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The possibility of CP asymmetries in decays of N and Z bosons is examined. The asymmetries
studied are the differences in the branching ratios of charge-conjugate modes such as W+ tb vs

tb or Z bs vs Z bs. In the standard model, ~ith three generations, such effects are
found to be vanishingly small. ~ith four generations, flavor-changing transitions such as Z M
or b'b may be observable, but the prospects for observing CP asymmetries appear discouraging.
%e also discuss the situation in some other models of CP nonconservation.
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One outstanding problem in particle physics is that
the origin of the observed CP nonconservation'2 in
the neutral-kaon system is not properly understood. It
may be that the standard model (SM) with three gen-
erations is the underlying cause of CP nonconserva-
tion. However, the known facts on CP nonconserva-
tion are quite compatible even with Wolfenstein's
phenomenological model3 of CP which was proposed
very shortly after the experimental discovery, i.e., way

before the advent of gauge theories for electroweak in-

teractions. The extreme paucity of experimental
knowledge on CP has made it very difficult to distin-
guish between various theoretical alternatives. An im-

portant challenge therefore is to search for other are-
nas where CP nonconservation may make its presence
felt. Motivated by these considerations we present
here a study of CP asymmetry in the decays of Wand
Z bosons. ~ These bosons are important new thresh-
olds in physics and study of their decays is one way of
examining physics at a distance scale unaccessible
heretofore. In the standard model with three genera-
tions we find that the resultant asymmetries are van-

ishingly small. However, to the extent that there is a
lack of understanding of the origin of CP nonconserva-
tion, experimental searches for the effects may be
worthwhile.

The asymmetries under consideration are (at the
quark level) in two-body decays, e.g. , W+ tb, cb,
etc. , or Z tc, bs, etc. CP conservation requires that
the partial widths of charge-conjugate modes be identi-
cal. Thus one can constroct an asymmetry parameter,
e.g. ,

one-loop order with the possibility that the kinematics
of the situation allow some of the intermediate parti-
cles to go on their mass shell. For the case of W de-
cays (in the SM) it is easy to see that although the
corrections to the Wtb vertex by emission and absorp-
tion of an arbitrary number of gluons (or photons or
Z's) can generate an imaginary part, that is not suffi-
cient to yield a nonvanishing contribution to a@.
Correction of the Wtb vertex by a single W emission
and reabsorption is not possible so long as there are
only charge —,

' and ——,
'

quarks as is the case in the SM.
Thus a nonvanishing contribution to arr can arise only
via two-loop (i.e., with two W exchanges) corrections
to the tree graph and consequently is expected to be
extraordinarily small.

For Z decays into two-body modes with mixed quark
flavors (such as Z tc, bs, etc.) a nonvanishing con-
tribution to az can arise through the W-exchange
graph as shown in Fig. 1. Furthermore, since there is
no tree-graph contribution to these decays the real and
imaginary parts both arise at the same order in the
gauge coupling. So, in principle, CP asymmetries in
such decays can be much larger than in those
processes in which the asymmetry arises through in-
terference of tree and loop graphs. But the problem is
that in the SM with three generations the rates for
these modes have been estimated to be vanishingly
small: Using the works6 of Clements et al. and

The underlying mechanism that contributes to such an
asymmetry is very similar to the one proposed in the
literature for 8 mesons. A necessary criterion for a
nonvanishing value for anlz is that the amplitudes for
the relevant decays have an absorptive part. That in
turn requires calculation of the amplitude to at least

FIG. l. A diagram contributing to flavor-changing Z de-
cay (e.g. , Z bs) in the three-generation case.
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Ganapathi et al. and substituting the values of the
relevant Kobayashi-Maskawa (KM) parameters that
have become known (e.g. , V,b —0.04 and V„—0.04)
we estimate that the branching ratio for Z bs+ bs is
about 10 9 to 10 8 for m, = 40 to 100 GeV. The
branching ratio for rc final states is even smaller. The
rates for the modes are so small that the question of
whether the CP asymmetry is small or large is purely
academic. In any case, through unitarity of the KM
matrix and our present knowledge about its elements,
one can easily see that the expected CP asymmetry it-
self is very small in the three-generation case. In the
context of the standard model the only possibility of
observation is then if there are more than three gen-
era. tiOnS,

For the case of four generations one cannot make
estimates with a great degree of reliability as the
masses and mixing angles are largely open to specula-
tion. By now there are many parametrizations for the
4X 4 mixing matrix that are available in the literature.
Among those we will use the following as illustrative
examples: Cheng and Li,a Pakvasa9 (a), Pakvasa9 (b),
and Botella and Chau. '0

Cheng and Li (CL) extend Wolfenstein's" param-
etrization of the KM matrix. This extension is built on
rather strong theoretical prejudice, i.e. , an anticipation
of a repetition of the Fritzsch'2 hierarchy for the
fourth generation and the assumption that m„ is
anomalously low. It suggests m&, —60 GeV and

m, ~ 450 GeV. Pakvasa's parametrizations9 are basedt'
on the assumption that V~ is severely suppressed.
Botella and Chau (BC)'0 are more phenomenological
and take the 2X 2 submatrix that is important for the
discussion at hand as

to a given final state (say ft f2) can be estimated to be
proportional to VJf1 VJf2mi' Thus, for example, the
contribution of the r loop to Nis proportional to m,',
etc. In this way one can easily estimate the rates for
various final states. The results for the branching ratio
(8) and the expected CP asymmetry (az) for the four
models mentioned above are given in Table I for two
of the most promising final states: bs and b'b.

From Table I we see that the CL model appears to
be highly pessimistic for both modes. Recalling that
the upcoming Z factories such as the Stanford Linear
Collider and the CERN e+e collider LEP may pro-
duce about 106 Z's per year, we see that both the bs
and b'b modes may have observable branching ratios
in the models of Pakvasa and Bottella and Chau. The
bs could have 8 —10 6 whereas b'b could be as much
as 10 4-10 5. We also note in passing that experi-
mentally the identification of the bs mode may be
much more problematic than the b'b mode. We also
see from Table I that the minimum number (indicated
by %~ 1/Baz2) of Z decays required to see CPasym-
metry in these modes appears to be more than 108.
So, while the flavor-nondiagonal Z decays may be ob-
servable, it seems that at least in the SM the possibility
of observing CP nonconservation is remote.

It is of interest to get a qualitative understanding of
Table I. A prerequisite for observing an asymmetry in
rates is to have substantial partial rates, which can be
achieved by demanding a heavy fourth-generation
quark in the loop. However, for a broad range of
quark masses, the situation regarding the observability
of CP asymmetry does not improve. For while we in-
crease the heavy-quark mass ( m(2), the absorptive part
of the amplitude is constrained by the condition that
the internal quark mass has to be less than mz/2.
Thus, when other parameters are held fixed, 8 tends
to increase as m& whereas az tends to decrease as

m(2
2. So for a broad range of values of m(2, the situa-

tion for the observability of CP, being controlled by—( Baz2) ', remains unaffected.

TABLE I. Summary of branching ratio (8),t CPasymmetry (az), and minimum number (/V'= I/Bag) required for Observa-
bility of CP asymmetry. $ is a typical CP-nonconserving phase and C„,S„are defined in Eq. (2). The inequality signs imply
that the numbers are obtained by maximation of the possible asymmetry. We have assumed that m, & Mz/2 and have used
Af( —500 Gc+ Mld ftlb 60 Gc+ iIl thc IMIHcrica1 estimate. FQr BQtc11a aIld ChaU, Iangcs 111dicatcd depend Qn thc chQ1cc Qf

their parameters.
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Let us next note, very briefly, that the expected 8
for the tc mode (in the SM with four generations) is
still much smaller than the bs mode. Of course, once
again, that ought to encourage experimentalists to
search for the tc mode as its observation would signal
departure from the SM.

We now briefly discuss the situation in some exten-
sions of the standard model. We first consider the
possibility of a real KM matrix with CP nonconserva-
tion arising from horizontal gauge interactions. For
definiteness, we restrict our consideration to one such
modeli3 which is based on SU(2) L S SUtt (2)
8 U(1) with right-handed components of the three

families in an adjoint representation of SU~ (2) which
is the horizontal gauge group. The model has one
dominant phase as c t or s b transition with
horizontal-gauge-boson emission. The KL -Ks mass
difference then restricts the mass of the horizontal
gauge boson to be ~ 5 TeV whereas the observed CP
nonconservation requires that the mass ~ 60 TeV.

The model does not give rise to flavor-changing
quark-antiquark decays of Z bosons as horizontal-
gauge-boson exchange conserves horizontal charge.
Thus, e.g. , a virtual cc pair with horizontal charge 0
cannot change to tc (which has a nonvanishing hor-
izontal charge) by emitting horizontal gauge bosons.
A loop correction to the tree-graph amplitude for W-

boson decays does exist as shown in Fig. 2. Thus a
nonvanishing value for ait can arise in the model.
However, on interference with the tree graph (which is
purely left handed) the amplitude becomes proportion-
al to internal and external quark masses. For the tb
mode, the asymmetry, consequently, has the following
structure ($ is the CP-nonconserving phase)'3:

ap = (gtt sinlgMg ) t1lg~m& mb/M~, (3)

which is —10 '2! Now the dependence of this ex-
pression on quark masses is a direct result of our
choice of putting the right-handed components of fer-
mions into representations of the horizontal group.
This choice has some theoretical advantages but could
hardly be guaranteed. Therefore we have examined
the consequences of a left-handed horizontal interac-

FIG. 2. A possible loop correction to the usual tree graph
for, say, W tb. g is a horizontal gauge boson.

f( VxM) (4)

and f( VxM) is a function of VKM, where M&2, is some
"phase-space reduced" effective M&~. Again ait is
discouragingly small even if one uses the most optimal
bound for M~, i.e., ~ 2 TeV.

The left-right-symmetric model has the Wq mass
limit M~ ~ 2 TeV. '5 Thus we do not expect any siz-
able az and the situation for ait is the same as in the
SM.

Another model of interest is the Weinberg model of
CP nonconservation. '6 The model has three Higgs
doublets, with natural flavor conservation and spon-
taneous CP nonconservation, which has a conse-
quence'7 that the KM matrix Vis real and CP noncon-
servation occurs through Higgs exchange. It has been
argued'8 that this model gives rise to too large a value
for e'/e How. ever, recently Branco, Buras, and
Gerard'9 (BBG) have resuscitated the model. They
find that if an interesting hierarchy20 among the vacu-
um expectation values of the Higgs doublets is satis-
fied, the model can accommodate all known experi-
mental constraints, including e'/e and neutron electric
dipole moment.

In the Weinberg model, loop corrections to Z decay
via charged Higgs exchange are very similar to the un-
physical scalar exchange graphs in the standard model,
except that now there are more parameters. One has
the usual charged (unphysical) Higgs-Yukawa coup-
lings modulated by ratios of mixing matrix elements in
the charged-Higgs-boson sector (which arises analo-
gously to the KM matrix when the Higgs-boson mass
matrix is diagonalized), and also the two physical
Higgs-boson masses enter in the boson exchange pro-
pagator, in place of Mit. Although in the standard
model, as stated earlier, one finds a negligibly small
result for 8(Z bs+ bs) —10 9, the reason for it to
be nonvanishing at all is due to insufficient Glashow-
Iliopoulos-Maiani cancellation because of unequal
quark masses that enter into the coupling of longitudi-
nal W bosons (i.e., unphysical scalar Yukawa coup-
lings) to quarks. In the Weinberg type of models,
Glashow-Iliopoulos-Maiani cancellation is expected to
be far less effective since there are additional parame-
ters. For instance, in the analysis of BBG,'9 if one
makes one of the physical Higgs bosons very heavy, 2'

it is found that the intrinsic CP-nonconserving phase is
about 0.02, whereas various amplitudes in Z decay via
Higgs-boson exchange may gain enhancement factors
up to 2X10z-2X104. Thus, one cannot rule out the
possibility that in the steinberg model one may have
large flavor-changing Z decay rates together with ob-

tion as well. '4 The generic structure of the asymmetry
then has the form

ait = (5/24m) f( VKM) (gt2t sing/Mg2) Mi22
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servable CP nonconservation. Note that in the analo-
gous, but not identical, situation of the neutron elec-
tric dipole moment (the graphs are similar, with y re-
placing Z; the difference is that in Z decay we rely on
absorptive parts of the amplitude to exhibit CP non-
conservation), it is the Weinberg model, among all po-
pular models, that gives the largest value. Hence, it is
possible that in the case of Z decay, if the parameters
of the Weinberg model are favorable it may lead to in-
teresting CP-nonconserving asymmetries. 22

We note in passing the situation concerning super-
symmetric extensions of the SM. The gluon contribu-
tion to Z tc has been considered and the possible B
are not encouraging. 23 The W-'ino contribution is ex-
pected to be smaller because the gauge coupling is
weak. However, the Higgs fermion couples to s-
quark-quark analogous to the usual Yukawa couplings
and here again, as in the Weinberg type of models, '6'9
there may be interesting effects. 22 2~
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iVote added. —After submission of this paper we
learned of the related work of Bernabeu, Gavela, and
Santamaria. zs We consider more cases in the SM with
four generations as well as some extensions of the SM
and we particularly emphasize the bb' mode. It may be
useful to clarify the difference between the two works
on the bs mode where Bernabau, Gavela, and San-
tamaria appear more optimistic than us. This is, in
part, because they have taken V, ,

—Hc =0.22, which

we feel is rather unrealistically optimistic, and we take
V, —HC2.t's
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