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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-current 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. 1In
the second part, I will discuss a new, unique determination of
neutral-current couplings, using data from deep-inelastic and elas-
tic neutrino scatterings and from neutrino-induced exclusive and
inclusive pion production.

The Weinberg-Salam (WS) theory! of weak and electromagnetic
interactions with the Glashow-Iliopoulos-Maiani (GIM) quark
structure? has been a remarkable phenomenological success when
compared with all other weak interaction models. It is worthwhile,
therefore, to discuss charged-current couplings in that context
before in more general contexts. The WS-GIM model has the couplings:

&), ), ),

where the primes indicate that the weak interaction eigenstates
(d”, s8”, b”) do not coincide with the mass eigenstates (d, s, b).
This mixing among the quark states is indicated with the weak
coupling matrix3: :

4 s b
u CC —SCC2 --SCS2
SC € C,C,-S8,5 is c C,5,+5.C eia
¢ c’1 c’1°27°1°2° c1°27°172
is is
t SCS1 CC81C2+C182e CcslsZ_Clcze
where C, = cos ©,, S = sin O3, etc. and the rows and columns

correspond to thé quarks indicated. In the discussion which follows,
I use the notation udj, = ay, (I+ys)d.

~J. Ellis et al ” have noted that the universality of quark and
lepton couplings requires (in the WS-GIM model) that the ratio of
coupling constants squared for ubp to udy, (which is tan20. sin%0 )
be less than 0.003. Since the ratio of Tsy to Gdy, is 0.05, one
finds that sin20, * tan202 <0.l and that in this six-quark model ©
is equal to the usual Cabibbo angle (6 _ = 130). ¢

The determination of limits on Edy, is more complicated.

J. Ellis et al." have also noted that an estimate can be obtained
following a procedure analogous to that of Gaillard and Lee® for a
four-quark model. These latter authors used the X[ ~Kg mass
difference to estimate the charmed-quark mass (given the Cabibbo
angle). When this procedure is extended to the six-quark model, one
finds that the results depend on the accuracy of the Gaillard-Lee
estimate of the K'K° transition amplitude (they suggested that their



estimate of the amplitude was good within an order of magnitude).

If £ is defined as the multiplicative deviation from their estimate,
then the ratio of coupling constants squared for EdL to udy, (tan2@c
‘Asingg ) can be found as a function of f and the mass of the t quark
(with'me = 1.5 GeV):

f=1 f=2 f=5
m, = 5GeVi O 0.012 0.031
m, = 15 GeV | O 0.0035 | 0.013

While these limits are not as severe as for GbL, the coupling EdL is
nonetheless quite small.

One can say that sinzel < 0.4 even for a 5 GeV quark. There-
fore, the coupling EdL is always much smaller than ESL, and the
coupling tby is large. Since the signs of sin@; and sin®y are not
known, one camnot make definitive statements about the relative
magnitudes of Tsy, to EdL or of EbL to uby. However, for most (but
not all) angles, the coupling constants squared for tsy and cbp are
much larger than those for td;, and ub;,, respectively.

In summary, for the WS-GIM model, the t quark should couple
dominantly 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
¢ quarks. The b quark should have a very small coupling to u quarks.

In order to consider more general limits on charged-current
couplings (outside the context of the WS-GIM model), one can study
the energy dependence of Oro¢ and <y> in neutrino scattering,
vgN <+ u + X (where y'E(Ev —Eu)/Ev)' The applicability of limits
from neutrino experiments is restricted to couplings via those gauge
bosons which also couple to Vy; in most models, this means the usual
W 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 the average
value 6f v versus energy are shown. The line is the prediction (with
QCD corrections included) for the WS-GIM model. The CERN-Dortmund-
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Heidelberg-Saclay (CDHS) data®
dependence consistent with the

which are not shown have no energy
Cal Tech-Fermilab-Rockefeller (CFR)

data.’ The Harvard-Pennsylvania-Wisconsin-Fermilab (HPWF) data®
_contgin efficiencies and cuts which reduce <y> at low energies. It

is clear that the WS-GIM model

is consistent with the data. For

neutrinos, <y> does not set significant limits on any couplings.
The cross-section for charged-current neutrino scattering” is
shown in Fig. 2. The lowest solid curve is the prediction of the

Neutrinos
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Fig. 2. The total charged-
current cross-section for neu-
trino scattering vs. energy.
The solid curves are the QCD
predictions for the standard
four-quark model with (from
bottom to top): 1) no tdp, 2)
td;, added and my=9 GeV, 3) my
=5 GeV. The dotted curve has
tdg added with m¢=5 GeV. The
data are from Ref. 9.

0.6 [~

The limits obtained for ﬁbL

as for td;. As long as m, > 7

WS-GIM model. The three solid curves
show the effect of a td; coupling
equal in magnitude to udj, for m¢=5, 7,
and 9 GeV (from top). One can say
roughly that my >8 GeV. The dotted
curve is the result of a tdg coupling
for a 5 GeV t quark. In this case
there is not a strict limit, and one
can conclude only that my 26 GeV. Of
course, one learns more about tdy
couplings from neutral-current inter-

. actions 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
interesting to examine the limits for
quarks of such mass. If my = 5 GeV
and if the ratio of coupling constants
squared for tdy to Gdy is 0.2, then
the results are similar to those for
my = 9 GeV shown in Fig. 2 (or for a
ratio of 0.4, similar to the dotted
curve). Therefore, a EdL coupling
squared must be about 0.3 or less of
that for udj, (while for tdg the limit
is only 0.8).
couplings are not quite as strict
GeV, the coupling could be as strong

as for-udy. If m, * 5 GeV, then the coupling squared for GbL can be
0.7 or less of that for GdL. Therefore, a substantial admixture of
Gby, is allowed (although much stronger limits were found for the

WS-GIM model earlier).

To study the possibility of a ﬁbR coupling, one can examine
Otot and <y> in antineutrino scattering which are shc>w1:_16‘9 in Figs.
3 and 4. Clearly there is absolutely no need for any ubR’coupling.
Any energy dependence present in the data is probably just that
expected from scaling violations resulting from QCD corrections.!®
Since the data from different collaborations have different cuts,
efficiencies and correctinns, some experimentalists prefer to use the

variable B which is determined

d2c>*° _ GME
dxdy T

by fitting to

2G6) [ (128) , (1) (1-y)2]
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Fig. 3. The total charged-

current cross-section for anti-
neutrino scattering vs. energy.
The solid curves are the QCD
predictions for the standard
four-quark model with (from
bottom to top): 1) no Gbg, 2)
ibg added and my=9 GeV, 3) m
=7 GeV,

.where
B = —xF3(x)/F2(x).

Fig. 5 shows the data®? and
the QCD predictions without
and with a coupling by (for
=7, 9, 11 GeV). It is
evident from this figure (and

from Figs. 3 and 4) that m, 2 11

GdL.
limits discussed earlier.

The data are fromRef. 9.
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Fig. 4. The average value of y in

deep-inelastic antineutrino scat-
tering vs. energy. The solid curves
are the QCD predictions for the
standard four-quark model with (from
bottom to top): 1) mo ubgr, 2) Gbg
added and mp=11 GeV, 3) mp=9 GeV,
4) mp=7 GeV. The dashed line rep-
resents the values for CDHS data
reported by J. Stelnberger.9 The
data are from Ref. 9.

GeV if TGbg has the same strength as

Also shown in Fig. 5 are the curves for Ubj which lead to the
If one examines the effects of my * 5 GeV

(motivated by the existence of T(9.4)), then the ratio of couplings
squared for ubR to udL 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 little variation with energy above E =
result is consistent with the expectations from QCD.
50 GeV the situation is not at all clear.

50 GeV; this
However, below
Leaving aside the dispute

over the existence of a "high-y anomaly", the question of energy
y y

dependence at "low" energies is very interesting.

An important test

of QCD would be obtained with a careful measurement by a single
experiment of the energy dependence of <y> and “tot between 10 and

50 GeV.

0f course, another excellent test is the g2 dependence of

the structure function Fy(x) or, similarly, the E dependence of <x>.
At present, QCD is the only theory of the strong interactions, and
it is vital, therefore, to test its predictiomns.

The question of the possible existence of ubg or EdR couplings

can be addressed from a completely different perspective.

In gauge

theories of the weak and electromagnetic interactions, the charged-
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current and neutral-current interactions are intimately related. For
example, in SU(2) xU(1) models,! the weak neutral currents can be
obtained by adding a term found by an isospin rotation of the charged
currents to a term proportional to the electromagnetic current.

Larry Abbott and I have recently completed an analysis11 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 which shows that in SU(2) xU(1)
models, there can be no tdg or by couplings. ‘

Assuming a V, A structure and starting with the effective
neutral-current Lagrangian:

& =—5—_2_- vyu(lﬂS)\) [UL Gyu(l-ws)u + -UR ﬁyu(l—YS)u

+ 4, By, (Phygd + dg dy, (-19)d]

the allowed values of the coefficients uy, ug, d;, and d, were
determined from four types of neutrino experiments. There is always
an ambiguity in the overall sign of the four coefficients (couplings);
we chose a sign convention by requiring uj, to always be positive.

The first input is data for deep-inelastic scattering (vN-vX).
We chose to use CDHS datal? since it is at high emergy (<E> % 100 GeV)
and has small error bars. These data give limits on the values of
“I?: + d]?: and u§ + d%{. When plotted on the up-dy and up-dr-planes,

—f—



the regions allowed at the 90% confidence level are, therefore,
annuli as shown in Fig. 7. :

Fig. 7. The left (a) and right
(b) coupling planes. Annular
regions are allowed by deep-
inelastic data. The region
shaded with lines is allowed by
deep-inelastic, elastic and ex-
clusive-pion data. The regions
L shaded with dots are allowed by
- deep-inelastic and inclusive-
pion data.

1-78 318441

Since the radii are well-determined by the deep-inelastic data,
it is useful in analyzing other data to plot the allowed values of
the angles 0, and Og which are defined as

1]

oy, arctan (ur,/dr)

Oy = arctan (ug/dg) -

This plot has the advantage of showing correlations between the left
and right planes which are not evident in Fig. 7.

The next input is data for elastic neutrino-proton scattering
(vp+vp). New datal3 from the HPW collaboration for both neutrinos
and antineutrinos has been reported at this conference and is used
for this analysis. Significant portions of the possible angular
regions are eliminated by this data. The allowed region (at the 90%
confidence level) is contained within the dotted line in Fig. 8.

A crucial new input into this analysis is data for exclusive
pion productionl® for which six channels are available now:

vp +> vp T SN > YN7°

vo > vnTm Sn > Vpm
vp + vort
vih > Vp T

To analyze these data, the detailed model of Adlerl® was used. This
model includes non-resonant production, incorporates excitation of
the A(1232) resonance, and satisfies current algebra constraints.
Because we ignore resonances with mass above 1.4 GeV and use soft-
pion theorems, we must require that the invariant mass of the pion-
nucleon system (W) be less than 1.4 GeV. The data are not available
with this cut (and canriot be obtained when a neutron is in the final
state). Fortunately most of the cross-section is below W = 1.4 GeV,
and indications are that application of the cut would strengthen ’
our conclusions. Since we consider only neutral to charged current
ratios, the effect of the cut is minimized. Since there is some
uncertainty in the model used for analysis, the allowed region is
defined as that region within a factor of two of the data (about 3
standard deviations). Application of the limits from these data
reduced the allowed region to that shown by shading with lines in
both Figs. 7 and 8. In Fig. 8 for 0 * 1359, any value of Op was
allowed by the elastic data, but now with the exclusive pion data
the limits are greatly improved.



.

- ‘A final input is data for
: inclusive pion production16
(W-=vrX). The analysisl’ of

360 T T 1 T

production for 0.3<z<0.7 where
z 2 Eq/Epadron were measured.
The data were taken at low ener-
gies where one could question
parton-model assumptions. How-
ever, our determination of

- neutral-current couplings is
unique even without these data;
its inclusion serves only to
further reduce the one allowed
region. In Figs. 7 and 8 the
final allowed region (at the
90%Z confidence level) is shown
by shading with both lines and
dots.

= This allowed region cor-
responds to the couplings

up=0.33%0.07 uR=-0.18%0.06
dy=-0.40%0.07 dp= 0.0+ 0.11
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where the errors are 90%Z confi-
dence limits and an overall sign
convention has been assumed.

Our results are compared
with the predictions of various
models in Fig. 9. SU(2) xU(1)
models! all have the same pre-
diction for the left plane,
which is shown with a line indi-
cating the results for different
values of sinZGW. The WS modell;2
is shown on the right plane with a similar line, whereas for other
SU(2) xU(1) models!8~20 (A, B and C) only the point corresponding to
sin20y = 0.3 (determined from the left plane) is shown on the right
plane. Note that on both planes the WS model agrees with all data
for sin?@y between 0.22 and 0.30. In fact it is only for the my /[y
ratio found from the minimal Higgs boson structure! that agreement
is obtained. This is a remarkable result.

For all other SU(2) xU(l) models, the predictions are far from
the allowed region for any value of my/my. Those models are unequiv-
ocably ruled out. Also shown in Fig. 9 are the predictions of two

‘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 exclu-
sive-pion data. The elliptical
regions are allowed by inclusive-
pion data. The area shaded with
dots is the only region allowed by
all data.

-8-



SU(3) xU(1) modelSZI’zz; they

o, %t (a) R (b)| too fail to enter the allowed
D 03 S oslh region in the right plane (their
- - e parameters were chosen to obtain
L NoT P I?L g D 1?“ the best fit in the left plane).
0 03 .0 O 0.3 However, there are SU(2) XSU(Z)R
5 Yl xU(1) models?3 which can very clo-
. sely mimic the results of the WS
[ %07 model, and therefore cannot be

1-7e 118842 »111ad A+t hy Atir analveaedia Tn
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fact, Georgi and Weinbergquave
Fig. 9. Various gauge models com- shown that any SU(2) xU(1) xG

pared with the allowed coupling models meeting certain require-
constant region. The line marks the ments can mimic the WS model. In
WS model for values of sinzew such cases other tests must be

from 0.0 to 0.7. A,B and C indicate sought such as those involving
SU(2)xU(1) with A) a UbR coupling!®, ve scattering, parity-violation,

B) a tdg coupling!? and C) both etc. However, it is now clear
couplings20 (vector model). D and E that only models with neutral-
indicate SU(3)xU(1l) models with: current couplings very similar
D) u in a right-handed singlet?! to those of the WS model should
and E) uina right-handed triplet.2? be considered in comstructing
For A,B,C and E, uj, and d, lie theories of the weak and elec~
within the shaded region. tromagnetic interactions.

Although neutrino experi-~
ments are very difficult, they provide powerful tools for analyzing
the structure of the weak interactioqs. In the 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 quarks and of
the leptons.

I would like to acknowledge 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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