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Certain CP-odd momentum correlations in the production and subsequent decay of 7 pairs in
e+e collisions are enhanced signi6cantly when the e+ and e beams are longitudinally polarized.
These may be used to probe the real and imaginary parts of d~, the electric dipole moment of the w.

Closed-form expressions for these "vector correlations" and the standard deviation of the operators
de6ning them due to standard model interactions are presented for the two-body final states of 7.

decays. If 42'70 average polarization of each beam is achieved, as proposed for the 7.-charm factories,
with equal integrated luminosities for each sign of polarization and a total yield of 2 x 10 7.+w pairs,
it is possible to attain sensitivities for ~bRed~~ of 8 x 10, 1 x 10, 1 x 10 ecm, respectively,
and for ~bimd~

~

of 4 x 10,6 x 10, 5 x 10 e cm, respectively, at the three operating center-
of-mass energies of 3.67, 4.25, and 10.58 GeV. These bounds emerge when the effects of a possible
weak dipole form factor d are negligible as is the case when it is of the same order of magnitude
as d . Furthermore, in such a polarization experiment where different polarizations are possible, a
model-independent disentangling of their individual effects is possible, and a technique to achieve
this is described. A strong longitudinal polarization physics program at the v-charm factory appears
warranted.

PACS number(s): 13.10.+q, 13.40.Em, 13.88.+e, 14.60.Fg

I. INTRODUCTION

Leptonic CP violation would signal interactions not
described in the framework of the standard model since it
arises there only at the multiloop level and is way below
any measurable level. For example, CP-violating elec-
tric dipole moments (EDM's) of leptons vanish at least
to three-loop order in the standard model [1,2], and are
estimated to be (m~/MeV) x 1.6 x 10 4O e cm, where m~
is the mass of the lepton [2]. Whereas the EDM of the
electron is constrained to be & 10 e cm and that of the
muon is & 10 ecm [3), the constraint on the EDM of
the w leptons [4] is less stringent, viz. & 5x10 e cm [3].
Thus an important experimental challenge is to measure
the v electric dipole moment far more accurately than at
present. The analogous coupling of the v to the Z bo-
son, the weak dipole form factor (WDFF) [4], is better
constrained &om the CERN e+e collider LEP data to
have its real part & 7.8 x 10 e cm and imaginary part
& 4.5x10 ~7 ecm at the Z resonance [5]. The purpose of
this paper is to demonstrate that the availability of large
polarization will go a long way in improving the mea-
surement of the w edm. Further, the discussion presented
here may also be easily extended to other physical situ-
ations which include the measurement of CP-violating
form factors in W+W or tt production.

An approach has been proposed which consists of mea-
suring CP odd correlations [6,7-] amongst the momenta of
the final-state particles in the reaction e+e ~ w+w
X+v X v, without having to reconstruct the w momen-

turn or spin directions. In particular, one may construct
scalar, vector, and tensor correlations [8] &om the mo-
menta g+ and q of the decay products of the w+ and

Of these, tensor correlations were suggested to be
the most sensitive in experiments at LEP with unpolar-
ized beams. One such tensor correlation was looked for in
LEP experiments [9], and a limit on the real part of the
WDFF was obtained. In [10] it has been shown that the
presence of large longitudinal polarization renders certain
simple vector correlations sensitive to the real as well as
to the imaginary parts of the WDFF at the Z factory,
the SLAC Linear Collider (SLC).

Here we investigate the sensitivity of these correlations
to the real and imaginary parts of the EDM when the pro-
duction of w+w is no longer dominated by Z exchange
and instead by photon exchange as is typically the case
when +s « mz. In particular, we will present much
of our numerical results for the proposed v.-charm facto-
ries (~CF) [11] where there exists ample opportunity to
have substantial polarization of the e+ and e beams [12].
The prospects for the measurement of the EDM at the v-
charm factory with unpolarized beams has already been
considered [13] by measuring tensor correlations among
the momenta of final-state particles in the w decays. Al-
gebraically our approach proves simpler since the vector
correlations (more correctly their scalar product with the
e+ beam direction) we consider can be expressed in closed
form and the standard deviation of the operators defining
the correlations due to the standard model interactions
can also be so expressed for the two-body final states of
the v decays. In practice the expressions of Ref. [10] valid
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at the Z peak are now generalized to include the pure p*
as well as the p*-Z* interference terms, using in addition
to the standard model (SM), the CP-violating terms in
the e6'ective Hamiltonian for the reaction

e+e -+ p*, Z* m 7.+7. m BAv v

given in Ref. [13]. (Note that the expressions obtained
here are also valid at much larger center of mass energies
where contributions from p* and Z* are significant, and
can also be easily modified for W+W and tt production
[14] where it may be possible to probe CP violation. ) For
comparable magnitudes of the EDM and WDFF, at the
7.CF energies, the CP-odd correlations obtain their most
significant contribution from the EDM [15].

The CP-odd momentum correlations we consider here
are associated with the c.m. momenta p of e+, q& of
B, and q~ of A, where the B and A arise in the decays
~+ —+ B + v and ~ —+ A + v, and where A and B
run over vr, p, Aj, etc. In the case when A and B are
diferent, one has to consider also the decays with A and
B interchanged, so as to construct correlations which are
explicitly CP odd. The calculations include two-body
decay modes of the 7 in general and is applied specifi-
cally to the case of 7 m 7t+v and 7 —+ p+v due to the
fact that these modes possess a good resolving power of
the w polarization, parametrized in terms of the constant
n which takes the value 1 for the vr channel (with branch-
ing fraction of about 11%) and 0.46 for the p channel [13]
(with branching fraction of about 22%). It may be noted
that with these Anal states the substantive fraction of the
channels that are sensitive to such correlations are ac-
counted for; three-body leptonic final states must also be
included; they are characterized by a somewhat smaller
n = —0.33 (with branching f'raction of about 35%). Thus
with the channels studied here, one more or less reaches
the limits of discovery in such experiments. (It would also
be possible to apply this to the decay & —+ Ai+ v; o.~, is
however too small to be of any experimental relevance. )
Further, we also present closed-form expressions for the
variance of the correlations considered due to standard
model interactions. These, because of Rnite statistics,
provide a measure of the CP-invariant background to
the determination of the CP-odd contributions to the
correlations. In case of a negative result, the limit on the
CP-violating interactions is obtained using the value of
the variance and the size of the data sample.

It must be noted that correlations which are CP vio-
lating in the absence of initial beam polarization are not
strictly CP odd for arbitrary e+ and e polarizations,
since the initial state is then not necessarily CP even.
We argue, however, that this is true to a high degree of
accuracy in the case at hand. In addition, for our nu-
merical results, we restrict ourselves to the case where
the e+ and e polarizations are equal and opposite, thus
making up a CP-even initial state.

We follow a slightly diferent notation from Bern-
reuther et al. [13] and use the symbols B; and Rz to
denote the intermediate vector bosons, the photon, and
the Z. In the mean, as well as in the variances and
in the cross sections, the contributions would eventually

P= P, —P-
1 —P,P;

where P, (P;) is the polarization of the electron
(positron) and is positive for right-circular polarization
for each particle in our convention.

The correlations that have this property are those that
have an odd number of factors of the e+ c.m. momen-
tum p, since this would need P and C violation at the
electron vertex. Furthermore, we suggest a procedure for
obtaining these correlations &om the difFerence in the
event distributions for a certain polarization P and the
sign-Hipped polarization —P. With this procedure, the
correlations are further enhanced, leading to increased
sensitivity. The inclusion of the p channel leads to a
considerable improvement in the sensitivity that can be
reached in the measurement of Imd while improving the
measurement of Red less spectacularly.

More specifically, we have considered the observables
0& =— 2 [p . (q~ x q~) + p (q~ x q~)] and 02
2[p (q~ + q~) + p (qg + qg)] (the caret denoting a
unit vector) and obtained analytic expressions for their
mean values and standard deviations in the presence of
longitudinal polarization. 02, being CPT odd, measures
Imd', whereas Oi measures Red'. Inclusion of other ex-
clusive 7. decay modes (not studied here) would improve
the sensitivity further.

As a result, we find it possible to define 1 standard
deviation (s.d. ) sensitivities ~bRed~~ and ~b lmd~~ &om
the two-body decay modes when we make the reasonable
assumption that the EDM and WDFF are of comparable
magnitudes. To facilitate comparison with Ref. [13] we
assume center-of-mass energies of 3.67, 4.25, and 10.58
GeV.

In order to answer what makes our correlations viable,
we now discuss what prospects exist for longitudinal po-
larization at the 7.CF [16]. One proposal [12] is that the
e+ and e beams be polarized in separate rings to achieve
an average degree of polarization of each beam as large
as 42% before being injected in the main ring. (It is also
important to note that this would not lead to a large
loss in luminosity, in contrast to the situation at linear
colliders where the large polarization'is accompanied by
modest luminosities as, for instance, in the case of the
SLC.) This proposal also envisages all four possibilities
in the combinations of the polarizations. In particular,
as an effective polarization P can be as large as 0.71 and
of either sign in the e+e collisions at the 7CF. We show
that with equal integrated luminosities with either sign,

f C(P)dt = f 8( P)dt and a total yield —N + of 2 x10~—
~+~ pairs, we can probe the real part of the EDM of
the 7 to the remarkable 1 s.d. precision of 10 ecm.

have to be summed over i, j. Our main result is that the
contribution to certain CP-odd correlations, which are
relatively small in the absence of polarization, since they
come with a factor rU. = (V,'A~ + V~ A', ) /(V, 'V~ + A', A~ )
and get enhanced in the presence of polarization, now
proportional to (r,~. —P), with the corresponding contri-
bution to the cross section being multiplied by (1—r;~P).
Here V', A', are the vector and axial vector couplings of
e to B;, and P is the efFective polarization defined by
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II. NOTATION AND FDB.MALISM

Although much of this section has already been de-
scribed in our previous papers [10] we will repeat it for
the sake of completeness and to make the generalization
to the inclusion of p and Z (we drop the asterisk in what
follows since no confusion is bound to arise) more trans-
parent.

The process we consider is

e (p ) + e+(p+) -+ ~ (k ) + ~+(k+), (2)

with the subsequent decays

(k ) m A(q~)+1~, ~+(k+) m B(q~)+v, (3)

The imaginary part however is not probed to such a spec-
tacular degree. We finally describe a technique whereby
the reasonable assumption of the comparability of mag-
nitudes of the EDM and WDFF can be avoided in such a
polarization experiment. These considerations enable us
to build a very strong case for introducing longitudinal
polarization at the wCF [17,18].

TlJ QQT(Bp, Z~ 8~ Zp )

2
d~—7.—o" ps'. (B„A —oj A„) . (5)

Using (5), we now proceed to calculate (01) and (02) in
the presence of an effective longitudinal polarization P.

We can anticipate the effect of P in general for the
process (1). We can write the matrix element squared for
the process in the leading order in perturbation theory,
neglecting the electron mass, as

of an absorptive part of the amplitude. It is therefore
expected that (02) will be proportional to the imaginary
part of the dipole form factors Imd', since final-state in-
teraction, which could give rise to an absorptive part, is
negligible in the weak v decays. Since (01) and mean
values of other CPT-even quantities will be proportional
to Red', phase information on d' can only be obtained
if (Oq) (or some other CPT odd -quantity) is also mea-
sured.

We assume SM couplings for all particles except ~,
for which an additional EDM and WDFF interaction is
assumed: viz. ,

together with decays corresponding to A and B inter-
changed in (2).

Under CP, the various three-momenta transform as

p M —p+ ) k M —k+ ) q~~++ —q~~

We choose for our analysis the two CP-odd observables
01 = 2[p (qII x qg) + p - (qg x qII)] and 02 = 1[p.
(q~ + qII) + p (qg + q~)], which have an odd number
of factors of p, the unit vector along p+. As mentioned
before, they are expected to get enhanced in the presence
of polarization.

Though these observables are CP odd, their observa-
tion with polarized e+ and e beams is not necessarily an
indication of CP violation, unless the e+ and e longi-
tudinal polarizations are equal and opposite, so that the
initial state is described by a CP-even density matrix.
The case when only the e is polarized has already been
discussed [10]. Though our expressions for correlations
will be valid for arbitrary polarizations, our results will
be only for equal and opposite electron and positron po-
larizations, so that the correlations are strictly CP odd.

Of Oi and O2, Oi is even under the combined CPT
transformation, and 02 is CPT odd. A CPT-odd ob-
servable can only have a nonzero value in the presence

where the summation is over the gauge bosons (p, Z, . . .)
exchanged in the s channel, and L'„~„(e,~) represent the
tensors arising at the e and r vertices:

V;(e) =.(p+ s+)»(V: —~.A'. )~(p-, s-),
We have the definitions

(8)

V~ = —e A~ =0.
e/v. ~ e/v.

1 . , 5 e
V,i

——
(

——+2 sin g~
~) 2 s111g~ cos g~

( 1) e

2) 2 sing cosg (10)

It is easy to check, by putting in helicity projection op-
erators, that

L'„~ = V„'V~* .

For the electron vertex, with only the SM vector and
axial-vector couplings,

L .(e) = ([(1 P.P.)(V.*V'+ A—*.A'. ) —-(P. —P.-)(V;A'. + A;U)]T (8-» P+~-)
+[(P, —P;)(V,'V~ + A', A~) —(1 —P,P;)(V,*V~ + A', A~)]Tr(ps P» P+p„))

in the limit of vanishing electron mass, where P, (P;)
is the degree of the e (e+) longitudinal polarization.
Equation (11) gives a simple way of incorporating the
effect of the longitudinal polarization:

(V'V' + A;A', ) m (V'V~ + A;A', ) —P(A;V~ + A~A'),
(12)

(A*.V.' + A'. V.') ~ (A'. V.' + A'. V;) —P(V.*V.' + A*,A'. ),
where P is as defined earlier.

To calculate correlations of O~ and O2, we need the
difFerential cross sect1on for (2) followed by (3) arising
Rom SM p and Z couplings of e and w, the dipole cou-
plings of 7 arising together from Eq. (5). The calculation
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8~ss~2 (4~)s ~

where dOI, is the solid angle element for k+ in the over-
all c.m. frame, k = ~k+~, and dO+ are the solid angle
elements for q& &, the B and A momenta in the v+ rest

l

frame. The D matrices are given by (for two body final
states)

D = h(Eg —Eop) [1 —neo+ qg]
'D = b(E~ —Eo )[1+nAo q~], (14)

where o~ are the Pauli matrices corresponding to the ~+

may be conveniently done, following Ref. [13], in steps,
by first determining the production matrix y for v+7.
in spin space, and then taking its trace with the decay
matrices D+ for v+ decays into single charged particle in
addition to the invisible neutrino.

The difFerential cross section for (1) is given by

spin, E+ are the charged particle energies in the 7+ rest
frame, and

=1 2 2
Eo~,a = -m. (1+p~, ~), p~, ~ = m~, ~lm. (»)

The expressions for y arising from SM as well as the
CP-violating form factor couplings of w are rather long,
and we refer the reader to Ref. [13] for these expressions
in the absence of polarization. It is straightforward to
incorporate polarization using (12).

III. RESULTS

Using Eqs. (13)—(15) above, as well as the expression
for the 7+v production matrix y from [13],we can ob-
tain expressions for (Oq) and (02) by writing Oq and Oz
in terms of the 7 rest frame variables and performing the
integrations over them analytically. The expressions for
the correlations (Oq) and (Oq) obtained are, neglecting

g, , d'd',

(0&) = — ) K, s ~ m (1 —x ) ] I
[(A'Red~ + A~Red*)n~n~(l —p~)(l —p~)]

—s (V'Re(g + V'Red' ) [n~(1 —p&) (1+pa) + na (1 —pa) (1 + p~)] (16)

and

(02) = —) K,~s ~ m~
~ ~

4(A'Imd + A Imd')(1 —x )[nA(1 —p~) + nay(1 —pgy)],

where x = 2m j~s and o', which is the cross section apart from a normalization factor, is given by

x2
~ = ) Z;,' V.'V)

~
1+—

~
+ A*.A'. (1 —*') (18)

+A
(s —M2)(s —M. )

Here we neglect the width of the Z since we work now at ~s (( mz. However at the Z peak we neglect p and treat
the system in the narrow-width approximation.

We have also obtained analytic expressions for the variance (02) —(0) (0 ) in each case, arising &om the
CP-invariant SM part of the interaction:

(Oi) = ) K;asm (1 —p~) (1 —p~) [V'V~(6+ 8x + x ) + A'A~(6 —2x —4x )]720x2o.
72

+(1 —*')1[(1+p~)'(1 —»)'+ (1+»)'(1—»)'l[3V;V.'(3+»') +»'.A'. (1 —*')]
+4n~n~(l —p~)(l —p~)(1 —x ) [V*V' —A* A'])

x21—6(1 —p~) (1 —p~) (V.'A'. + V.'A'. ) (1 —x')
I

1 ——
I [n~(1+») (1 —») + n~(1+ p~) (1 —p~)], (2o)
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(O2) =
2 ) It;,.sr'~

~
3[(1 —pz) + (1 —p~) ][V'V'(4+ 7x +. 4x ) + A* A'2(l —x )(2+ Sx2)]

)2

—2rr~~a(1 —p~)(l —p~)[V„'V)(4+ 7x + 4x ) + A*A'4(1 —x ) ]

+6 6(l —x ) (p —p~) [V'V) (1 + x /4) + A' A~ (1 —x )]

(V~A—~ + V~ A~)(1 —x )(4+ x )(p~ —p~) [a~(1 —p~) —n~(l —p~)] (21)

The results for the significant two-body decay channels
are presented in the tables. In Tables I—VI we have pre-
sented, for three typical values of ~s at which the v CF is
expected to run, the values of c~@ for Oq and 02, respec-
tively, defined as the correlation for a value of Red~ or
Imd~ (as the case may be) equal to e/~s, for some values
of P chosen to correspond to average beam polarizations
of 0, 35%, 42%, and 100%. We have also presented the
value of g(02), (a = 1, 2). This 1 s.d. limit is the value
of d~ which gives a mean value of 0 equal to the s.d.
g(O )/N~~ in each case:

(22)

Here N~~ is the number of events in the channel AB (or
AB), and. is given by

NA B = X~+~ —B(7 W A V~ )B(7' W Bli~ )

where we take N ~ —(P) = 10 .
These limits can be improved by looking at correlations

of the same observables, but in a sample obtained by
counting the di6'erence between the number of events for
a certain polarization, and for the corresponding sign-
flipped polarization. If the partial cross section for the
process for a polarization P is given by

TABLE 1. (a) c~n, standard deviation and ~6 Red~~ computed for 10 7+~ pairs for 7rrr channel
and ~s = 3.67 GeV for operator Oq for diff'erent P (b) Same . as above for harp channel. (c) Same
as above for pp channel.

0.00
—0.62
+0.62
—0.71
+0.71
—1.00
+1.00

c~~ (GeV )

—312 x10
—1.36 x 10

1.35 x 10
—1.55 x 10

1.55 x 10
—2.19 x 10-'

2 19 x 10

Q(O~) (GeV')
(a)

0.399
0.399
0.399
0.399
0.399
0.399
0.399

~b Red~
~

(e cm)

1.88 x 10
4.32 x 10
4.32 x 10
3.77 x 10
3.?7 x 10
2.68 x 10
2.68 x 10

0.00
—0.62
+0.62
—0.71
+0.71
—1.00
+-1.00

—772 x10
—1.05 x 10

1 05 x 10
—121 x10

121 x 10
—1.70 x 10

1.70 x 10

(b)
0.336
0.336
0.336
0.336
0.336
0.336
0.336

4.64 x 10
339 x10
3.39 x 10
2.96 x 10
2.96 x 10
2.10 x 10
2.10 x 10

0.00
—0.62
+0.62
—0.71
+0.71
—1.00
+1.00

—1.39 x
—6.02 x

6.02 x
—6.89 x

6.89 x
—9.70 x

9.70 x

10
10
10
10
10
10
10

(c)
0.282
0.282
0.282
0.282
0.282
0.282
0.282

1.57 x 10
363 x 10
3.63 x 10
3.17 x 10
3.17 x 10
2.25 x 10
2.25 x 10
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TABLE II. (a) c~~, standard deviation, and ~b Imd~
~

computed for 10 r+r pairs for 7r7r channel
and +s = 3.67 GeV for operator Oq for different P. (b) Same as above for 7rp channel. (c) Same
as above for pp channel.

P

0.00
—0.62
+0.62
—0.71
+0.71
—1.00
+1.00

c~n (GeV)

1.36 x 10
1.42 x 10
1.29 x 1G

1.43 x 10
1.28 x 1G

1.46 x 10
1.25 x 10

Q(O2)(GeV)
(a)

0.596
0.596
0.596
0.596
0.596
0.596
0.596

~

b Imd~
~

(e cm)

6.44 x 10
6 14 x 10
6.78 x 10
6 10 x 10
6.83 x 10
5.97 x 10
701 x 10

0.00
—0.62
+0.62
—0.71
+0.71
—1.00
+1.00

9.33 x 10
9.79 x 10
8.86 x 10
9.86 x 10
8.88 x 10
1.01 x 10
8.58 x 10

(b)
0.615
0.615
0.615
0.615
0.615
0.615
0.615

7.02 x 10
6.69 x 10
7.39 x 10
6.64 x 10
744 x 10
6.50 x 10
7.63 x 10

0.00
—0.62
+0.62
—0.71
+0.71
—1.00
+1.00

5.10 x 10
5 35 x 10
4.85 x 10
5.39 x 10
4.81 x 10
5.51 x 10
4.69 x 10

(c)
0.575
0.575
0.575
0.575
0.575
0.575
0.575

8.72 x 10
8 31 x 10
9.18 x 10
8.25 x 10
925 x 10
8.08 x 10
9.48 x 10

TABLE III. Same as Table I for ~s = 4.25 GeV.

P

0.00
—0.62
+0.62
—0.71
+0.71
—1.00
+1.00

c~gy (GeV )

—2.67 x 10
—8.64 x 10

8 63 x 10
—9.89 x 10

9.88 x ]0
—1.39 x 10

1.39 x 10

(a)
Q(O, ) (GeV )

0.543
0.543
0.543
0.543
0.543
0.543
0.543

~h Red
~

(ecm)

2 58 x 10
796 x 10
7.97 x 10
6.95 x 10
6.96 x 10
4.94 x 10
4.94 x 10

0.00
—0.62
+0.62
—0.71
+0.71
—1.00
+1.00

-6.59 x 10-'
—672 x10

6 72 x 10
—7.69 x 10

7.69 x 10
—1.08 x 10

1.08 x 10

(b)
0.488
0.488
0.488
0.488
0.488
0.488
0.488

6.80 x 10
668 x 10
668 x 10
5.83 x 10
5.83 x 10
4.14 x 10
4.14 x 10

0.00
—0.62
+0.62
—0.71
+0.71
—1.00
+1.00

—1.19 x
—3.83 x

3.83 x
—4.39 x

4.39 x
—6.18 x

6.18 x

10
10
10
10
10
10
10

(c)
0.432
0.432
0.432
0.432
0.432
0.432
0.432

2.43 x 10-"
7.53 x 10
7.53 x 10
6.57 x 10
6.57 x 10
4.67 x 10
4.67 x 10
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TABLE IV. Same as Table II for ~s = 4.25 GeV.

P

0.00
—0.62
+0.62
—0.71
+0.71
—1.00
+1.00

c~~ (GeV)

1.00 x 10
1.05 x 10
9 51 x 10
1.06 x 10
9.44 x 10
1.08 x 10
9.20 x 10

Q(O ) (GeV)
(a)

0.632
0.632
0.632
0.632
0.632
0.632
0.632

~b lmd~i (ecm)

8.00 x 10
7.62 x 10
8.41 x 10
7.57 x 10
8.48 x 10
7.40 x 10
8.69 x 10

0.00
—0.62
+0.62
—0.71
+0.71
—1.00
+1.00

6.89 x 10
723 x10 '
6.54 x 10
7.28 x 10
649 x 10
7.44 x 10
633 x 10

(b)
0.655
0.655
0.655
0.655
0.655
0.655
0.655

8 74 x 10
8.33 x 10
9.20 x 10
8.27 x 10
9.27 x 10
8.09 x 10
9.50 x 10

0.00
—0.62
+0.62
—0.71
+0.71
—1.00
+1.00

3.76 x 10
3.95 x 10
3.58 x 10
3.98 x 10
3 55 x 10
4.06 x 10
3.46 x 10

(c)
0.610
0.610
0.610
0.610
0.610
0.610
0.610

1.08 x 10
1.03 x 10
1.14 x 10
1.02 x 10
1.15 x 10
1 00 x 10
1.18 x 10 i3

TABLE V. Same as Table I for ~s = 10.58 GeV.

P

0.00
—0.62
+0.62
—0.71
+0.71
—1.00
+1.00

c~~ (GeV )

—1.58 x 10
—8.19 x 10

8.15 x 10
—9.37 x 10

9.33 x 10
—1.32

1.31

(a)
Q(O,') (GeV )

1.78
1.78
1.78
1.78
1.78
1.78
1.78

~6Red~i (ecm)

5.71 x 10
1.10 x 10
1.11 x 10
9.65 x 10
9.67 x 10
6.86 x 10
6 86 x 10

0.00
—0.62
+0.62
—0.71
+0.71
—1.00
+1.00

—391 x 10
—6.36 x 10

6.35 x 10
—7.29 x 10

7.27 x 10
—1.03

1.02

(b)
1.66
1.66
1.66
1.66
1.66
1.66
1.66

1.57 x 10
9 63 x 10
964x10 '8

841 x 10
8.42 x ]0
5 98 x 10
5.98 x 10

0.00
—0.62
+0.62
—0.71
+0.71
—1.00
+1.00

—7.03 x 10
—3.63 x 10

362 x10
—4.15 x 10

4.15 x 10
—5.85 x 10

5.85 x 10

1.51
1.51
1.51
1.51
1.51
1.51
1.51

5.76 x 10
].12 x ]0
1.12 x 10
9.77 x 10
9.77 x 10
6.93 x 10
6.94 x 10
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TABLE VI. Same as Table II for vs = 10.58 GeV.

0.00
—0.62
+0.62
—0.71
+0.71
—1.00
+1.00

cps (GeV)

2.83 x 10
2.50 x 10
2.26 x 10
2.52 x 10
2.25 x 10
2.58 x 10
2.19 x 10

Q(O2) (GeV)
(a)

1.19
1.19
1.19
1.19
1.19
1.19
1.19

[b Imd~
( (e cm)

2.53 x 10
2.41 x 10
2.67 x 10
2.40 x 10
2.69 x 10
2 34 x 10
2.75 x 10

0.00
—0.62
+0.62
—0.71
+0.71
—1.00
+1.00

1.64 x 10
1.72 x 10
1.56 x 10
1.73 x 10
1.55 x 10
1.77 x 10
1.51 x 10

(b)
1.26
1.26
1.26
1.26
1.26
1.26
1.26

283 x 10
2.69 x 10
2.98 x 10
2.67 x 10
3.00 x 10
2.62 x 10
308 x 10

0.00
—0.62
+0.62
—0.71
+0.71
—1.00
+1.00

8.96 x 10
9.41 x 10
8.51 x 10
9.48 x 10
8.45 x 10
9.69 x 10
8.24 x 10

1.15
1.15
1.15
1.15
1.15
1.15
1.15

3.43 x 10
3.26 x 10
3.61 x 10
3.24 x 10
3.64 x 10
3.17 x 10 "
3.73 x 10

der(P) = ) ((X;, + r;, Y;, ) —P(r,,X;, + Y~)), (24)

we can define a polarization asymmetrized distribution:

jdo(P) —do( P)i = 2 P)—(r;,X;, +Y;,)

We can then compute the mean and standard devia-
tion for the correlations over this distribution and these
are tabulated in Tables VII—IX. The correlations get
contributions from the +2P g Yz term in Eq. (25) as
compared to the Pr;zYz and is therefore enhanced,
since ~r,~~ ( 1. However the sensitivities are now com-
puted for smaller event samples whose size is given by
~P g,. r;~N;~~, where g, N, ~ stands for the total num-

TABLE VII. (a) cz&, standard deviation and ~b Red~~ computed for f r(P)dt = f 8(—P)dt and
g. . N, ~

= 2 x 10 7.+7. pairs from Oq for 7rvr, 7rp, and pp channels for ~s = 3.67 GeV from the
polarization asymmetrized distribution. (b) czar, standard deviation, and ~bImd

~
computed for

f C(P)dt = f 6(—P)dt and P. . N, ~
= 2 x 10" r+r pairs from 02 for z'z, vrp, and pp channels

for vs = 3.67 GeV from the polarization asymmetrized distribution.

7I p
PP

c~s (GeV )

2.39 x 10
1 86 x 10
1.06 x 10

Q(O~) (GeV )
(a)

0.292
0.267
0.240

~b Red~~ (ecm)

1.32 x 10-"
1.13 x 10
].29 x ]0

7t p
PP

c~s (GeV)

1.18 x 10
8 15 x 10
4.45 x 10

g(O2) («V)
(b)

0.596
0.615
0.575

~blmd~~ (ecm)

5.45 x 10
5 94 x 10
7.38 x 10
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TABLE VIII. Same as Table VII for ~s = 4.25 GeV.

c~~ (GeV )

1.13 x 10
8 82 x 10
5.03 x 102

g(O,') (G.V')
(a)

0.529
0.289
0 ~ 127

~h Red~
~

(e cm)

3.77 x 10
1 90 x 10
1.08 x 10

7cp

PP

c~s (GeV)

652 x 10
4.47 x 10
2.45 x 10

g(Ol) («V)
(b)

0.632
0.657
0.610

~bimd~~ (ecm)

7.83 x 10
8.59 x 10
1.06 x 10

ber of 7+7 pairs including both polarizations P and
—P. The standard deviations are less affected. The net
result is an increase in the sensitivity. For the differ-
ent values of ~s we tabulate the associated quantity,

r;~N;z~/ P, . N, ~, the effective polarization asym-
metry in Table X. Indeed, the improvement in sensitivity
is seen to be by an order of magnitude.

We can combine the sensitivities from the different ~
channels in inverse quadrature, to get the improved num-
bers for ~h Red~~ of 8 x 10, 1 x 10, 1 x 10 ecm,
respectively, and for ~hlmd~~ of 4 x 10 ~4, 6 x 10
5 x 10 ecm, respectively, at the three center-of-mass
energies of 3.67, 4.25, and 10.58 GeV.

Thus far and for the purposes of Tables I—IX, we have
made the altogether reasonable assumption that the con-
tribution of the WDFF is negligible which is justified so
long as the EDM and WDFF are of comparable magni-
tude. However, no such assumption is really necessary in
polarization experiments such as these where the ability
to run the experiment at difFerent polarizations allows
one to disentangle their individual contributions to the
correlations considered here. Indeed, it has been pointed
out in the context of CP violation in the tt system that
varying the polarization allows a model independent de-
termination of the separate contributions of the EDM
and WDFF to the correlations of the type considered here
[14]. The principle is that at a given polarization, a cer-
tain linear combination of the two form factors alone can
be measured. Performing the experiment at two different

polarizations enables us to disentangle the two form fac-
tors. Similarly, the 1 s.d. limits also can only be placed
on such a linear combination. Indeed, such 1 s.d. lim-
its would be defined by straight lines given by equations
such as

h Red~/a + b Red /b = +I, (26)

for the limits arising &om 0» and by

hlmd~/c+ hImd /d = +I, (27)

for the limits arising from 02 where the numbers a, 6, c,
and d can be explicitly computed for a given P and N.
This is also presented for the polarization asymmetrized
distribution for which we have set P = 1 (with the un-

derstanding that this would have to be scaled by ~P if P
is the polarization realized in a certain experiment). In
particular, a (c) is the sensitivity of the real (imaginary)
part of the EDM in inverse quadrature when the real
(imaginary) part of the WDFF is set to zero and b (d) is
the sensitivity of the real (imaginary) part of the WDFF
in inverse quadrature when the real (imaginary) part of
the EDM is set to zero. We tabulate these quantities for
the three different c.m. energies and for different polar-
izations for the parent distributions in Table XI and for
the asymmetrized distributions in Table XII. Note that
one can read &om the columns for a and c in Table XII

TABLE IX. Same as Table VII for ~s = 10.58 GeV.

c~~ (GeV )

1.72 x 10
1.34 x 10
762 x 10

V'(Ol) («V')
(a)

3.46
2.38
1.48

~hRed~~ (ecm)

2.61 x 10
1.68 x 10
1 33 x 10

Kp

PP

c~~ (GeV)

2.49 x 10
1.71 x 10
9.35 x 10

Q(O ) (GeV)
(b)

1.19
1.28
1.15

~h imd~~ (ecm)

6.20 x 10
7.03 x 10
8.39 x 10
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TABLE X. The effective polarization asymmetry

~ P, , 24;; ~/ (P, , N; ) fo O = 3.67, 4.25, 36 10.58

GeV.

~s (GeV)
3.67
4.25

10.58

I E~"""I/ E iV*'

9.2 x 10
12x10
7?x10 4

the bounds cited in the abstract and in the preceding
paragraph (scaled by +0.71). These implicitly assume
that the magnitudes of the EDM and WDFF are com-
parable and therefore the latter may be ignored for such
considerations.

We now discuss how the results of Table XI may be
used in order to essentially de6ne regions in the Re
(Im) d~-d planes due to finite statistics, say at the 1
s.d. level. By performing the experiment at two values
of P, say Pi and P2, one obtains two sets of straight
lines defined above. The vertices of the intersection
of these four lines defines the parallelogram in each of
these planes which cannot be ruled out due to the 6-
nite statistics. The best results may be obtained by
taking the largest value of polarization realizable P
and taking Pi ———P2 ——P . In Table XIII we tab-

ulate for the three diferent values of P „ two pairs:
(A, B) for the real and (C, D) for the imaginary planes,
which give the coordinates of two vertices in the real and
imaginary d~-dP planes, respectively, with (—A, B—) and

(—|, D)—giving the remaining pairs. Thus the avail-
ability of polarization and of either sign provides for a
model-independent scheme for constraining regions of the
parameter space spanned by the CP-violating form fac-
tors. It must be noted that the price to be paid for such a
model-independent bound on each of the form factors is
large. In particular, from Table XIII, the most stringent
such bound on the magnitude of Re (Im) d~ is only the
larger of the I+~()C'()

IV. CONCLUSIONS

We have presented closed-form expressions for the cor-
relations of Oz and 02 parametrized by the real and
imaginary parts of the EDM and WDFF and for their
standard deviations due to standard model interactions.
We have tabulated for unit values of these parameters (in
units of e/~s) the values of the correlation and standard
deviations for a variety of energies at which the wCF is
expected to operate, and we have computed the 1 s.d.

TABLE XI. (a) The quantities a2 b2 c, and d in e cm defining the lines of sensitivity for difFerent
polarization with N + = 10 for ~s = 3.67 GeV. (b) As above for vs = 4.25 GeV. (c) As above
for v s = 10.58 GeV.

P

0.00
—0.62
+0.62
—0.71
+0.71
—1.00
+1.00

1 73 x 10
2 15 x 10
2.15 x 10
1 88 x 10
1.88 x 10
1 33 x 10
1.33 x ]0

(a)
1.38 x 10
1.32 x 10
1.45 x 10
1 31 x 10
1.47 x 10
1.28 x 10
1.50 x 10

4.]7 x ]0
3.97 x 10
4.39 x 10
3 95 x 10
4.42 x 10
3 86 x 10
4 53 x 10

2.70 x 10
552 x 10
9.32 x 10
4 94 x 10
7.80 x 10
3.71 x 10
5 11 x 10

0.00
—0.62
+0.62
—0.71
+0.71
—1.00
+1.00

2 39 x 10
4.23 x 10
423 x 10
369 x]0
3.70 x 10 "
2.62 x 10
262 x 10

(b)
2.03 x 10
1.93 x 10
2.13 x 10
1.92 x 10
2.15 x 10
1.88 x 10-'4
2.21 x 10

5.18 x 10
4.93 x 10
5.45 x 10
4.90 x 10
5.49 x 10
4.80 x 10
5 63 x 10

2 50 x 10
5.11 x 10
8.63 x 10
4.58 x 10
7.22 x 10
3.43 x 10
4 73 x 10

0.00
—0.62
+0.62
—0.?1
+0.71
—1.00
+1.00

5.34 x 10
6.09 x 10
6.09 x 10
532 x 10
5.32 x 10
3.78 x 10
3.78 x 10

(cj
4.66 x 10
4.44 x 10
4.91 x 10
4.41 x 10
4.94 x 10
431 x 10
5.07 x 10

1.65 x 10
1.57 x 10
1.74 x 10
1.56 x 10
1.75 x 10
].53 x ]0
1.80 x 10-"

1.27 x 10
260 x 10
440 x 10
2 33 x 10
3 68 x 10
1.75 x 10
2.41 x 10
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TABLE XII. The quantities a, b, c, and d for the asymmetrized distributions with P = 1,
f Z(P)dt = f 2( P—)dt, and P. . 1V,~ = 2 x 10 for the three different center-of-mass energies.

~s (GeV)
3.67
4.25

10.58

7.14 x 10
9.11 x 10
9 68 x 10

9 29 x 10
8.79 x 10
1.49 x 10

3.52 x 10
5.07 x 10
4.06 x 10

2.91 x 10-"
3.13 x 10 "
3.99 x 10

sensitivities for a modest sample of 10 v.+~ pairs. A
polarization asymmetry we define is a useful tool to im-
prove this sensitivity. We have described a technique to
implement a model independent analysis by varying the
polarization which does not require us to neglect the con-
tributions of a possible WDFF that is justified when the
EDM and WDFF are of comparable magnitudes. For e+
and e longitudinal beam polarizations of 42% achiev-
able at the wCF the sensitivities can be as excellent as
(few) x 10 e cm for the real part and (few) x 10 e cm
for the imaginary part. We demonstrate that the absence
of an axial vector coupling of the electron to the photon
is not necessarily a detriment to the use of polarization
in probing CP violation. An improvement by at least an

order of magnitude over the sensitivity for the real part
of the EDM in the unpolarized case (Table II of Ref. [13])
is noted.

It was noted in [5] recently that optimal variables im-
prove the sensitivity by a significant factor as compared
to tensor variables in LEP experiments. This is likely
to be the case in experiments at other energies. It may
be worthwhile investigating if using appropriate optimal
variables would improve the sensitivity in experiments
with polarized beams as well. Thus, the sensitivities we
quote may be improved upon by choosing optimal vari-
ables, rather than the simple vector variables we study.
However, our approach has been to obtain analytical ex-
pressions for correlations as well as the variances of the

TABLE XIII. (a) A and R, and C and D, defining the parallelograms in the Red~-Red and
Imd~-Imd planes, respectively, for various values of P „for a, b, c, and d of Table XI as described
in the teat at ~s = 3.87 GeV. (b) As above for ~s = 4.25 GeV. (c) As above for ~s = 10.58 GeV.

Pmax

(a)

0.62

0.71

1.00

—4.34 x 10
2.16 x 10

—3.31 x 10
1.88 x 10

-1.66 x 10
1.33 x 10

2.79 x 10
—4.55 x 10

2.44 x 10
—3.25 x 10

73 x 10
—1.94 x 10

5.17 x 10
-2.02 x 10

5.58 x 10
—250 x10

8.40 x 10
—5.28 x 10

—1.66 x 10
3.35 x 10

—2 06 x 10
3.62 x 10

—436 x 10
5.44 x 10

0.62

0.71

1.00

-8.54 x 10
4.25 x 10

—6.51 x 10
3.70 x 10

—3.28 x 10
2.63 x 10

4 10 x 10
—678 x10

3.58 x 10
—4.83 x 10

2 54 x 10
—3.38 x 10

6.42 x 10
—2.50 x 10

6.94 x 10
—3.10 x 10

1.04 x 10
-6.56 x 10

—1.54 x 10
3 10 x 10

-1.91 x 10
3.35 x 10

—4.04 x 10
504 x 10

0.62

0.71

1.00

-1.24 x 10
6.17 x 10

—943 x 10
5.36 x 10

—4.72 x 10
3.78 x 10

(c)

9.50 x 10
—5.61 x 10

826 x 10
—3.57 x 10

5 83 x 10
-3.86 x 10

2.05 x 10
—7.99 x 10

2.22 x 10
—9.89 x 10

3.34 x 10
—2.09 x 10

—7.91 x 10
1.58 x 10

-9.79 x 10
1.71 x 10

—2.07 x 10
2.56 x 10
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observables. This is not possible for optimal variables, as
they are nonpolynomial in the momenta and spins, and
the correlations have necessarily to be computed numeri-
cally. In any case, our observation that beam polarization
would help in the measurement of the EDM, is likely to
be true even if optimal variables are used.
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