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We point out that the polarization P of a scattered or produced quark is calculable per-
turbatively in quantum chromodynamics for e*e” —¢7, large-p , hadron reactions, and
large—Q? leptoproduction, and is infrared finite. The quantum-chromodynamics predic-
tion is that P =0 in the scaling limit. Experimental tests are or will soon be possible in

pp — AX [where presently P (A) ~ 25% for p > 2 GeV/c] and in e*e™ — quark jets.

In quantum chromodynamics (QCD), observa-
bles which are free of infrared divergences can
be computed in terms of the running coupling con-
stant a,. For an asymptotically free theory, o
is expected to be small in a scattering at large
transverse momenta, so that observables can be
computed perturbatively. Thus, provided we can
relate quark observables to observed hadrons,
QCD may be rigorously tested.

This approach has been proposed by Sterman
and Weinberg' and by Politzer,? and recently
used by others® in e *e~ reactions or leptoproduc-
tion reactions. In this note we propose another
observable which can be measured in e*e~ reac-
tions, leptoproduction, and large-p , hadron colli-
sions, namely, the polarization of the scattered
or produced quark. More precisely, the relevant
observable is polarization times cross section,
which is given schematically by Im(NF*), For a
nontrivial result, one must have nonflip (N) and
flip (F) amplitudes with a nonzero relative phase.
Note that this is qualitatively different from other
kinds of spin effects which could be obtained with
relatively real amplitudes and Born terms,*

For large-p , scattering this procedure is slight-
ly less rigorous since the initial state involves
quarks confined in hadrons. But it has increasing-
ly been accepted® that at large p , one is observ-
ing quark-quark scattering and that in fact large
b ris a domain where a perturbative treatment of
99 ~ 949, 98 — 98, and gg—gg (Where g means
gluon) can quantitatively predict jet and hadron
distributions.

The polarization of a scattered quark is another
observable which is infrared finite and can be
computed perturbatively. A determination of the
polarization of a scattered quark can both test
the validity of the assumption that gq - ¢qq, gg—qg,
etc., dominate at large p, and serve as a signifi-
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cant test of QCD. The same remarks apply to the
polarization of a produced quark in ¢ *e~ annihila-
tion or in leptoproduction. We give the discus-
sion in terms of large p, because this may be

the first place for an experiment test, We also
predict the large-p ;. left-right asymmetry on a
polarized test.

Because of confinement, to test the QCD pre-
diction we have to make some assumptions. For
unpolarized beam and target, we assume that the
initial quarks are unpolarized. To compute the
left-right asymmetry on a polarized target, in
general we need to know the wave function of the
quarks in a proton. However, for the actual QCD
prediction the individual qq scatterings produce
only a small left-right asymmetry (see below),
so that we necessarily predict a small left-right
asymmetry on a polarized target independent of
the details of the wave function. For production
of light-quark jets in e *e~ the predicted polariza-
tion is also very small and so any observable
which could reflect polarization is satisfactory.
(For production of massive quarks in e*e~ the
predicted polarization may not be small above
threshold but below the scaling region, and we
must assume that a hadron, which is a fragment
of a polarized quark, will remember the polariza-
tion of the quark.) It is, of course, possible that
light quarks could be produced with large polari-
zation (contrary to our QCD prediction), but that
the mechanism of quark fragmentation is such
that the quark spin direction is not remembered.
Because of such a possibility, the QCD predic-
tion would be contradicted by observing large
polarization effects; but an observation of small
polarization effects, while consistent with the
theory, is not a strong confirmation of the theory
until quark fragmentation is better understood.

On the other hand, by a general parity argu-
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ment, fragmentation will not induce polarization.
An unpolarized produced quark has only its mo-
mentum direction associated with it, and so its
fragments cannot know of the normal to the pro-
duction plane, which is the only polarization di-
rection allowed by parity. Although the fragments
may define a plane in a particular event, when
averaged over events no direction will remain
unless the quark was originally polarized.

Before we give the analysis, we note that it
should not be long before our prediction can be
tested. For large-p , reactions the region where
it is assumed that gq — gq, etc., dominate the
cross section may begin around p =4 GeV/c.®
The transverse polarization of the A, P(A), in
pbp — A +anything is already measured’ for p,=~2
GeV/c, and a proposal exists® to measure it for
pr=6 GeV/c, perhaps in the region of large p .
Intersecting-storage-ring data already show a
trend toward scaling in this region.® In addition,
to show that large-p , polarization can be large,
the A polarization at p,~2 GeV/c is” about 25%,
Thus the QCD prediction requires that P(A) begin
to decrease rapidly for p 2 4-5 GeV/c. If P(A)
is significantly different from zero, then either
it is not valid to apply QCD in this region (in
spite of the analyses of cross sections), or QCD
cannot be applied perturbatively, e.g., because
o, is too large, or, conceivably, something is
wrong with the present formulation of QCD itself.
This latter alternative would only be taken seri-
ously after the other two were convincingly dis-
missed. Future experiments at larger p , will
allow the analysis to be extended to smaller ;.

Similar remarks apply to the transverse po-
larization of a quark produced in e*e~ -gq, or
a quark struck by a current in leptoproduction.
Again, in e ‘e~ the polarization could in principle
be of order «, but is small in QCD. The predic-
tion can be tested by studying A (or other reso-
nance) polarizations as well. Another method is
available, which can also be applied at large p,
or in leptoproduction. The procedure is as fol-
lows. Define a quark jet axis by some method,
giving a jet momentum direction ¢, and let the
beam direction be b. Then consider the normal
SX(I. If there were polarization in the direction
of ﬁxa, one would expect that particles in the jet
could remember that direction and preferentially
have the component of their momentum trans-
verse to q pointing up (or down) relative to b xq.
If P =0 one would expect no net momentum in the
direction SXE.

Ideally we would define an observable which
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was zero whenever the polarization was identical-
ly zero and which could be directly related to the
quark polarization. Because we do not yet know
how to calculate the way in which a polarized
quark fragments into hadron, we cannot do that.
Presumably one should test an observable such
as the following one. Let

ri=(p;%q) -7,
where /i is a unit vector in the direction bXxq, ¢

is a unit vector in the jet direction, and 5,- is the
momentum of the ¢th particle in the jet. Then

a=Y; v;|7r;l
is an asymmetry which could signal the trans-
verse polarization. In a future publication we
will give results for such observables for the
case of charmed-quark jets where P +0 (see be-
low). We emphasize here that since the QCD
prediction is that P is numerically small for
large-p r reactions, light-quark jets, and lepto-
production, the details of how one relates the
quark polarization to an observable are not im-
portant.

Consider gq -~ ¢qq. In QCD the leading contribu-
tion to each helicity amplitude is given by single-
gluon exchange, and the next order is the two-
gluon—exchange box diagram, plus crossed box,
etc., as shown in Fig. 1. There is a nonzero
imaginary amplitude from the box diagram, and
thus

Pxgixg?/gt.

For a,=g?/4n of order %, there could be sizable
polarization. However, because QCD is a vector-
gluon theory the quark helicities are preserved
for zero quark mass (m,) so that P=0,
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FIG. 1. The polarization of the produced quark is
calculated to order o from the contributions shown;
other contributions, such as soft-gluon emission, do
not contribute to the polarization because they give a
real amplitude.
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These remarks hold if all quantities involved
are free of infrared singularities. The important
one for us is the behavior for m ,—~0. It is easy
to see by writing down the part of the box dia-
gram which contributes to the polarization (see
below) that it is finite and free of mass singulari-
ties in this limit. When m , — 0 there is no helicity
flip in the Born diagram or box diagram, so that
we immediately find P=0 for all our reactions.
This is easily verified by direct computation.

It is necessary to check that the results are
also finite for zero gluon mass. That is slightly
more subtle since the imaginary part of the box
diagram is nof infrared finite. What happens® is
that the box-diagram amplitude can be written
in a form

Myox=BI+R,

where B is equal to the Born term, Iis an in-
frared-divergent, complex, but spin-independent
integral, and R is a spin-dependent remainder
whose imaginary part is infrared finite. This is
easily shown by writing the box-diagram ampli-
tude, and subtracting the part with the loop mo-
mentum set equal to zero in the numerator. Then
it becomes clear that the term BI does not con-
tribute to the polarization arising from interfer-
ence with the Born term B. No other contribu-
tions such as the crossed box or soft-gluon emis-
sion can matter since they do not give nonvanish-
ing imaginary parts. A similar procedure al-
lows one to see that to order o in all the reac-
tions qq - qq, qg—~qg, and e e~ —qq the scat-
tered-quark polarization or the asymmetry on a
polarized target is zero for m =0.

It is interesting to calculate the deviation from
zero for m,+0, to order a;. The explicit re-
sult for e*e~ -qq is, for arbitrary m,and large
Q7

P=<4_a_s_>_m_q sinfcos@
3 /@ 1+cos? "’
Whatever observable is used, the variation with
@” and the c.m. scattering angle 6 can be tested.
P is the polarization transverse to the scattering
plane, calculated through order o, in QCD.

In leptoproduction, because the photon is space-
like, the gluon effects induce no imaginary ampli-
tudes so that the polarization is identically zero
to order a,. To the present order in QCD per-
turbation theory, color does not play a signifi-
cant role. The color averaging involved intro-
duces numerical coefficients of order 1, but no
qualitative features. Up to color factors the

same analysis holds for lepton reactions e *e~
~e'e”, e*e” - pu*u”, etc., and so similar re-
sults hold there; we have been unable to find any
polarization predictions for these reactions in
the literature.

It has recently been argued™ for large-p .
processes that rigorously in QCD one should in-
deed calculate with the parton-model formulas,
but (with nonscaling distributions and) with the
lowest-order term for the gq — gq scattering
cross section calculated using the running cou-
pling constant g(p,?). We assume that this is
also the correct procedure for us to follow, We
assume that for large @°, instanton effects (which
can flip helicity) are irrelevant for our analysis.

In this note we have pointed out that the asym-
metry off a polarized target, and the transverse
polarization of a produced quark in e*e~ - ¢qgq, or
in gq - qq at large p ., or in leptoproduction,
should all be calculable perturbatively in QCD.
The result is zero for m, =0 and is numerically
small if we calculate mq/w/s corrections for light
quarks. We discuss how to test the predictions.
At least for the cases when P is small, tests
should be available soon in large-p , production
[where currently P(A)=25% for p,.22 GeV/c],
and e *e” reactions. While fragmentation effects
could dilute polarizations, they cannot (by parity
considerations) induce polarization. Consequent-
ly, observation of significant polarizations in the
above reactions would contradict either QCD or
its applicability.
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We carry out a new, generalized analysis of nuclear 8 decay and semileptonic hyperon
and K3 decays. The results are used to determine two quark mixing angles in the sequen-

tial Weinberg-Salam model.

The Weinberg-Salam (WS) SU(2) ; ® U(1) gauge
theory! has been quite successful in accounting
for a wide variety of weak-interaction data, The
four-quark version of the model, due to Glashow,
Iliopoulos, and Maiani (GIM),? gained strong sup-
port with the discovery of charmed hadrons. Re-
cently, the version of the model with three doub-
lets of leptons and quarks, first discussed by
Kobayashi and Maskawa (KM),® has gained promi-
nence, since it incorporates the 7 lepton? and the
(@=-3%) T-constituent quark,® b. We assume that
any additional fermions will transform under
SU(2), ®U(1) in the same way as the known ones,
and we denote the corresponding model as the
sequential WS model.

The mixing angles which describe how the weak-
gauge-group eigenstates of the fermions are
composed of mass eigenstates are of fundamental
significance. With more than two quark doublets
the old Cabibbo theory must be generalized., In
this Letter we report the results of a new analy-
sis of nuclear B decay and semileptonic hyperon
and K, decays which makes use of the most up-
to-date data to determine two quark mixing pa-
rameters and corresponding angles in the sequen-
tial WS model. Previous bounds on mixing an-
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gles® 7 have been based on the standard 1974
Cabibbo fit by Roos.® Since several of the experi-
mental inputs have changed since that time, it is
clearly important to carry out a new analysis.
Consider the sequential WS model with 7,=2n
flavors of quarks. Denoting the vectors of Q= —3%
left-handed components of quark mass and gauge-
group eigenstates, respectively, as y;=(d, s,
b,...)Tand £, =(d’,s’, b",...)T, we have £, =Vy,,
where V is the unitary » Xn quark mixing matrix.
With no loss in generality one can define V,, and
V., to depend, respectively, on just one and two
rotation angles. In a KM-type parametrization
Vii=c,and V,=s,c,, where c,=cosb,, s,=sing,,
etc. If the Cabibbo-GIM structure of the charged
current were exact, the submatrix consisting of
Vii» %4,7=1,2 would be unitary by itself. This
would require that a number of new mixing angles
must vanish and would imply the existence of at
least one new stable quark® for the WS-KM mod-
el this would be the b quark. However, two re-
cent experiments'® have established that, given
a reasonable assumption about the hadronic pro-
duction cross section for b-flavored hadrons,
such particles are unstable, with lifetimes 7,<5
x107% sec. This implies that there must be finite



