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There is now considerable information about the couplings of 
quarks to gauge bosons in theories of the weak and electromagnetic 
interactions. Much has been learned about charged-currcnt couplings 
from the energy dependence of neutrino cross-sections and of y 
distributions* and also from the lack of t and b quark production In 
neutrino scattering. Knowledge of neutral-current couplings has 
also come mainly from neutrino experiments. In this talk I will 
first discuss aspects of charged-current scattering including the 
question of whether the cross-sections are "anomalous" in any sense 
and the subject of limits on the production of new heavy quarks. Xn 
the second part, I will discuss a new, ur.ique determination of 
neutral-current couplings, using data from deep-inelastic and elas­
tic reutrino scatterings and from neutrino-Induced exclusive and 
inclusive pion production. 

The Weinberg-Salam (MS) theory1 of weak and electromagnetic 
Interactions with the Glashow-Iliopoulos-Maiani (GIM) quark 
structure2 has been a remarkable phenomenological success when 
compared with all other weak interaction models. It is worthwhile* 
therefore, to discuss chargdd-current couplings in that context 
before in more general contexts. The' WS-GIM model has the couplings: 

& (M (Mt where the primes Indicate that the weak Interaction dgenstates 
(d'» s", b") do not coincide with the mass elgenstates (d, s, b). 
This mixing among the quark states is indicated with the weak 
coupling matrix3: . 
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cs,s„-c,c,e" 
where C, = cos 0 . , S = sin Qj, etc . and the rows and columns 
correspond to the quarks indicated. In the discussion which follows, 
1 use the notation ud^ = QYjJ(l-fYc)d, 

J . Ellis et al.1* have noted that the universality of quark and 
lepton couplings requires (in the HS-CtH model) that the ratio of 
coupling constants squared -or ub^ to udj, (which is tan 2 0 c sin'0 ) 
be less than 0.003- Since the ratio of 0 s L to udL i s 0.05, one 
finds that sin2©2 ~ tan 202<O-l and that in this six-quark model 0 e 

i s equal to the usual Cablbbo angle (9 a 13 ) . 
The determination of limits on tilt i s more complicated. 

J . Ellis et al . ' ' have also noted that an estimate can be obtained 
following a procedure analogous to that of Calllard and ].ees for a 
four-quark model. These lat ter authors used the K1.-K5 mass 
difference to estimate the charmed-quark mass (given the Cabibfao 
angle), when this procedure is extended to the six-quark madcl, one 
finds that the results depend on the accuracy of the Caillard-Lee 
estimate of the K°£° transition amplitude (they suggested that their 
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estimate of the amplitude was good wit!.in an order of magnitude). 
If t Is defined as Cht.' multiplicative deviation from their estimate, 
then the ratio of coupling constants squared for td^ to ud^ (tan20c 

sinJ0.) can be found as a function of f and the mass of the t quark 
(with m c =1.5 CoV): 

f-=l f=-2 f-5 
n t - 5 GeV I 0 j 0.012 I 0.031 
m t •> 15 CeV 0 0.0035 0.013 

While these limits are not as severe as for ubLt the coupling tdL is 
nonetheless quite small. 

One can say that sin20j •$ 0.4 even for a 5 GeV qunrk. There­
fore, the coupling cd^ is always much smaller than cs, , and the 
coupling tb L is large. Since the signs of sindi and Bin02 a r & not 
known, one cannot make definitive statements About the relative 
magnitudes of CSL to td, or of cb^ to ubi . However, for most (but 
not all) angles, the coupling constants squared for ts^ and cb^ ate 
Ouch larger than chose for td, and ub,, respectively. 

In summary, for the WS-GIM model, the t quark should couple 
dotalnantly to the b quark, with (in most cases) a secondary coupling 
to s quarks and with a relatively small coupling to d quarks. The 
b quark, if it is lighter than the t quark, is likely to decay into 
c quarks. The b quark should have a very snail coupling to u quarka. 

In order to consider more general limits on charged-current 
couplings (outside the context of the WS-G1M model), one can study 
the energy dependence of o t o C and <y> in neutrino scattering, 
vyN -* u"+ X (where y= (Ey -E u)/E v). The applicability of limits 
from neutrino experiments is restricted to couplings via those gauge 
bosons which also couple to vv; In most models, this means the usual 
V boson. The requirement used in determining limits is that con­
sistency with all available data be obtained. Some care must be 
given, since each experiment has different cuts, efficiencies and 
corrections to the data. All curves shown below were calculated in 
the context of QCD (i.e.- they contain scaling violations). 

In Fig. 1 the data from neutrino scattering for che average 
value of y versus energy are shown. The line is the prediction (with 
QCD corrections included) for the WS-GIM model. The CERK-Dortmund-

Fig. 1. The avarage value of y 
in deep-inelastic neutrino scat­
tering versus enemy. The line 
is tha QCD prediction for the 
standard four-quark model. The 
data are from Kefs. 7 and 8. 
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Heidelberg-Saclay (CDHS) datac which are not shown have no energy 
dependence consistent with the CaL Tech-Fermilab-Rockefeller (CFR) 
data,7 Th« Harvard-Pennsylvania-Wisconsin-Fermilab (HPWP) data6 

contain efficiencies and cuts which reduce <y> at low energies. It 
is clear that the US-CIH model Is consistent with the data. For 
neutrinos* *y > does not set significant limits on any couplings. 

The cross-section for chargod-current neutrino scattering9 is 
shown in Fig- 2. The lowest solid curve is the prediction of the 

l.O WS-GIH model. The three solid curves 
show the effect of a td L coupling 
equal in magnitude to ud[, for n«t"5, 7, 
and 9 GeV (from top). One can say 
roughly that w c > 8 GeV. The dotted 
curve is the result of a tdR coupling 
for a 5 GeV t quark. In this case 
there is not a strict limit, and one 
can conclude only that m^ z6 GeV. Of 
course> one learns more about td& 
couplings from neutral-current inter­
act ion^ as is discussed later. 

Since the upsilon meson, T(9.4), 
seems to Imply the existence of a 
quark with mass around 5 GeV, it Is 

l~ interesting to examine the limits for 
quarks Of such mass. If m c • 5 GeV 
and if the ratio of coupling constants 
squared for td^ to ud L is 0.2, then 
the results are similar to those foe 
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Fig. 2. The total charged-
currcnt cross-section for vi 
trino scattering vs. ei-.ê y. 
The solid curves are the QCD 
predictions for the standard 
four-quark model with tttom 
bottom to top): 1) no tdL, 2) n t - 9 GeV shown in Fig. 2 (or for 1 
td L added and m c=9 GeV, 3) m t r atio of 0.4. similar to the dotted 
;5 CeV. The dotted curve has curve). Therefore, a tdL coupling 
tdn added with mt=5 GeV. The squared must he about 0.3 or less of 
data are from Ref. 9. Chat for udL (while for tdR the limit 

is only 0.8). 
The Units obtained for ubr couplings are not quite as strict 

as for tdL. As long as mb >_ 7 SeV, the coupling could be as strong 
as for udj,. If m b = 5 GeV, then the coupling squared for ub L can be 
0*7 or less of that for wd^. Therefore, a substantial admixture of 
UT>L is allowed (although much stronger limits were found for the 
WS-CIM model earlier). 

To study the possibility of a ubg coupling, one can examine 
"tot and < v > i n antineutrino scattering which are shown 6 - 9 In Figs. 
3 and 4 • Clearly there is absolutely 00 need for any ubn coupling,. 
Any energy dependence present in the data is probably just that 
expected from scaling violations resulting from QCD corrections.10 

Since Che data from different collaborations have different cuts, 
efficiencies and corrections, some experimentalists prefer to use the 
variable B which is determined by fitting to 

ay-" 
dxdy 
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F i g . 3 . The t o t a l charged-
c u r r e n t c r o s s - s e c t i o n for a n t i -
neu t r ino s c a t t e r i n g v s . energy. 
The s o l i d curves am the QCD 
p r e d i c t i o n s for the s tandard 
four-quark model with (from 
bottoffl t o t o p ) : 1> no Eifcp, 2) 
Sbjt added and m|j*>9 Ce.V, 3) % 
"7 CoV. The da t a a rc fromRef, 9 . 
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Fig. 4. The average value of y in 
deep-inelastic antineutrino scat­
tering vs. energy. The solid curves 
arc the QCD predictions for the 
standard four-quark model with (from 
bottom to top): 1) no U D R , 2) Q T ) R 
added and a 0-ll GeV, 3) m D = 9 GeV, 
4) nnj*7 GeV. The dashed line rep­
resents the values for CDHS data 
reported by J. Stcinberger. 9 The 
data are from Rel. 9. 

B - -xF 3(x)/F 2<x). 
Fig. 5 shows the data 6*' and 
the QCD predictions without 
and vith a coupling S b R (for 
•fc - 7, 9, 11 GeV ) . It is 
evident from this figure (and 
from Figs. 3 and 4) that % > H GeV if B D R has the same strength as 
ud^. Also shown in Fj<*. 5 are the curves Cor ub^ which lead to the 
limits discussed earlier. If one examines the effects of mj, * 5 GeV 
(motivated by the existence of T(9.A)), then the ratio of couplings 
squared for u b R to ud^ must be 0.1 or less, as seen in Fig. 6. 
These are very strict limits. While the results given here (and 
shown in the figures) include the scaling violations of QCD, little 
change in the limits results even if all scaling violation is ignored. 

The data shown in Figs. 3-5 indicate (for each experiment) that 
there is very Uttli. variation with energy above E = 50 GeV; this 
result is consistent with the expectations froa QCD. However, below 
50 GeV the situation is not at all clear. Leaving aside the dispute 
over the existence of a "hlgh-y anomaly", the question of energy 
dependence at "low" energies is very Interesting. An important rest 
of QCD would be obtained with a careful measurement by a single 
experiment of the energy dependence of «y» and o t o t between 10 and 
50 CeV. Of course, another excellent test is the q- dependence of 
the structure function Fo(x) or, similarly, the E dependence of <•&>. 
At present, QCD is the only theory of the serene interactions, and 
it is vital, therefore, to test its predictions. 

The question of the possible existence of ubg or tdg couplings 
can be addressed from a completely different perspective. In gauge 
theories of the weak and electromagnetic interactions, the charged-
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Fig. 3. The U parameter for anti-
ncutrinoa vs. energy. The solid 
curves arc the QCD predictions 
for the lit.-itnlard Tour-quark ciod-
t'l wit I' ff rum top to hot ton): ]) 
lotibR, .•!) Rb[j added and m[, e 11 GeV, 
3)i-j|,=9 0«V, 4)ra b=7GeV. The two 
dotted curve* have u b L added with 
(from top to bottom) m.=9 OeV and 
1^=5 GeV. The dashed line repre­
sents the value for CDHS data re­
ported by J. Stein)ergcr. 9 The 
data arts from Re-.s. 6-9. 

Fig. 6. The B parameter for anti-
neutrinos vs. energy. The solid 
curves are the QCD predictions 
for the standard four-quark 
model with (from top to bottom): 
1) no U D R , Z) Q b R added, ro^»5 
GeV, and couplings squared 0.1 
of 5 d L , 3) 0.2 of ud L. 0.3 of 
udL- The data are frora Refs. 
6-9. 

Er (Cevl 
current and neutral-current interactions are intimately relotcd. For 
example, in SU(2) *U(1) models, 1 tho weak neutral currents can be 
obtained by adding a term found by an isospln rotation of the charg. d 
currents to a term proportional to the electromagnetic current. 

Larry Abbott and I have recently corapletcd an analysis 1 1 of 
neutral-current couplings. Our analysis is independent of models, 
but the conclusions are. of course, applicable to any model. As will 
be shown, we have obtained a unique determination of the neutral-
current couplings of u and d quarks uhich shows that in SU(2) «U(1) 
models, there can be n<" td^ or u b R couplings. 

AsHuaitw 3 V,A structure and starting with the effective 
neutral-currant Lagrongiani 

SB *•$= v y u ( l + Y 5 ) v I u L 5 Y v i ( l + Y 5 ) u + U R 0 Y w ( i - Y 5 ) » 

+ *L 3 Y U C 1 + Y 5 ) « 1 + d R dy u(l-> s>d] , 

the allvwed values of the coefficients u^, Ug, d j , and d» were 
determined from four types of neutrino experiments. Theru is always 
an ambiguity in the overall sign of the four coefficients (couplings); 
ve chose a sign convention by requiring u^ to ulwuyj; be positive. 

The first input ii; data for dcup-inelastic spattering (vN-^vX). 
We chose to use CDHS dnt<i 1 ? since It is at hic.li onetfy {<V> * lOOCcV) 
and has small error bars. These daLn give limits on the values of 
u£ + fl£ and uj; + d£. When plotted on the u^-d^ and u^-dR planes. 

http://hic.li


the regions n l U w i i .it the T):j confidence level a r e , t h - r e f o r e , 
annul! as shown in Fig- 7. 

F ig . 7. The lo f t (a) and r i g h t 
(iO fouplini; plant 's . Annular 
regions ;ii"f allowed by deep-
i n e l a s t i c ci.ua. The region 
shaded witli l inos is allowed by 
d e e p - i n e l a s t i c , e l a s t i c and ex -
clufii- t - p i o n d a t a . Vim r eg ions 
shaded with Jo t s a re allowed by 
deep- inei .<st ic and i n c l u s i v e -
pion d a t a . 

S in te the r a d i i art? w e l1-duiennined by Lhe d e e p - J n e l a s t i c d a t a , 
i t i s useful in analyzing o t h e r data to p lo t the allowed va lues of 
the angles 0^ and OR which a r e defined as 

GL r a r c t a n (ui./di.) 
GR i a r c t a u ( u K / t l R ) . 

This p l o t has the advantage of showing c o r r e l a t i o n s between the l e f t 
and r i g h t p lanes which a re not evident- in Kip, 7. 

The next input i s data for e l a s t i c neu t r ino-pro ton s c a t t e r i n g 
(vp-»vp). New d a t a 1 3 from the HPU' co l l abo ra t i on for both neu t r i nos 
and an t ineu^r inos hat; been repor ted at t h i s conference and i s used 
for t h i s a n a l y s i s . S ign i f i can t por t ion? of the p o s s i b l e angular 
regions a re e l iminated by t h i s da t a . The allowed region (at the 902 
confidence l eve l ) i s contained wi th in the dotted l i n e in F ig . fi. 

A c r u c i a l new input i n t o t h i s ana ly s i s i s tlaLa for e s c l u s i v e 
pion product ion 1 1 " for which s i x channels are a v a i l a b l e now: 

up •*• v p n vN -' vK T:° 
vn -* v n :i un - v p s~ 
vp -• v n J I + 

vn + v p TT-

To analyze these d a t a , the d e t a i l e d model of A d l c r 1 5 was used- This 
model inc ludes n^n-resonant p roduc t ion , i nco rpo ra t e s e x c i t a t i o n of 
the fl(1232) resonance, and s a t i s f i e s current a l sybra c o n s t r a i n t s . 
Because we ignore resonances with mass above 1.4 GeV and use s o f t -
pion theorems, we must r equ i r e t h a t the i nva r i an t mass of the p ion -
nucleon system (W) be l ess than 1.4 GoV. The data a r e not a v a i l a b l e 
with t h i s cut (and cannot be obtained when a neutron i s in the f i n a l 
s t a t e ) . Fo r tuna t e ly most of the c r o s s - s e c t i o n i s bt low K =• 1.4 GeV, 
and i n d i c a t i o n s a re tha t a p p l i c a t i o n of the cut would s t rengthen 
our conc lus ions . Since we cons ide r only neu t ra l t o charged cu r r en t 
r a t i o s ; the e f f e c t of the cut i s minimized. Since t he r e i s some 
uncer ta in ty in the modal used for a n a l y s i s , the allowed region i s 
defined as t h a t region wi th in a fac tor of two of the rSita (about 3 
standard d e v i a t i o n s ) . Appl ica t ion of the l i m i t s i'roc: the:;e data 
reduced the allowed region to t h a t shown bv shaJinf; with t ines in 
both F igs . 7 and S. In F ig . 8 for : L

 : 115", any va lue of 1.8 was 
allowed by the e l a s t i c d a t a , but now with the exc lus ive pion data 
the l i m i t s a re g r e a t l y improved. 

.•a>. 

http://ci.ua


Fig. 8. Allowed angles for speci­
fic radii. The dotted curve indi­
cates the area allowed by elastic 
data. The region shaded with lines 
is allowed by elastic and cxclu-
aive-pion data- The ell iptical 
regions are allowed by tnclusive-
pion data. The area shaded with 
dots is the only region allowed by 
a l l data. 
Is shown on the right plane with u 
SU(2)*U(t) model--l',~20 (A. B and C) only Che point corresponding Co 
sln2Gif a 0.3 (dec.'rnined fran the left plane) is shown Or. the right 
plane. Note chat on both planes the W5 model agrees with a l l data 
for sin z0v between 0.22 and 0.30. In fact i t is only for the mz/«itf 
ratio found from the minimal Higgs hoison structure 1 that agreement 
is obtained, This is .1 remarkable result. 

For a l l other Sl'<2) *U(1) models, the predictions are far from 
the allowed rt'gion for any value tf ntz/nqj. Those models are unequiv-
ocably ruled out. Also shown in Fig. 9 are the predictions of two 

A final input i s dan for 
inclusive pion production1 6 

(vN^vrrX). The analysis 1 7 of 
these data requires significant 
partnn-modcl assumptions in 
particular, i t i s assumed that 
pionv produced in the current 
(W-boson) fragmentation region 
are decay products of the struck 
nuarks. The ratios of TI+ to n ~ 
production fcr 0.3<?<0.7 where 
z = E-r'KjiaJron were measured. 
The data were taken at low ener­
gies where one could question 
partOn-Riodnl assumptions. How­
ever* our determination of 
neutral-current couplings is 
unique <iven without these data; 
i t s inclusion serves only to 
further reduce the one allowed 
region. In Pigs. 7 and 8 the 
final allowed region (at the 
902 confidence levsl) i s shown 
by shading vtth both lines and 
dots. 

This allowed region cor­
responds to the couplings 
uL«0.33±0.O7 ua=-0.18±0.06 
dL—0.4010.07 dR= 0.0 i 0.11 
where the errors are 90% confi­
dence llislts and an overall sign 
convention has been assumed. 

OUT results are compared 
with the prrdietions of various 
models in Tig. 9- SU(2) xll(l) 
models1 *iLl have the same pre­
diction for the left plane, 
which is shoi.-n with a lino indi­
cating the results for different 
values of si^Ou- Th.etfSmodel*»2 

similar line, whereas for other 



SU(3)*U(1) rao(lelr.?1'2Z! they 
too fall to enter the a1 Lowed 
region in the right plane (their 
parnmeters were chosen to obtain 
the hest fif in the left plane). 
However* tlier̂  are SUC2) -SU(2)H 

*U(1) models*'3 which can very clo­
sely mimic the results ot the US 
model, and therefore cannot be 
ruled out by our analysis. In 
fact* Georgi and Weinberg2** have 
shown that any SU(2) *U<1) * C 
mode 1-5 meeting certain require­
ments can uiinic the US model. In 
such cases other tests must be 
sought such as those Involving 
ve .scattering, parity-violation, 
etc. However, it is now clear 

Fig. 9. Vnrious gautfe models com­
pared with the allowed coupling 
constant region. The line marks the 
US model for values of sin 29 H 

from 0.0 to 0.7. A,B and C indicate 
Stl(2)*U(l) with A) a iibR coupling16, 
B) a tdn coupling19 and C) both 
couplings20 (vector model). P and E that only models with neutral-
indicate SU(3)*U(1) models with: current coupling very similar 
D) u In a right-handed singlet21 to chose of the US model should 
and E) ulna right-handed triplet.22 b<- considered in constructing 
For A,B,C and E, uj, and d], lie Theories of the weak and elec-
vithin the shaded region. tromagnetic interactions. 

Although neutrino experi­
ments arc very difficult, they provide powerful tools fur analyzing 
the structure of the weak interactions. In Che last few years, there 
has been enormous progress in determining the couplings of both 
charged and neutral currents of u and d quarks. In the future we can 
expect to learn more about the couplings of other quarkn and of 
the leprous. 

X would like to acknowledge contributions to This work from 
S. Adlcr, J. Bjorken, F. Oilman, A. Mann, C. Matteuzzi, V. J. Ng, 
J. Strait, L. Sulak and especially Larry Abbott and Francois Martin. 
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