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CP-violating but P-preserving electromagnetic couplings of the W* and Z

F. Boudjema
Laboratoire de Physique Nucleair e, 1'Universite de Montreal, C.P. 6128, Montreal,

Quebec, Canada H3C3J7
and Institut fiir Theoretische Physik, R WTH Aachen, D5100 Aachen, Germany

C. P. Burgess, C. Hamzaoui, and J. A. Robinson
Physics Department, McGill University, 3600 University Street, Montreal, Quebec, Canada H3A 2TB

(Received 31 October 1990)

We show that the electroweak gauge bosons 8 —and Z can have CP-violating (but P-preserving)
couplings to the photon and Z boson that are very weakly bounded by current limits on fermion
electric dipole moments, and by present data from the CERN e+e collider LEP. They neverthe-
less can be large enough to be detectable, for instance, in gauge-boson pair production at LEP 200.

I. INTRODUCTION AND SUMMARY

The advent of precision measurements on the Z pole, '

and of access to TeV energies at hadron colliders, has
put the standard model under increasingly searching
scrutiny over the past year. Although it has survived all
tests, most theorists expect it to ultimately fail as experi-
ments improve.

In the absence of the direct production of any new
unexpected particles, whatever "new physics" lies beyond
the standard model is most likely to be first detected
through deviations between accurately made standard-
model predictions and experiment. Quantities that are
forbidden or unobservably small within the standard
model are very clean observables for these purposes be-
cause their unambiguous observation necessarily implies
the existence of some sort of new physics. CP-violating
processes are good examples of this type because al-
though CP is broken in the standard model it is broken in
a very specific way with unobservably small consequences
for many quantities such as electric dipole moments
(EDM's) for elementary fermions, neutrons, atoms, and
molecules. Indeed, given the fantastic accuracy of the
bounds on such EDM's, this is one of the standard
model's most successful predictions.

Flavor-diagonal CP-violating effective interactions are
usually thought to be quite strongly bounded by the con-
straint that they not contribute too large an EDM for
fundamental fermions. Current limits ' on the electron
and neutron EDM can probe CP-violating physics up to
scales of thousands of TeV and so would appear to rule
out its appearance in accelerator experiments for the
foreseeable future.

Our purpose in this article is to present loopholes in
the reasoning of the previous paragraph. Our main point
is that although most CP-violating effective interactions
are very strongly bounded by EDM measurements there
are effective interactions that are large enough to be
detected in the near future at, say, the CERN e+e col-
lider LEP but which are nevertheless naturally
suppressed in their contributions to fermion EDM's. We

illustrate this observation by considering effective cou-
plings of the 8'—boson that preserve parity P but break
charge conjugation C and hence also CP. We show that,
unlike P- and CP-violating couplings, those that preserve
parity contribute only very weakly to the neutron and
electron EDM's or to current experiments at LEP, but
could nonetheless be large enough to be eventually
detected through 8 + 8' pair production at LEP 200 or
through WZ production at the Fermilab Tevatron.

The very exent of the present agreement between the
standard model and experiment suggests that the energy
scale associated with any new physics is probably quite
large compared to the masses of the electroweak gauge
bosons. This observation invites the application of
effective-Lagrangian techniques, which exploit the small
ratio between the weak and the new physics scales. It
can be used not only in our present analysis, but also
more generally to search for observables in which new
phenomena might be most easily detectable in upcoming
experiments.

We choose to organize our presentation in the follow-
ing way. We start with a discussion of the general form
required of any candidate gauge-boson moment by the
general requirements of Lorentz and SUt (2) XUr(1)
gauge invariance, together with the standard-model parti-
cle content. This presentation is followed by an estimate
of the implications of a representative CP-odd but P-even
interaction for experiments. The estimate starts with a
discussion of the domai~ of applicability of the effective-
Lagrangian approach, as quantified by the requirement
that the S matrix due to the effective interaction satisfy
the unitarity bound. This sets the upper limit on the po-
tential size of effect that may be entertained, even in prin-
ciple. We then show that the interaction discussed is nat-
urally much too small to have been detected to date, such
as through its contribution to the neutron EDM or
through its effects given the current Z sample at LEP.
It can nevertheless potentially produce detectable effects
in the near future at LEP or the Tevatron or through pre-
cision measurements of neutral-current processes. We
find that the most sensitive probe of these interactions
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may be found at LEP once collision energies rise above
the threshold for 8 + 8' pair production.

II. GENERAL 8'* AND Z CQUPLINGS

%'e start by considering the general requirements of
Lorentz invariance on the form of the couplings of the
weak bosons to the photon and the Z . The charged bo-
son 8'—can a priori have three distinct types of CP-odd
electromagnetic couplings (on shell). These are given in
terms of the matrix elements ' of the electromagnetic
current J, by

(8' lJ, lR' ) = —iee„*(p, )I ", (p„p2)s (p2),

+ h~(q )[q (q"r) +q'g ") 2q"q —
q ) .

In this expression p; and e„(p, ) are the 8'-boson four-
momentum and polarization vector, respectively. The
second equality in Eq. (1) gives only the T odd part -of
this matrix element. p" and q" are the sum and
difference, p =p, +p2 and q =p

&

—pz, of the four-
momenta of the initial and final 8 s.

fr(q ) and gr(q ) violate both P and T and may be
physically interpreted through their contributions to the
electric dipole ' (dii, ) and magnetic quadrupole (Qii. )

moments of the 8'boson:

dii, = [f~(0)—4g~(0)],
2Mw

(2)

By contrast, form factor hz(q ) is T odd but P even and
so cannot contribute to either dpi, or Q~. Since it van-
ishes when the photon is on shell, q =0, it also does not
contribute to processes which involve real external pho-
tons.

The T-violating part of the O'O'Z vertex admits a simi-
lar parametrization: '

(8' ~J„,~8' ) = —iezs*(p, )I"„;(pi,p2)s (p&),

I ".:-,'r.~~= fz(q')e""q, ,—gz(q')p's""'q—.p,
w

+ hz(q )[q (q"g '+q r) ") 2q"q q'] . —

(3)

The normalization of Eq. (3) differs from 'that of Eq. (1)
by the replacement e~ez=e/sinOwcosOw where Ow
represents, as usual, the electroweak mixing angle. The
implications of these types of 8 couplings for asym-
metries in 8 + 8 pair production have been examined
in Ref. 8, where it is concluded that they are potentially
observable given 1000 8'+ 8' pairs at LEP 200 if the Z
or photon form factors are ~ 0.5 when evaluated at
momentum transfers: q =4Mw. The form factors used

here are related to those of Ref. 8 by

fz(q )=f6 (q )cos 8ii, ,

gz(q ) =f 7 (q )cos 8~,
(q /Mii, )hz(q )=f~ (q )cos28~ .

(4)

~, here represent the usual Pauli matrices and c.,b, is the
completely antisymmetric symbol in the SUL (2) gauge in-
dices a, b, and c. The gauge coupling constants for Ur(1)
and SUL(2) are each denoted g, and g2, and the corre-
sponding field strengths are 8'„' and B„. The tilde
represents the duality transformation: B =

—,'c„& B
P is the usual Higgs doublet whose vacuum expectation
value (VEV) breaks the electroweak gauge group:

The constants A and B have dimensions of inverse mass
squared and may be computed in terms of the underlying
parameters of any given model. The form factors, cf.
Eqs. (1) and (3), induced by these effective interactions do
not vary appreciably with q for q smaller than the scale

The photon couplings are related by expressions that
differ from these only through their omission of the fac-
tors of cos Ow.

Similar expressions to Eqs. (1) and (3) may also be writ-
ten for the general ZZy and ZZZ vertex. ' The princi-
pal difference between the 8'—and Z form factors is the
constraint that follows from the fact that the Z is its
own antiparticle. The form factors that are the analogues
for the Z particle of f, (q ) and g;(q ) are inconsistent
with the Majorana nature of the Z and so necessarily
vanish for the neutral weak boson. The CP-violating and
P-preserving counterpart to h,.(q ) that is of most interest
for the present purposes is therefore in this case the only
CP-violating form factor possible.

We next turn to the implications for these general cou-
plings of SUL (2) XU&(1) gauge invariance together with
the knowledge that the scale for new physics is associated
with momenta q that are much larger than Mw and Mz.
This information is most efficiently summarized by the
requirement that the form factors of Eqs. (1) and (3) be
generated by the operators with the lowest possible di-
mension in an SUL (2) X Ur(1)-invariant effective I.a-
grangian. ' This Lagrangian must of course embody all
current constraints on deviations from the standard mod-
el such as, for example, the requirement that the p pa-
rameter not differ significantly from unity.

The lowest-dimension operators with a CP-violating
vertex involving just three electroweak gauge bosons
have dimension six. Any such operator that is invariant
with respect to the SUL(2)XUr(1) gauge group and
which only involves the usual standard-model fields (in-
cluding the usual Higgs doublet) may be written as a
linear combination of a basis of the following two in-
dependent ones: '

3

e,i„8'J'8'i 8'„' +Bgzg, (P r, P ) W„'Q " . (5)
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fz(0)=g2( —,'Bu sin 9~—AM~cos 0~)
=f~(0)sin 0~+2gr(0)cos20~,

gz(0)= —
—,'g2AM~cos O~=g (0)cos 9~ . (9)

A and B are bounded "by the requirement that they
do not induce too large a neutron EDM. The EDM is in-
duced by the one-loop correction to the electromagnetic
vertex in which a quark emits a virtual weak boson (i.e., a
W' —or Z ), which in turn emits a photon uia the CP
violating electromagnetic vertex due to Eq. (5). The
bound obtained in this way has been computed for
B ))3 (the case relevant when A and B are induced at
one loop, such as in left-right models) in Refs. 9 and 10,
giving the limit g& ((fr(0) 1 X 10 . The general case
for which B and A are arbitrary is considered in Ref. 11
where the bounds

f~(0) 81X10, gr(0) &1X10 (10)

are derived. These bounds assume that the effects of the

of the new physics. Their low-energy values are deter-
mined in terms of A and B by

fy(0) =g~( —,'Bu —AM~),

gr(0) = —
—,'g2M~ A,

and

operators of Eq. (5) do not cancel unnaturally with those
of other operators in fermion EDM's. Although the cal-
culation of Ref. 11 omits the graph involving the virtual
Z, this omission is unlikely to significantly alter this
bound. Notice that since both the electromagnetic and Z
form factors fz, gz, f~, and gr are determined by the
same two operators of Eq. (5), the WWZ couplings are
bounded to a size similar to that of the 8 Wy couplings.
Interactions this small are unobservable in 8'+ 8' pair
production at LEP 200.

Our main point is that this same conclusion does not
apply to the third T-odd and P-even form factors hz and
h z, which turn out to be completely unconstrained by the
current bounds on particle EDM's. If CP-violating 8'—
or Z interactions should be detected at LEP (or else-
where), they will therefore most likely be of this form.

In order to compute the size of this bound we must, as
before, determine the relevant lowest-dimension effective
operator in the effective Lagrangian that can contribute
to h (and hz). The operators of lowest dimension that
can possibly contribute to h (and to hz) within the
SU, ( 3 ) X SUL (2) X U r (1)-invariant effective action have
dimension eight. One such operator is

G=Cg, g (D„D,+D„D )PB"B&B +c.c.

which produces the following effective U, (1)-invariant
interactions:

C +H
[g~(W~W + W W'„)+ezZ„Z ]8"Bq(eF—ezsin O~Z)

+2C(u+H )B„8+I8"B~(eF—e sin'0 Z) +X„„„„,. (12)

F„and Z„denote here the usual Abelian field strengths
for the electromagnetic and Z fields, and X„„~h~,denotes
those terms involving the couplings of the unphysical sca-
lars. The WWy and WWZ couplings of Eq. (12) give rise
to the following form factors:

h~(0)=—Cg2U MW Cg4U4= —2CM~ =—,(13)

and

Cg2U Mw
hz(0) =+ sin Ow +2CMwsin Ow

2

Cg4U4=+ sin 0~ . (14)

III. LIMITS FROM PRINCIPLE
AND PHENOMENOLOGY

We next turn to the question of how large a coefficient
C can be consistently contemplated. The limits on the
size of C come in two types: (a) those of principle, due to
unitarity, which mark the boundaries of applicability of

the effective-Lagrangian formalism, and (b) those from
experiment since no evidence for nonstandard elec-
troweak boson couplings yet exists. We consider each of
these in turn, starting first with the unitarity bounds.

A. Unitarity bounds

Unitarity bounds on the effective interactions of Eqs.
(1) and (3) have been considered in a slightly different
context in Ref. 15. Here each of the 8'8'Z and 8'Wy
form factors are bounded by requiring that the magni-
tude of the amplitude for gauge-boson pair production in
fermion collisions be consistent with the upper bound set
by unitarity. Each of the form factors is treated in isola-
tion in this analysis, without including the relationships
that follow from SU&(2) XU&(1) invariance. For the pur-
poses of an estimate we use their results here, although it
should be borne in mind that gauge invariance imposes
relations among these form factors that typically improve
the high-energy behavior of scattering amplitudes for
spin-one particles.

Following Ref. 15 we cut off the effective theory at a
momentum scale A above which the low-energy
effective-Lagrangian approximation is expected to fail.
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This approximate expression is within 5% of the full re-
sult' for A ~ 1 TeV but should be weakened by around
20% for A-500 GeV. Using Eqs. (4) and (14) and choos-
ing the highest-momentum transfer possible, q -A, in
order to get the strongest limit, implies a corresponding
constraint on C:

C
1 TeV

A

4

for A) 1 TeV,
(16)

4 for A=500 GeV .

This represents an upper bound on the combination
CA ~ 50 which relates the potential size of the effects of
any new physics to the scale above which that physics ap-
pears. It should be compared with the experimental sen-
sitivity (determined below) with which C may be probed
in current and upcoming experiments.

B. Current phenomenological bounds

There are several places in which an effective interac-
tion of the form of Eq. (11) might contribute to precisely
measured quantities. These differ according to whether
they are sensitive to CP-violating effects and so arise
linearly in the coeKcient C or whether they simply probe
the existence of nonstandard 8 couplings and so are gen-
erated proportional to C . We now consider these in or-
der of decreasing sensitivity.

I. Precision electromeak experiments

Nonstandard couplings among the electroweak bosons
must in general modify the 8'and Z propagators through
their contributions to the transverse part of the gauge-
boson vacuum polarization, II„„=II(q )g„,+. . . . These
corrections can have detectable consequences through
the discrepancies they generate between detailed
standard-model predictions and observations for precise-
ly measured quantities. The contributions of heavy phys-
ics through electroweak-boson vacuum polarization may
be conveniently parametrized in terms of the quantities'

&11ww(o)

M~
511zz(0)

=a(Mz)T,
Mz

511ww(Mw') —all ww(O)

M~
a(Mz )

Sw, (17)
Ms 4 S1n Og

11zz(Mz ) —&11zz(0)

Mz

a(Mz )

2 2 Z4 sin O~cos 0~

where MS denotes the modified minimal-subtraction
scheme. The present experimental bounds on T and

For A))Mz the condition for the validity of tree-level
unitarity in the gauge-boson prodnction rate in fermion-
fermion collisions may be approximated by

2

(15)

2 4ezS1n 0~
q (CMw)(CA ),

from which we obtain

4 sin OgS= (CMw)(CA ) . (19)

Comparison with the bound 5 (4 then gives the condi-
tion

2
1 TeV

A
(20)

In these expressions A again indicates an upper momen-
tum cutoff above which the effective-action analysis fails
to apply.

2. Contributions at the Z pole

Given that the effective interaction, Eq. (11), involves
CP-violating Z couplings and that it can be observable
once 8'+ 8' pairs are produced at LEP 200, it is natural
to check whether it might also be observable, and so be
bounded by, current LEP experiments running at the Z"
resonance. In this section we investigate these effects of
the operator (11) and show that they are too small to be
detected to date, although they could well be large
enough to be detectable in the near future.

In order to address the experimental implications, we
need to first compute the effective coupling between fer-
mions and Z 's that is induced by the interactions of Eq.
(11). This effective fermion-Z coupling may be comput-
ed using the Feynman graphs of Fig. 1. We have evalu-
ated these graphs in R& gauge up to terms that are at

S=Sw=Sz are found in Ref. 16 to be ~T~ (2 and
~S

~
(4, respectively.

The parameter T is proportional to the deviation Ap of
the p parameter from unity. It is therefore constrained
by the ratio of the strengths of the charged- and neutral-
current interactions at low energies. Contributions to T,
or to Ap, are naturally suppressed to the extent that the
accidental "custodial" global SU(2) symmetry of the
Higgs sector is unbroken. This "custodial" SU(2) sym-
metry is only broken by the Ur(I) gauge couplings that
appear within the effective interaction of Eq. (11) through
the covariant derivatives of the Higgs field. Since this
part of the effective interaction does not contribute to the
8 and Z vacuum polarizations at q =0 it quite naturally
does not contribute to T.

Its contribution to 5 need not similarly vanish, howev-
er. Indeed this effective operator is a typical example of
new physics which does not give any deviation from unity
in the p parameter but which nonetheless produces po-
tentially detectable contributions to the q -dependent
part of the electroweak-boson self-energies. A rough esti-
mate of the size of its contribution would be

2
1

4 2 4ezs 0
SIIzz(q )=

(4~) M~ p
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least quadratic in fermion masses. This neglect is
justified because of the small masses and/or mixing an-
gles that are necessarily involved. The neglect of addi-
tional fermion masses also allows the omission of all
graphs that involve the unphysical scalars in this gauge.

These may be interpreted as contributing to the fer-
I

mion "weak dipole moment:"'

"zDM= 2—Zgf rs~" fZ„. (21)

where the contribution to Z'=Z' '+Z' '+Z") of
each of the three graphs of Fig. 1 is

Z(ww)f
eaCm f 2 Mzqf

4m sinO~cos 0~ M~

Z(zz) Z(ww) ec2g
eaCv m

48sln Ogcos ega

A
ln +O(A ) (1+4Q/sin Ow),

Mz

(22)

(23)

ea Cv rn'cos8w2 2

sin 0~
A +O(A )

Mz
(24)

In these expressions q =q„q" is the square of the four-
momentum carried by the Z particle. o.' is the usual
electromagnetic fine-structure constant, while Q' and

m', respectively, represent the electric charge (in units of
the proton charge) and the mass of fermion type f. The
function f (z) appearing in Eq. (22) is defined by

f(z)= dx
1 —x+x z/4

For z=Mz/Mw=1. 3 we have f=0.75. A is an ultravio-
let momentum cutoff above which the effective-
Lagrangian analysis does not apply. In all numerical esti-
mates that follow it suKces to take the logarithm to be
one.

For phenomenological purposes the fermions of most
interest here are the ~ lepton and the b quark. For both
of these the contribution due to the virtual Z and pho-
ton turns out to dominate and both have roughly the
same numerical value:

Zb--Z, =cu ln
2

(2x10 ) ecm.A

M~
(25)

(b)

(c)

FIG. 1. The Feynman graphs through which the gauge-
boson interactions of Eq. (12) contribute to the effective
fermion-Z vertex. Inclusion of the graph obtained by inter-
changing y~Z on the internal lines of (c) is understood.
Graphs not displayed here, such as those involving unphysical
scalars, contribute an amount that is suppressed relative to
those shown by extra factors of a small fermion mass.

These numbers are much too small to be detected for
CU ~10 . For purposes of comparison, the increase in
the total width, 5I (Z~bb), due to such a small coupling
would be' 5DZ~bb)-ICU I X(10 MeV). For
Cu & 10 these numbers are also much smaller than the
estimated accuracy' 5Z,=6X10 ' ecm with which
Z, might be measured through observations of correla-
tions in the process Z~~+~ ~~++ v,v, given the de-
cays of 10 Z 's. It is noteworthy, however, that this
asymmetry furnishes a more sensitive probe to this opera-
tor than does the neutron EDM, as we see in more detail
below.

An alternative place to check whether these new in-
teractions might turn up at LEP 100 would be through
decays mediated by an off'-shell Higgs boson: Z~Hff.
These could proceed Via the graph in which a virtual Z
boson emits a Higgs particle through a vertex due to the
couplings in Eq. (12). The rate for this process is also
easily seen to be much too tiny to be observable with a
sample of fewer than 10' Z 's. The width for this pro-
cess is

2

I (Z +Hff)=(CMz) — — F(x),
3~4+ cos ~ ~z
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in which the function F(x)= —,o(1 —x )(1—14x
—94x —14x +x ) —6x (1+x )lnx of the variable
x =III/Mz satisfies the inequality F &3&10 for the
mass range of current interest: 2mH &Mz. This gives
the branching ratio B(Z ~Hbb ) & (Cv ) (3.5
X 10 '

)—much too small to have been observed.

W, Z

3. The neutron electric dipole moment

A good constraint might be expected to arise due to
the current tight bounds on the intrinsic electric dipole
moment (EDM) of the neutron or of atoms. This turns
out not to give a strong limit. The analysis may be done
most directly by first integrating out the 8'—and Z par-
ticles to produce an effective operator at energy scales of
the order of several GeV.

This integration procedure gives two types of contribu-
tion to the low-energy theory: (i) graphs involving an
external photon line, such as in Fig. 2, generate an elec-
tric dipole moment form factor for the elementary fer-
mions, and (ii) those involving four external fermions,
such as Fig. 3, generate contact interactions. The
lowest-dimension operator produced by Fig. 2 that con-
tributes to the electromagnetic form factor is

Ger =
QDg (fy,o"—f )CIF„.

2 f
with coefficient Df given in terms of C by

euCm&Df=-
4& sin egrcos 0~
X [1+sec 9~(1+4Q&sin 8~) j+o.t.

(27)

(28)

FIG. 2. The Feynman graphs that generate an effective CP-
and P-violating fermion-photon interaction from the given CP-
odd but P-even 8'-photon coupling. The blob represents the
8'8 y (or Zzy) vertex with Feynman rule given by the form
factor h~ of Eq. (1). Graphs involving unphysical scalars only
contribute terms involving at least two powers of a fermion
mass and so may be neglected relative to those shown.

A11 of the terms that are not written, collectively denoted
"o.t." in the above, are suppressed by additional factors
of a fermion mass (or, for contributions due to a virtual
top quark, by small mixing angles}.

The explicit derivatives that appear in Eq. (27) arise
due to the overall factors of photon momentum q that
appear in the WWy vertex of Eq. (1). Since these factors
just involve the momentum of the external photon they
simply appear as a common factor in the final result. For
this reason the operator of Eq. (27) does not contribute to
the electric dipole moment of the fermion itself, however,

FIG. 3. Feynman graphs which generate CP-violating four-
fermion interactions in the effective theory below the weak
scale. These operators can contribute to an EDM for a bound
system such as the neutron or an atom.

d„-e D&AQcD e(Cv )a GFAQcDmf

=(Cv ) X(3 X 10 e cm) . (30}

We take here a current-quark mass =10 MeV for mf.

since the EDM is defined in terms of the value of the
form factor evaluated at q =0.

Although the effective operator of Eq. (27) cannot pro-
duce an EDM for any of the fundamental fermions of the
theory, it may nevertheless contribute to the EDM of a
composite system, such as for a neutron or an atom
through the exchange of a virtual photon between its
constituents, corresponding to replacing the exchanged
vector boson of Fig. 3 with a photon. Evaluation of this
graph produces an effective dimension-seuen four-fermion
interaction which is equivalent to the one obtained by
simplifying Eq. (27) using the electromagnetic equation of
motion: B„F"=eJ, in which J, is the electromagnetic
current, J, =g&Q&gy g. This result becomes

64 „, ;,„=ie+D~(fy, o "'f)d„J'
f

Similar expressions exist for the contact terms generated
by 8'and Z exchange. All of these 4 fermion contract in-
teractions, due to O' Z, and photon exchange, contribute
roughly the same size contributions to bound-state
EDM's.

The most difficult part now remains: the estimation of
the matrix elements of these four-fermion operators
necessary for computing atomic and neutron EDM's. To
our knowledge although matrix elements of dimension-
six four-fermion couplings within a neutron or an atom
have been estimated in the literature, no estimates exist
for the matrix element of the dimension-seven operator of
Eq. (29). Since present limits on four-fermion couplings
due to the EDM's of atoms, such as for ' Hg, are at best
of roughly the same size' as those derived from the neu-
tron EDM, we confine our attention here to the neutron.

We may form a very rough estimate of the size of the
induced neutron EDM that might be generated by a
representative interaction of the form of Eq. (29), by in-
cluding in our figuring all factors of couplings and powers
of 2m that are required by the short-distance graphs, such
as those of Fig. 3, and then approximating the matrix ele-
ment of the dimension-seven operator by multiplying by
the power of the QCD scale, AQCD= 150 MeV, that is re-
quired by dimensional analysis. This crudest of estimates
gives
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The resulting EDM is roughly seven orders of magnitude
below the current experimental limit if Cu = 1.

A more sophisticated estimate of the matrix element,
based on an adapation of the arguments of Ref. 19, gives
much the same result. By way of illustration we obtain
the following result for the matrix element of the four u-
quark term in Eq. (29):

2

d„=— MyD„( uu )
e

=(Cv )X( —1.2X10 e cm), (31)

C. Prospects for future detection

All of the above estimates lead to the conclusion that
the effective interaction of Eq. (11) could easily be present
with a strength of Cv 8 5 (if the cutoff is taken to be 500
GeV and somewhat lower for higher cutoffs) without con-
tradicting any present experimental limits. We next ar-
gue that this is sufFicient for its detection to be possible in
the near future at LEP or the Tevatron.

1. LEP200

The authors of Ref. 8 have considered the detection of
the form factors of Eqs. (1) and (3) through asymmetries
in W+ W pair production at +s = 190 GeV at LEP 200.
They conclude that an anomalous 8'8'Z form factor can
be detected provided that

(32)

This translates into a lower bound for C of the form

in which y= 6 GeV is the "vacuum magnetic suscepti-
bility, "and

(uu ) = —
2 (0.55 GeV ) .

1

(2m. )

M is a mass that appears when a derivative is converted
to a mass by using the Dirac equation for u within the
matrix element of the neutron. Opinions may differ as to
whether M thus produced should be a current or a con-
stituent quark mass so, in order to be as conservative as
possible, we take M to equal the neutron mass m„. The
correct choice for this mass is almost certainly smaller
than this, in which case the bound arising from the neu-
tron EDM would be correspondingly weaker, thereby
strengthening our conclusion that no useful bound on C
comes from the neutron EDM.

Taking the estimate of Eq. (30) implies a very weak
bound on C due to the current limit on the neutron EDM
of CU4&3x10'.

limits on our operator. This turns out not to be the case.
Various studies have dealt with the measurements of
the anomalous couplings of the weak bosons at the Tevat-
ron. It appears that the cleanest channel in which to ob-
serve them is through 8'y production. This process
turns out not to bound the operator we consider here,
however, since its matrix element vanishes for real pho-
tons. Hagiwara, Woodside, and Zeppenfeld ' have
presented a very careful analysis, of the hadroproduction
of 8'*Z and 6'+ 8, including cuts to reduce the back-
grounds. However, they only consider the effect of the
anomalous magnetic and the quadrupole moments of the
W and do not examine CP-violating interactions. Chang
and Lee, on the other hand, have studied the effects of
all 8'8'y and 8'8'Z anomalous couplings at the Tevat-
ron but only present the contribution of one specific
anomalous coupling at a time, allowing a deviation from
their SM values as large as one. To get a limit on our
operator we have reanalyzed their results while incor-
porating the approach of Hagiwara et al. to eliminate
the background.

One should first note that the 8'8 channel is more sen-
sitive to the operator of Eq. (11) than is WZ production.
This is due to the factor of q that appears in its Feyn-
man rule, representing the invariant mass of the neutral
vector boson (either photon or Z) that appears in the ver-
tex. For WR'production with a total energy of 1.8 TeV,
this factor corresponds to a 8' pair invariant mass of
about 300 GeV (on average). We have assumed a center-
of-mass energy of 1.8 TeV with a luminosity of 4.7 pb
To eliminate backgrounds we choose to demand that
both 8''s decay leptonically rather than imposing cuts
on the invariant masses to keep only high-p, events. Only
4.7% of all WS'events decay in this way. Demanding at
least five such events leads to the lower bound: Cv )9.
A twofold increase in luminosity would reduce this
bound to CU )6.5. One of us has recently obtained
slightly weaker bounds by considering the ZZ production
channel.

Of course the higher the energies that are available the
better are the bounds that may be obtained. For in-
stance, the recently proposed e+e collider at 500 GeV
is sensitive to couplings as small as CU )0.05.

Clearly a CP-violating interaction strength of the type
examined here can be large enough to be detected at ei-
ther LEP within the next few years without having been
detected to date in any experiments. It might also be
detected at the Tevatron although the strength of cou-
pling required is uncomfortably close to the unitarity
bound even when the cutoff is as low as 500 GeV.

Cv )0.8, (33) ACKNOWLEDGMENTS

which is clearly consistent with all of the above con-
straints for cutoffs anywhere below A - 1 TeV.

2. The Tevatron

Although the Tevatron environment is not as "clean"
as that of an e+e machine one can nonetheless reach
higher energies than would be available even at LEP 200.
It might therefore be expected in principle to set better
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