Z 0 ) / n ( i r ) which Is predicted by the US model 2 with the 

minimal Hlggs boson structure (one or more doublets) to be: • 

• • • . /cos flu (2.15) 

If th i s mass ratio were not as predicted, then the model would be ruled 

out (for example, cne might find that s in o„ • 0.1 was required by the 

left-coupling plane. Fig. 7a. but sin e u - 0.4 by the rlche-coupllng plane. 

Fig. 7b). The success of these pred ctlons of thr "S model Is remarkable. 

3ror fther 30(2) * 11(1) models, if one chooses s in e,,"G.3 from the 



left-coupling; p l ans , then the resu l t ing poin ts In the r i g h t plane ore 

determined. Shown In Fig . 7b are the po in t s for the cases uhere tbe 

aodels have the ilghc-handed doublets ub„ ( labeled A ) . 1 1 cd_ ( B ) 1 2 , and 

both u b R and ed (C). The l a t t e r model (C) has been ca l l ed tbe "vector" 

oode l . As can be seen, these models a re ru led out by the d a t a . Varying 

the r a t i o m(Z >/m(W~) moves the points coward or away from the o r l g tn , 

but these models s t i l l cannot surv ive . There a re other SU(2) x 0(1) 

•fldels involving - T and 5/3 charged quarks, and theae are a l so ruled 

out. 

The app l i cab i l i ty of these r e s u l t s i s not_ l imited to SU(2) x U(l) 

models. For example, there are tuo SU{3) K U{1) models which a re ruled 

out by these da ta . One (labeled 0 in F ig . 7b) hss the u quark. In a 

right-handed s ing le t and the o the r 1 (E) has the u quark in a right-handed 

t r i p l e t (for t h i s l a t t e r case the parameters of the modal vere chosen to 

place u, and d la the allowed region in F i g . 7a) . 

These reitults alao apply to the SU(2>L * SU(2)R * U(l> m o d e l . 1 7 Since 

tha t model can be chosen to have the some values of u , , d , , u_ and d- aa 

the WS model, i t is allowed by th* ana lys i s of quark couplings. In fact ! 

C*nrgi and Weinberg have generalizud t h i s conclusion by shoving that at 

xerc-aomeatUD t r ans fe r , the neu t ra l -cur ren t in t e rac t ions of neut r inos In 

aa SU(2) * *i " U(l) gauge theory are tho same as in the corresponding 

51/(2) -' 0(1) theory i f neutr inos aro neu t r a l under C. 

I I I . DETERMINATION OF ELECTRON COUPLING 

A. Analysis of Meutrlno aud F.irltv Viola t ion Ex^rlmcnts 

There are two typ?s of experiments which are used to obta in informa­

t ion about the weak neu t ra l -cur ren t coupling of the e l ec t ron . The f i r s t 
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l s neutrino-electron scattering which can be analyzed1 In a model-Independent 

fashion as was done Cor cniarks. The second Involves searches for parity-

vlo lat lon in elextron-nucleon interactions. This analysis requires use of 

the uniquely determined quark couplings obtained in Section I I . However, 

i f th* results from analysis of paricy-violation experiments are to be com­

pared with those from ve scattering ( i - n . , i f g and By are to be calcu­

lated)* then one oniBt make the assumption that there i s only one 2° boson 

which can carry the relevant weak neutral currents. 

One type of experlaent involves the search for parity-violat ion in 

atomic transitions in bismuth. The de ta i l s of these experiments have 
19 been given elsewhere. Clearly such e f f e c t s are proportional to the VA 

interference terms» and, i n the case of bismuth, the tV. . *» i e ctron' 

tarm la completely dominant. The optical rotation 0 which la measured i s 

then proportional to ehit term, i . e . , p - KQ , where K la a constant and 

(with the one Z° assumption) 

S . - -< "bed »» " • » 

If one defines e, end Cg ft* the coef f ic ients in the e f fect ive neutrel-

current coupling: 

* « - ^ r p ! 5 V u t t • T 5 ) e + e , J T ) i ( l - r , ) e J (3.2) 

then 

«A S <«l ' '»> 
0 . 3 ) 

«V ! ( « l + V 
and 

»!>.. * < 2»l. + \ * 2»K + V Z 

(3.4) 
+ t l^ + 2iL < UJJ + 2dR)N 



where Z and N' .ire the numbers of protons and neutrons (fur bismuth, Z-83 

and N = 126). 

Although rht'n> Is sorw qui'sMon about the atomic and nuclear ca l ­

cu la t ions of K (whore c = KQ ) , present t heo re t i ca l est imates for K are 

such tha t the o j t i e a l ro ta t ions o for the tvo t r ans i t i ons tha t have been 

measured are 

P = l . l " 10~ 9 Q^ radians (for 8757 X) <3.5) 

P ss 1.5 " 3U"9 q^ radians (for 6476 X) (3.6) 

Two experiments repor t r e s u l t s cons i s ten t with zero: Che Washington 

group reports o = (-0.5 I 1.7) * 10" for the 8757 X t r a n s i t i o n while 

the Oxford group" reports o ™ (+2.7 ± 4.7) * 10* for the 6476 X t r a n s i ­

t i o n . By cont rac t , the Novosibirsk experiment found o • (-21 ± 6) * 10 

for the 6476 X t r a n s i t i o n . 

resuming that there ex i s t s only one Z boson, then the quark couplings 

(Eq. 2.24) Imply that g. = 0 * 0.06 for the f i r s t two expsrimenra, and 

g. ss -0 .4 - 0.1? fur the Novosibirsk experiment. 
23 The other type of experiment for which r e s u l t s have bean reported 

involves ve e l a s t i c s c a t t e r i n g (with v e , v c and v e measured by various 

groups) . The rross sec t ions for v i and v e s ca t t e r ing are (no Z aoeuinp-

t ion i s Involved he re ) : 

go.,'. V2 A E

B \ 2 / 2 l l V (3.7) 

where bottom sip-is arc for ant(neutr inos• For v c e l a s t i c s c a t t e r i n g , 

there i s an anniU latk ' i i t e m (through a W~ boson), so that In Eq. (3.7) 

gu •* g,, + ] and i;. -* g •+ 1. knowledge ot these cross sec t ions leads to 
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allowed regions In a S ,"S V plot which are e l l i p so ida l annu l i . 

Results have been reported for .1 SLAC experiment involving the 

(Jeep-inelastic s ca t t e r ing of polarized e lec t rons off deuterium and hydrogen 

t a r g e t s . In th i s experiment one measures the asymmetry between the erase 

sec t ions 0 and a with e lec t ions polar ized p a r a l l e l and a n t i p a r a l l a l to 
P a 

thii bean. If there are weak pa r i ty -v io la t ing e f fec t s , the asymmetry wi l l 

be non-zeto. The asymmetry i s s ens i t i ve t o both the V. ^ A

e i e c

 a n < ' 

A. . V , terms, and furthermore involves no d i f f i c u l t atomic or nuclear 

ca lcu la t ions . 

For an isoacalor ta rge t (deuterium) the asymmetry (see Ref. 25) l a , 

with Che one Z assumption: 

^ ^ - " • 10-5 Q2 {[i<vv-K + vk 

^rrSSlK-v-X-vjsv] «... 
The SLAC er 'eriment on the i n e l a s t i c sca t t e r ing of polar ized e lect rons 

from deuterium has reported an aevmmutry of (-9.5 i 1.6) * 10" Q where 

Q I s about 1.6 CeV and y - 0 .21 . This i s shown in Fig. 8 along with the 

predict ions of the WS model and the "hybrid" model (described l a t a r ) . 51A-

l i a r r e s u l t s were obtained with hydrogen. A run at a higher value of y 

•ay be made in the fu tu re . 

B. Model Independent Analysis of " a r i i y " I o l a t t o n Experiments 

SJorkcn has shown how to Jnalyzf p . ' t y v io la t ion experiments in 

a model-independent fashion (in p a r t i c u l a r , there ts no need to asjuae 

thflt there i s only one Z boson). One defines the pa r i t y -v io l a t i on 



parameters e ^ and c ^ q as the coeff ic ients in the effect ive Lagrangian 

I t t u r n s out tha t .nore Information can bo obtained about c^**1 than about 

e ' ^ from present da t a . The Implicat ions of the r e s u l t s of the Novosibirsk, 

Oxford and Washington experiments ' " In bismuth ai.d of a "hypothet ical" 

y • 0 polar lzcd-e lectron deuterium experiment are shown in Fig. 9, along 

v l t h the predict ions of the W"> model. 

C. Implications for C J ^ 2 ° S i w l ? 

The WS model p red ic t s g « -0 .5 (independent of s in 8 ) which Is 

aot cons is ten t with the r e s u l t s oi chf; Oxford and Washington experiments, 

bt-t I t la consis tent with the r e su l t s of the Novosibirsk experiment. 

There la an SU(2) " U(l) model which p red ic t s g % 0. This model, called 

the "hybrid" model, i s Ident ica l to the US model except that In addition 

to the coupling ( v e>. there 1B a right-handed coupling (E$ e ) R . However, 

Hirci*no and Sanda have shown that higher order correc t ions in the 

hybrid model make g , lanje enough to a l ready be in marginal conf l i c t with 

the Oxford and Washington experiments, furthermore, as can be seen in 

F ig . 9, measurements of the pol . i r ized-eUctron JL>utcron s c a t t e r i n g asym­

metry a t different values of y -ihould c l ea r ly d is t inguish the hybrid and 

U$ models ( I t can already be said that tbi »*vb,,d model is In some con­

f l i c t with the y * 0.21 measurement). 

The three v a r i e t i e s of ve sca t te r ing lead to 3n a l l wed ti-gion tn 

the g - x , plot as shown In Fig. 10. The WS raoJ** 1 with s i n ' v y - 0.2-0.3 
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J» clearly eonsir cnt with the data. Using the single S boson assump­

t ion , one can also plot the regions allowed by the two types of parity 

v io lat ion experiments. 

The SUC data rule out that version of the SU(2) t * 5U(2) f, * UCU 

model which predicted no parity-violation (to lowest order)J however, 

other versions of that model reproduce the US model's predictions for a l l 

neutral-current phenomena. 

rv. CONCLUSIONS 
The discussion in Sections I t and III indicated that most mode'.a are 

ruled out fay present analyses* '"ut chat the WS model and certain corre­

sponding SU<2) * U(l) » C models survive. In general, those models which 

f* i l are ruled out by many standard deviations. In contrast, the 

SU(2) " ut l ) model of Weinberg and Salem agrees within 90Z confidence 

l e v e l s with 17 different experimental numbars as shown in the Table. Vote 

that at the 90S confidence Level one would expect about 2 of the 17 numbers-

to disagree with the theory; the fact that none disagree* may Indicate that 

the error bars are conservative. Clearly one should not use oaly onft stand­

ard deviation since then 6 numbers would be expected to disagree with the­

ory. Left out of the Table are the resu l t s from the atomic parity-violation 

experiments since there arc conflicting experimental resu l t s . 

If one ehooaeb to collcvo both the Oxford-Vasliingtan result and the 

SLAC result (and nst-umlng there is nu Urge y dependence), tl.cn the stand­

ard US model f a l l s . However, there i s a simple extension of the model 

which can account for a l l of these phenomena. Cmsider the group 

Stj(2) x m i ) K U(l) where neutrinos arc ncut/al under •!(!)«• then a l l 

http://tl.cn


Comparison of WS ~*'«ary with Experiment. The t heo re t i c a l lumbers for 
exclus ive plon production contain 30* e r ro r s as discussed in the t .-xt. 

Process Quantity 
Measured 

90X Confidence 
Experimental Limits 
( S t a t i s t i c a l + 
Systematica) 

US Theory 
a l n 2 8 B - 0 . 2 5 

vK + vx R .295 • .02 .31 

v H * vX R .34 5 .05 .36 

«H * viX S + /N _ .77 • .22 .82 

vH * vitJC N + /N _ 1.64 5 ,58 1.18 

vp * vp R .11 1 .05 .11 

vp * vp R .19 • .10 .12 

vp * vpt° R .56 » .IS .42 • .13 

vo * vn* p R .34 s .15 .43 ! .13 

vn •• vpn" R .15 : .20 .28 : .08 

vp * vni R .34 ; .12 .28 t .08 

vH - fan9 R .57 • .16 .39 ; ,12 

va •+ vpw* R .58 ; .26 .29 ; .09 

V * V e U e v / ( 1 . 5 ; 1.5) » 1 0 " ' 2 1.4 . 1 0 - " 

V * v "(fid) ' 1 . 9 ; 1.8) . 1 0 " " 1.4 • I 0 - * 2 

5 a « * * , « ( 1 . 4 « I «1 .0 ) o (c« 2 ) '.S.9612.7) . 1 0 " U 5.94 • I t - 4 3 

v « * v e<3.0 * I < A.i> 
• • e 

o (on 2 ) (3 .21;1 .1) - l O " ' 3 2.51 • 10"* 3 

V i " * • * »/Q 2 (9.5 ' 2 <•) MO" 5 1.2 • 10" S 
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chsrscd-current interactions and a l l neutrino Interactions are unaffected. 

The parity-violation experiments here ref lect the current 

? * >%" «•« 
where the current resulting from U( l ) f t i s isoscalar (uu + dd), 

and p i s A free psraaeter Which i s taken to be Ginall (say 0 .1 or 0 . 2 ) . 

Since the SLAG result involves differences between u, and d, <u_ and d_), 

I t i s l i t t l e affected by an laoacelar piece (which i s otulftnlied by a 

• s e l l nunber). Bcvaver, la the blasuth expcrlaene one measures sums of u, 

and d , , and one flnda that i t la posalble to cancel the ef fect due tc the 

V5 current. While It Is possible to achieve th i s cancellation. It night 

•sea) to be a rather a r t i f i c i a l or "uaaatural" solution to th is problem— 

obtaining Ber© by cancelling tvo large nuaberB against each other. 

For the t l s e , i t night be best to wait for further atonic physics 

resul ts en blsnuth, thsllluS) and hydrogen before reaching f inal conclu­

sion*, nonetheless, the essent ia l nature of the weak qeutral-current inter­

action* has becose quite c lear and the success of the tfelnberg-Salan aodcl 

U evident. 
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Pitt. 1. The ratio of neutral to charged-currenc deep-Inelastic scatter­
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F l j . 2. The lef t (a) and right (b) coupling-constant planca. The lower 
half of (a) la ooltted due to our sign convention UL Z 0- Th* annular 
region* are allowed by deep-Inelas t ic data . The regions shaded with 
dot* are allowed hv lncluslve-Flon rosu l t e , and the region shaded with 
linea ia allowed by e l a s t i c anJ eicclusivc-plon da ta . Unique determina­
t ion of the quark coupling values Is given by the region shaded with 
both dots and l i nes . 
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Fig. 6. Born diagrams for rhe exclutiva-plon-productlon 
analysis. g r is the plon-nuclcon coupling constant. 
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Fig, 10. Ninety percent confidence limits on K\ and gy of Che electron. 
The horseshoe-shaped area at the center of the figure in the overlap re­
gion allowed by the throe types of ve scattering expetiounta. The band 
shaded with l ines i s the allowed region from the SLAC polariscd-electran-
dcuceron scattering experltncnt (Ref- 21) Assuming a Blngle 1° boson and 
velues from See. 11 of quark couplings (Including quark error bars) . The 
upper (lower) band shaded with dots Is for the Washington-Oxford (Novo­
sibirsk) parlty-violat lo , experiments. The predictions of the US model 
•re shown for tenth values of e in*6 u . 


