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CP-Violating Correlations in Electron-Positron Annihilation into z Leptons
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An analysis of CP-violating eA'ects in e+e i i is outlined. Some tensor observables sensitive to
CP-odd couplings arising from possible electric or weak dipole moments d„d, of the i are presented.

For the case where both i's decay via i xv, we estimate the the accuracies with which d, and d, can

be measured at the Z resonance and at a i-charm or 8 factory, respectively.

PACS numbers: 11.30.Er, 13.10.+q, 14.60.3j

e+(p+)+e (p )—z (k+)+ z (k )

in the c.m. system. We assume unpolarized e+ and e
beams. The initial state is then described by a CP-
invariant density matrix. CP-odd observables for the
final state can be constructed from the unit vector
k+ =k+/~ k+ ~

and the z+ and z spin operators denot-
ed by cr1 and 1|3a.. They act in the product space of
the r+ and z spin spaces. Under a CP transformation
we have

k+, cr1~1cx. (2)

One of the most intriguing phenomena of particle
physics is CP violation, observed so far only in the
neutral-kaon system. Great eAort has been made to find

evidence for CP and/or time-reversal (T) violation in

other places. Among those eAorts are the searches for
electric dipole moments (EDM's) of particles. (An
EDM of a particle signals breakdown of T invariance
which, if the CPT theorem applies, also implies CP viola-
tion. ) Stringent upper limits on the EDM of the neutron
and the electron have been obtained. ' Not much is

known however, about EDM's of heavy fermions, i.e., of
the i lepton and of baryons containing c or b quarks.
As EDM's of particles are very sensitive to new CP-
violating interactions (that is, forces not described by
the Kobayashi-Maskawa mechanism ) it is of great in-

terest to obtain direct experimental information also on
EDM's of heavy flavors.

In this Letter we show that the reaction e+e
z is well suited to study two CP-violating param-

eters of the ~ lepton; to wit, its electric and weak dipole

form factors d, (s),d, (s) at c.m. energy Ws which may be

present in the T~ photon and irZ boson vertices, respec-
tively. [The EDM of the z is given by d, (s=O).] We
shall also briefly discuss models ~here these form factors
can be sizable.

In the following we consider the reaction

A basis for all spin-momentum correlation observables is

given by irreducible tensors of rank n (n=0, 1,2, . . . )
constructed from the three vectors above. The CP trans-
formation (2) allows the classification of these observ-
ables as CP-even and -odd ones. Restricting ourselves to
tensors of rank n ~ 2 we find fourteen linearly indepen-
dent CP-odd observables. Here we only give two rank-2
tensor observables which we consider particularly
promising for experimental investigations:

A;~ =k+;[k+ x (~@1—1cr)]i+(i j), (3)

8& =k +[(o I) x (I a)]i+ (i j) ——', 8l(trace), (4)

where 1 ~ i,j ~ 3 are the Cartesian vector indices.
Clearly, A, B are odd under CP. Since they are CPT-
even no Anal-state interactions are required to render
their expectation values nonzero. Thus, they can get
contributions from CP-violating interactions at the tree-
diagram level.

Let us turn now to CP-violating interactions. The
standard model clearly predicts no observable CP viola-
tion in the leptonic reaction (1). For classifying the
eft'ects of new CP-violating interactions on (1) we as-
sume that these interactions are characterized by a scale
Ac@»&s. An effective Lagrangian analysis can then be
made where the CP-violating forces are represented by
local operators of dimension d with couplings proportion-
al to A~p . We neglect the electron mass and keep only
contact terms corresponding to operators with d ~ 6.
Then we find ' that for unpolarized e +e beams we are
left with the d =5 electric and weak dipole interactions,

L~p ———,
'

t zct"'yg z(d,F„„+d,Z„,),
affecting the zzy and zzZ vertices in Figs. 1(b) and 1(c),
respectively. In (5) F„, is the electromagnetic field ten-
sor, Z„,=8„Z,—9,Z„, d, is the EDM of the r, and d, its
neutral-current analog.

Alternatively, a form-factor decomposition of the ver-
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tices represented by Fig. 1 can be made. In this ap-
proach d„d, are to be identified with the CP-odd dipole
form factors d, (s),d, (s) in the zry and rrZ vertices, re-

spectively. These form factors may have abortive parts
which we shall neglect, however, in the following.

In many extensions of the standard model CP violation
in the lepton sector occurs quite naturally and nonzero
form factors d, (s),d, (s) are generated. (A priori d, and

1, are not related but one expects them to be of the same
order of magnitude in such models. ) Probably the most
sizable potential source of CP violation, generating
"large" dipole moments for heavy fermions, is Higgs-
boson models of CP violation. In particular, there are
models '' containing neutral spin-0 bosons p, some of
which may couple solely to leptons I through lepton-
Aavor-conserving scalar and pseudoscalar couplings.
These interactions then generate dI, dI which grow
like ' '' mI, unless m~ ))m&. That is, in such models
one gets

Js =mz we get

12%3 d,mz
IJ SV

(6)
FIG. 1. Decomposition of the amplitude of (1) into one-

particle irreducible parts (with respect to standard-model par-
ticles) (a)-(c). Higgs-boson exchange is neglected.

mp
d— mT

Jp e (6) and &8;~& =0, where we put the weak angle at
sin 0~= 4 and neglected terms of order m, /mz. Here
e & 0 is the positron charge and

Using the present experimental limits on d, and d„, this

implies that sizable values of d„d„say of the order
10 ' e cm, are conceivable.

We have calculated the expectation values of (3) and

(4) arising from the CP-odd amplitude parametrized by

d„d, interfering with the CP-even standard-model am-

plitude (of which only the leading order is taken into ac-
count). On the Z resonance the y exchange diagram
Fig. 1(b) enters only as a radiative correction of order a
and we neglect it there. Keeping thus only 1, for

(8)
with p+ =p+/

~ p+ ~
the tensor polarization of the Z.

On the other hand, we consider the reaction (1) for
Js ~ 10 GeV, an energy region which is already quite
well explored experimentally and which will be even
better covered if the planned r-charm and/or B factories
are realized. At these energies we can neglect the Z ex-
change [Fig. 1(c)], being suppressed with respect to y
exchange by s/mz. Keeping the EDM d, as the only
CP-violating coupling we find

&/2 ,
4m,

&a;, &
=—

5 S

4m,1+ 1+
3Js . ,

—]
2m

S

d,
Wss;, .

e

T,, =(q+ —q ), (q+ xq ))+ (i j),
(q+ x q —))

T;, =(q+ —q —); +(~—j)'
[q+ xq

(10)

Calculating the expectation values of (10) and (11) we
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Here &A;) & =0 because 2;~ is C-odd, whereas the y-

exchange diagrams are C-even.
The measurement of the correlations A, B requires

knowledge of the momentum directions of the ~'s. In
principle this can be obtained with a vertex chamber.
The polarization of the z's can be obtained through their
decays, e.g. , from r zv assuming the standard V—A
interaction.

We will now discuss some CP-odd observables for the
case where both r's decay into ~v requiring only
knowledge of the momenta q ~ or unit momenta
q+- =q+. / ~

q+.
~

of x — in the overall c.m. system.
Again we find tensor observables to be most useful:

keep as above at the Z resonance only d„and for
Js «mz only d, . We then get

&T;, & =xcs;, , &T~& =xmas;~, (12)

where x =mzd, /e for Ws =mz and x =lsd, /e for
Js «mz. Table I contains for some c.m. energies the

J%

values of c,c and the averages of T33 and T33 which can
be used to assess the attainable accuracy on d, and d,
from such correlation measurements. Using the stan-
dard branching ratios we conclude that with 10 Z's one
can obtain an accuracy 8(d, ) =6x10 ' ecm. At a r-
charm factory with Js =4.6 GeV, one can reach
6(d, ) =2x10 ' ecm given 10 r pairs. The same ac-
curacy is attainable at a 8 factory given 10 r pairs at
Ws =10 GeV.

The observables (10) and (11) may also be used for
channels which have higher event rates than z zv.
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TABLE I. Values for c and c defined in (12) and standard-
model averages of T33 and T33 for various Ws. We used2 "2

mz =92 GeV and sin 0~ =0.23.

Ws

(GeV) (GeV ')
((T33)) '"
(GeV') (&T' &) '"

4.0
4.6
10.0
92.0

0.16
0.40
3.95

—1.42x 10

0.13
0.25
0.44

—1.56

0.82
1.38
9.74

8.9 x 102

0.95
1.0

1.42
0.86

For instance, one may sum up the leptonic modes
z+z l+vlv, l v~v, or one may use all decays of z-
into one charged prong identifying q+ (q-) in (10) and
(11) with the positively (negatively) charged-particle
momentum. In this way the accuracy of measuring d,
and d, can be increased substantially. The relevant for-
mulas will be given elsewhere.

The CP-odd observable 0=p+. (q+xq ) was sug-
gested in Ref. 5 to search for a nonzero d, in
e+e z+z z+v, z v, around the Z resonance.
The contribution of d, to (0) was not considered. Then
(0) vanishes in Born approximation at Js =mz. As-
suming the collection of an integrated luminosity of 170
pb in the vicinity of Js =mz (which if spent at
Js =mz, would produce about 10 Z's) the 1-standard-
deviation accuracy with which d, could be measured was
estimated to be 8(d, ) =3&&10 ' ecm.

To summarize, we have proposed simple CP-odd ob-
servables (3), (4), (10), and (11) for the reaction
e+e z+z which are sensitive to the electric dipole
moment of the r (if Js ((mz) and its weak dipole mo-

ment (if Js =mz). In this respect experimental investi-
gations at low and high energy are complementary. The
observables (10) and (11) only require measurement of
the x — momenta from the z xv decays. Analogous

observables can be applied to other decay channels. We
emphasize that the above observables are unflawed indi-
cators of CP violation also if CP-odd interactions in z de-
cays are present. Finally, we would like to note that the
correlations (3) and (4) can be used to look for CP
violating eff'ects in any reaction e +e fermion
+antifermion and pp fermion+ antifermion. In-
teresting cases might be e+e AA, e+e A, A„
e+e AbAq, to be investigated at z-charm and 8 fac-
tories, and pp AA which can be studied at low-energy
antiproton facilities. If 10 z+ z pairs are produced at
a z-charm factory, cr can be measured with a statistical
accuracy of 3X 10 . But systematic eA'ects in absolute
cross-section measurements are well known to be a
dificult problem. Assuming nevertheless optimistically
the relative deviation of the cross section from its
standard-model value to be measured at js =4 and 6
GeV as Bcr/a ~ 3 x 10, we would obtain

~ d, ~

~ 3
X10 ' ecm. This bound would be 50% larger than the
direct one obtainable from measuring (10) and (11) for
the z xv mode alone. Moreover, the latter type of in-
vestigation allows further increase in sensitivity by tak-
ing into account also other decay channels.
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Note added. —At a low-energy z facility an upper
bound on the EDM d, could also be obtained in an
analogous fashion as the one deduced by Barr and Mar-
ciano at DESY PETRA energies. 2 3 Neglecting radia-
tive corrections the cross section for e+e z+r is

4+aa=
3$ SS

r i 1/2 '
4m, 2m,1+ S

2

2
4m, 1+

S
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~
d,

~
& 10

ecm. But this argument is an indirect one and cancellations of
the EDM contribution with other possible new-physics terms in

the cross section cannot be excluded. Nevertheless, this nurn-

ber indicates the orders of magnitude in accuracy which direct
experiments should try to surpass.
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