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There is now consjderable inforration about the couplings of
quatks to gauge bosons in theories of the wenk and electromagnatic
interactions. Much has been lcarped about charged-current couplings
£rom the cnergy dependence of neudrino eross-sections and of y
distributjons, and also from the lack of t and b quark producticn in

Td i Knowledge of neutral-current couplings has
aleo come wainly from neutrino experiments. In this talk I will
first discuss aspects of chargad-current geattering including the
question of wh the ions are “snomalous” in any sense
and the subject of limits on the production of new heavy quarks. In
the second part, 1 will discuss a new, urique determination of
neutral-current couplings, using data from deep-inalastic and elas-
tic reucrino scatterings and from neutrino~induced exclusive and
iacluyive plon preduction.

The Weinberg-Salam (WS) theory! of weak and elcctromagnetic
interactions with the Glashow-Iliopoules-Maiani (GIM) quark
structure? has been & remarkable ph legical when
compared with all other wedk interaction models. It ls worthwhile,
cherefore, ko discuss charped-eurrent couplings in that context
before in more general contexts. The WS-GIM model has the couplings:

@), €, 6,

where the primes indicate that the weak interaction eigemstates
{d“y 8°, b°) do not coincide with the maag aigenstates (d, s, b).
This uixing among the quark erates is indicated with the weak

coupling matrixd: d s b
u C. -8,C, 58,
18 18
) SECl ccclcz-slsze ccElSz-i'Slcza
18 15
t s.:Sl Ceslbzﬂ',lsza ccslsz-clcz;

where €, = cos 0,, S ¥ sin O;, atc. and the rows and colums
correspond to the quarks indicated. In the discussion which follows,
1 usa the notation udp = nvu(lﬂ )da. .

J, Eilia et 91" have noted %hat the universalicy of quark and
lepton couplings requires (in the WS-GIH model) thac the ratio of
coupling constants squared for Ubp to udy (which 1s ranlo. sine )
be less than 0,003. BSince the ratic of Usy to Td iz 0.05, one
finds that sin®0y * tan?0p <0.1 and that in this six-quark model 6,
15 equal to the usual Cabibbo angle (& 2 13%),

The deteramination of limits on Ed[ is more complicated.

J. Ellis et al. have mlso noted thac an estimate can be ob:ained
following a procedure amaiogous to that of Gaillard and lee® for a
four-quark medel. These latter authors used the Ki-Kg masa
difference to estimate the charmed-quark mass (given the Cabisbo
angle}. Whea this procedure is extended to rhe six-quark madel, ope
finds chac the results depend on the accuracy of che Caillard-Lee
estimate of the K"X® transition amplitude (they suggested that their
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estimate of the amplitude was good witlin an order of magnitude).
If £ is defined as the multiplicative Jdeviation from thelr estimate,
then the ratio of coupling constants squared for td to idp (tanzoc
$10%0,) can be found as a function of £ and the mass of the t quark
(with'mg = 1.5 GeV):

LN 5 Gev

m, = 15 Gev

Wnile these limits are not as severe as for uby, the coupling tdp is
nonetheless quite small.

One can say that sin20) < 0.4 even for a 5 Gev _quack. There-
fore, the_coupling \.d,_ is always much smaller than csL, and the
coupling t.b'_ is large. Since the signs of sind) and Bin®y are mot
kaown, one camnnot make definitive statements about the relative
magnitudes of Tsy, to :dL or of cb to ubLA However, for most {but
not all) angles, the coupling constun:s squared for ts and cby are
much larger than those for td, and ubL, rospectively.

In summary, for the WS-GIM madel, che t quark shauld couple
dominantly to che b quark, wich (in most cases) a secondary coupling
to s quarks and with a relarively 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 small coupling to u quarks.

In order to consider more general limits on charged-current
couplings (cutside the context of the WS-GIM model), one can study
the energy dependence of 0ygr and <y> in neucrino scattering,

VN = u"+ X (where y = (E, -E)/E). The applicability of limits
from neutrino expuiments is res:ricr.ed to couplings via those gauge
bosons vhich alse couple to vy,3 in most models, this means the usual
W boson. The requirerment used in determining limics 1s that con-
sistency with all avoilable data be obtained. Some care must be
given, since each experiment has different cuts, efficlencies 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 ¥ versus encrgy are shovm. The line is the prediction {with
QCD eorrections included) for the WS~GIM model. The CERN-Dortmund-

Fig. 1. The avarage value of y
in deap-inelastic neutrino scat-
tering versus enerzv. The line
is tha QCD prediction for the
standard four-quark model. The
data are from Refs. 7 and 8.
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Heidclberg-Saclay (CDHS) data€ which are not showa have no energy
dependence consiscent vith the Cal Toch-Fermilab-Rockefeller (CER)
data,’” The Harvard-Pennsylvania-Wisconsin-Fermilab (HPWP) dara®
contain efficicncies and cuts which reduce <y> at low energies. It
ls clear that the WS-GIM model 15 consiatent with the data. For
neutrinos, <y> daes not set significant limits om any couplings.
The cross~section for charged-current neutrine su:teting9 is
shown In Fig. 2. The loweat solid curve is the prediction of the

1.0 T T T WS~-GIM model. The three solid curves
- chow che effect of a Tdy couplis
& Neutanos / equal ia maznltude to E}l’L fng n:fs, 7.
o 08 7 and 9 GevV (from top). One can say
€ roughly that wp > 8 GeV. The dotted
? 08 curve is the result of a tdp coupling
- for a 5 GeV t quark. Iu this cose
- there is not a strict limit, and one
w04 * CFR .| can conclude only that my 26 GeV, Of
s @ BEBC course, one lemrns more about Tdg
o Gargamelle couplings from neutral-current inter-
0.2 o L actiona as is discussed later,
] s0 . '?&v) 130 200 Since the vpsilon mesen, T(9.4),

seems to imply the existence of «
Fig. 2. The total charged- quark with mass around 5 GeV, 1% is
eurront cross-section for veu- ynteresting to examine the limits for
trino scattering vs. encixys quarks of such mass. If mp = 5 GeV
The solid curves are the QCD  and if the ratio of coupling constants
predictions for the standard  gquared for tdy to Gdy is 0.2, them
four-quark model with (from the results are similar to those for
bottom to tep): L) no Edr, 2) m. = 9 GeV shown in Fig. 2 (or for a
tdp added and m¢=9 CeV, 3} my ratio of 0.4, similar ro the dotted
=5 CeV. The dotted eutve has curve). Therefeore, a Edy coupling
tdy added with m;=5 GeV. The gquarad must be about 0.3 or less of
data are from Ref. 9. that for udy, (while for tdy the limit
is only 0.8).

The linits cbtained for Gb, couplings are not quite as strict
as for Tdj. As long as oy > 7 éev, the coupling could be as strong
as for Udp. If my ¥ 5 GeV, then the coupling squared for uby can be
0.7 or less of that for Gid;. Therefore, a substantial admixture of
b, is alloved (although much stronger limits were found for the
WS~GIN wodel earlier).

To study the possibility of a uby coupling, one can examine
Otot and <y in antineutrino scattering vhich are shown®? in Figs.
3 and 4, Clearly there is absolutely no need for any ubk coupling.
Any energy depend.nce present in the data is probably just that
expeceed from scaling violations resulting from QCD corrections.t®
Since the data from dilfferent collaborations have differeat euts,
efficiencies and corxections, some experimentalists prefesr to use the
variable B which is determined by ficting to

2,99 o2 3 3
dd;y -ERE fo l W, o (1-)')2]
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Fig. 3. The total charged-

current cross-sectlon (or anti-
neutrino scattering vs. energy.
The aolid curves are the QCD
predictions for the standard
four-quark model with (from
bottom to top): 1) no Gkp, 2)
by ndded and my=9 GeV, 3) m,
=7 GoV, The dataare fromRef 9.

where

B = ~xFy(x)/F,(x) .

Fig. 5 shows the data®? and
the QCD predictions without
ard with a coupling Gby (for
o= 7,9, 11 GeV). It ie

()73
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Fig. 4. The average value of y in

deep-inelastic antineutrino scat-
tering vs. emergy. The solid curves
are the QCD predictions for che
standard four-quark model vith (from
botton ta top): L) no ubg. 2) Gby
added and mp=11 GeV, 3} my=9 GeV,
4) my>? GeV, The dashed line rep~
rasents the values for CDHS daka
reported by J. Steinberger.? The
dato ave from Ref. 9.

evident from this figure {and R
from Figs. 3 and 4) that my 2 11 GeV i€ Ubg has the same strength as
udy. Also shown in Fie. 5 are the curves for Uby which lead ro the
lmto discussed earlier. 1f one examines the effects of my * 5 GeV
{wotivated by the existence of T(9.4), then the ratio of couplings
aquared for ubp to Gdy, wust be 0.1 or less, as scen in Fig. 6.
These sre very strict limits. While the results given here (and
ehowm in the figuros) include the scaling violatlons of QCD, little
change in the limits results even if all acaling vielation is ignoted.

The dava shown in Fips. 3-5 indicare {for cach experiment) that
there is very Iittl. variation with encrgy above E = 50 GeV; this
result is consistent with the expectations from QCD, However, below
50 GeV the sicuntion is not at all clear. Leaving aside the dispute
over the existence of a "high-y anomaly", the question of energpy
dependence ar “low" encrgles is very interesting. An lmportant rost
of QCP would be abtained with a careful measuremcnt by a single
exporiment of the ¢nergy dependence of <y> and opgp between 10 and
50 GeV. Of course, another excellent rest ie the g- dependence of
the etructure functica Fp{x) or, similarly, the £ dependence of <x>.
At present, QCD is the only theory of the strong Lnteractions, and
it s vital, therefore, to test its predietions.

The question of the possible cxistence of ibg or tdy couplings
can be addressed from a completely different perspective. In gauge
theories of the weak and electromagnetic interactivny, the charged-
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Fig. 5. The U pavameter for anti-
neucrines vs. energy. The solid
curves are the QCD predictiona
for the standard Jour-quark mod-
elwith (from top to bottom): 1)
20 Tby, 2) Bby odded and my=11 GeV,
3) =9 SV, 6) my=7 GeV. The two
dotted curvers have @b added with
{from top to boctow) m =9 CeV and
m,=5 GeV. The dashed lbinn Tepre-
sents the value for CDHS data re~
ported by J. Steinl erger.? The
data arc from Re.s. 6-9.

Fig. 6. The & parameter for anti-
neutrinos vs, encrgy. Thae solid
curves are the QCD predictions
for the standard four-quark
model with (from top ro bottom):
1) no Ubg. ?) Ubp added, my»5
GeV, and couplings squared 0.1
of Gy, 3) 0.2 of Wdp. 0.3 of
udy . The data are from Refs.
6-9.

cutrent and neutral-current interactlons are intimately relsted. For
example, in SU(2) xU(L) mcvde].s.l tha weak neutral currents can be
obtained by adding a term found by an isospin rotation of the charg.d
CUFTSNtS to a term proportional to the electromagnetic current.

Larry Abbott and I have recently completed an analysisi® of
neutral-current couplings. Our analysis 1s independeut of models,
but the canclusions are, of course, applicable to any model. As will
be shown, we have obtained a wnique determination of the neutral-
current couplings of u and d quarks vhich shows that in SU(2) »U(L)
models, there can be r~ Tdy or Gby couplings.

Askuain. a3 V, A structure and starting with the effective

neutral-current Lagrangian:

I 4 =§_§ vy, v [uL Gy, (Mrghu + ug By Ci-vghu

+dp avu(lhs)d +dg dyu(l-ys)d] R

the allywed values of the coefficients uy, up, dy. and "‘R werse
determined from four typea of ncutrino experiments. Therv is always
an ambiguity in the overdll sign of the four coefficients (couplings)s;
we chose a siga convention by vequiring up to always be positive.
The first input iy data for decp-inslastie srattering (vN-vX).
We chose to use CDHS datal® since it is at high enexjy (<E> = 100GeV)
and has gmall evrof bara. Thesc data give limits on the values of
+ df and uf + df. When plotted on the up-d) And ug-dg planes,
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the regions allowed at the 903 confidence level are, therefore,
annuli as shown in Fig. 7,

The left (a) and right
{(b) coupling plancs. Annular
regions are allowed by deep~
inelastic data. The regien
shaded with lines is alloved by
decp-inelastic, eclastic and ex-~
clus{ -pion datic The regions
shaded with Jots are allowed by
deep-inetastic and inclusive-
pion data.

Since the radi{ are well-determined by the deep-inelastic data,
1t is useful in analyzing other data to plot the allowed values af
the angles By and Og which are deitned as

9y # arcran (up/d)
8y © arcraw Cugfdg)

This plot has the advantage of shoving correlations hetween the left
and right planes vhich are not evident {u Fig. 7.

The next input is data for clastic neutrino-proton scattering
(vp~vp). Naw darald from the HPW collaboration for both necutrinos
and antincurrinos has bren reported at this conference and is used
for this analysi Significant portions of the possible angular
regions are elimpinated by this data. The allowed region (ar the 90%
confidence level) {9 contained within the dotted linre in Fig. 8.

A crueial nuw input {nto this analvsis is dara for axclusive
pion prcductien“ for vhich six channels are available now:

o

vpruprd W - SN
vn +vna n-Vpaw
vp + vaat
va -+ upnT

To analyze these data, the detailed model of Adler!S wgs uscd. This
wodel includes non-resonant production, incorporakes exciration of
the 4(1232) resonance, and satisfies current alpebra constraines.
Because we ignorc resonances with mass above 1.4 GeV and use soft-
plon theorcms, we wust require that the invariunt mass of the pion—
nucleon system (%) be less tham 1.4 GeV. The data are not available
with this cut (and cannot be obtained when 2 neutron is in the final
state). Fortunately most of the cross-section is below W = 1.4 GeV,
and indicatifons ave that application of the cut vould strengthen

our conclusions. $Since we consider only peurral to charged current
ratios; the effect of the cut is minimized. Since therc is some
uncertainty in the model used for analysis, the allowed region is
defined as that region within a factor of tvo bt the data {abour 3
standard deviations). Application of the Jimits from these data
reduced the allowed region to that shown by shading with lioes in
both Figs. 7 and 8. In Fig. 8 far oy * 1350, value of Ly was
allowed by the elastic data, but now with the iusive pion data
the limits are greatly improved.
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A final input is data_for
inclusive pion produccion!®
(WevrX), The analysis!? of
these data requires slgnificanc
parton-model assamptionsi ia
particular, it is assumed that
pions produced in the current
{W-boson) fragmentarion reglon
are deecay products of the struck
auarks., The ratios of n* to 7~
proguction fcr 0.3<g<0.7 where
% = EqfEyadron were measuted,
The data were taken at Jow ene:-
gies whure one could questicn
parton-modnl assumptions. How-
ever, our deterwination of
neutral-current couplings is
unique aven without these data;
its {nclusion serves only to
further reduce the one allowed
region. In Figs. 7 and 8 the
final allowed reglon (at the
90Z confidence level) is shown
by shading with both lines and
dots.

E This allswed region cor-
responds to the couplings

u7=0.3320.07  ug=-0.1820.06
dy=-0.40:0.07 dg= 0,04 0,11

N

d.

PR R W

1
60

L

O e e S
o L 20 80
Vo i o
shere the errors are 90% confi~
Fig. 8, Allowed augles for specl- &
fic radii. The dotted curve indi- dence 1{&::“?:2:: overall sign
cates the area alloved by elastic Our results are compared
::::ilﬁd':slz;‘ni“';j“:n:‘l:z:ﬁ"m with the prruicrions of various
= 3 N
by T il el 3. S Ky
:ﬁ;os.:t:re'r::l:::: z{\m}::l:i:;e' diction for the left plame,

. o . whick is shown with a line indi-
d;"isd“ the only region alloved by cacing the res;:ults for different
a ata. values of siaGy. The WS modell,Z
is shown on the right plane with u similar line, vhereas for other
SU(2) x (1) model-13~20 (3, B and C) only the poinc correspounding to

P

31n%6y = 0.3 (detormined from the left plame) is shown an the right
plane. Note that on both p.ones the WS nodel agrews with all dara
for sinfOp between 0.22 and 0.30. 1la fact it is only for the mg/my
ratio found front the minimal Hipgs bosen structure! that agreement
13 obtained, This is a remarkable result.

Por all other SU{2) xU{1) modrls, the predictions are far from
the allowed region for any value <f ®y/ry. Those models are unequiv—
ocably ruled gur. Also showm in Fig. 9 are the predictions of two

Y S S W
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Fig. 9. Various gaupe models cou~
pared with the allowed coupling
constant tegion. The line marks the
WS model for values of slnzeu

from 0.0 to 0.7. A,B and C indicate
SU(2)aU(1) with A} a Gbr coupling'd,
B) a Tdy coupling’? and C) hath
couplings2? (vector model). D and E
indicate SU(3)xU(1) models with:

D) u 4a a right-handed singlec?!
and E) uin a right-handed triplet.2?
For A,B,C and E, up, and dj, lie
within the shaded region.

SU{3) < V(1) modeln?!s?Z; they
too fail to enter the alloved
region in the right plane (chedr
parameters vere chesen to obtain
the best fit in the lafL: plane).
Howaver, there are SU(2) “xSu(2)
*U(1) models” ? which can very clo-
sely mimic the results of the WS
model, and therefore cannot be
ruled out by our analysis. In
fact, Georgi and Weinberg?® have
shown that any SU(2) xU(1) xC
models meeting cortain require-
wents can mipic the WS model. lo
such cagses other tests must be
sought guch as those {nvolving
ve scatcering, parity-violacian,
etc, However, it is now clear
that only models with neutral-
current couplings very similar
to those of the WS model should
be considered in conscructing
theories of thw weak and elee-
tromagnekic inceractions.
Although neutrino experi-

ments are very difficult, they provide powerful tools fur analyzing
the structure of the weak interactions. In the last few years, there
has been emormous progress In deterumining the couplings of both
charged and neurral currents of u and d quarks. In the future we can
expect to learn more about the couplings of other quarkn and of

the leptons.

I would like to ncknowledge contributions to this work from
S. Adler, J. Bjorken, F. Gilman, A. Mann, C. Matteuzzi, Y. J. Ng,
J. Strait, L. Sulak and especially Larry Abbott and Frangois Martin.
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