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in 7 — pv decay

Charles A. Nelson,* Howard S. Friedman,’ Stephen Goozovat, Jason A. Klein, Larry R. Kneller,*
William J. Perry, and Scott A. Ustin?
Department of Physics, State University of New York at Binghamton, Binghamton, New York 13902-6000
(Received 10 September 1993)

There are two tests for leptonic CP violation in 7 — pv decay by inclusion of p polarimetry
observables in the energy correlation function for Z° or v — 7777 — (p~v) (p*9). By CP
invariance the moduli ratio of, and phase difference between, the two helicity amplitudes for 7~ —
p~ v, decay should equal those for 7t — p' o, decay. The full angular distribution for the above
process, including the #¥ momentum direction versus that of the pT momentum, can be used to test
for such a non-CKM-type leptonic CP violation in 7 — pv decay. Since this adds on spin-correlation
information from the next stage of decays in the decay sequence, we call such an energy-angular
distribution a stage-two spin-correlation (S2SC) function. Ideal statistical errors for + — pv decay
are calculated for possible application at the Z°, at a B factory, or at the 7-charm threshold. $2SC
functions should be useful for testing for possible non-CKM-type CP violation in top quark and in

W boson decay processes.

PACS number(s): 13.35.Dx, 11.30.Er, 14.60.Fg

I. INTRODUCTION

While in K° decay CP and T violations are phe-
nomenologically well-described by the CKM matrix, the
fundamental origin of these symmetry violations is still
unknown [1]. For instance, the well-established and
successful method to formulate fundamental theories
with spontaneous symmetry violations is in terms of a
relativistic Lagrangian operator in local quantum field
theory. So rather paradoxically, although the “CKM
paradigm” does naturally imply a remarkable experimen-
tal future in lepton physics in the long term, assuming
quark-lepton symmetry and massive neutrinos, neverthe-
less the CKM matrix has developed in a quite Keplerian
manner. Its formulation and parameters are indeed very
important to test and measure, but the CKM matrix it-
self probably is not truly basic, mathematically or phys-
ically. Second, most astrophysics studies of electroweak
baryogenesis conclude that additional sources of C'P vi-
olation, beyond CKM, in elementary particle physics are
necessary to explain the observed baryon-to-photon ra-
tio. For these two reasons it is important to use new
collider data to systematically search for possible exper-
imental surprises such as for a non-CKM-type leptonic
CP violation in 7 lepton decays.

The idea in this paper [1] is to test for leptonic C'P
violation by generalizing the 7 spin-correlation function
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I(E,, Eg) by including the p polarimetry [2-4] informa-
tion that is available from the pc, — mhm? decay distri-
bution [5-8].

Recall that since the p mode has the largest branching
ratio (9], B(r — pv) = 25%, ongoing experiments with
unpolarized e~e* collisions do contain many events for
the production-decay sequence

eet 2%, a1t 5 (p v )(BTX) (1)

and for the C P-conjugate sequence. Here v* denotes an
off-mass shell photon, such as that produced in the Y
(10 GeV) resonance region at a B factory or near the
7-charm threshold at 4 GeV. The symbol B = p,,l
and X = v, or Dy, with I = p or e. In the energy
correlation function I(E,, Eg), the p’s energy in the Z°
or v* rest frame is E, and the B’s energy is Eg. The
two-variable distribution I(E,, Eg) is useful as a probe
for new physics because the empirical E, and Ep en-
ergy correlation is a kinematic consequence of the 7~
and 71 spin correlation which depends in turn on the
dynamics of the Z° or v* — 7771 amplitude, and of
the 7~ — p~v and 7% — BT X decay amplitudes. It is
found [4-7] that measurement of I(E4, Ep) determines
independently the parameters sin® @y, the 7 Michel pa-
rameters for 7~ — lv, 7, and the chiral polarization pa-
rameter (chirality parameter)

€A — igLiz - IgRl2 _ ZRC(’UA(I:;)
l921? + 19r[*  |val? + |aal|?

for 7= — A7v, (§a = %1 for V F A coupling). &4
partially characterizes the Lorentz structure of the 7= —
A~ v, coupling [7]. In the special case of m, = 0 and of
only V and A couplings, it can be physically interpreted
as (twice) the negative of the 7 neutrino helicity £4 =
—(h,), see Egs. (2.9) and (2.10) below.

(1.2)

4544 ©1994 The American Physical Society



S0 STAGE-TWO SPIN-CORRELATION FUNCTIONS: TESTS FOR ...

I(E,, Eg) has previously been [10,7] generalized, by
including 6. and ¢, to specify the initial e~ beam direc-
tion versus the final-state decay momenta. This permits
complete measurement of the v* and Z° couplings to the
7~ 1% system, and enables four tests for CP and/or T in
the production process, Z° or v* — 7-7+.

Both of these techniques are being applied in various
ways in ongoing experiments in 7 physics and elsewhere
[11,12]. In this paper we study a different kinematic gen-
eralization by proceeding to the next stage in the de-
cay sequence —we add p polarimetry information from
peh — Tenm®. This information is incorporated by gener-
alizing I(E,, Eg) for process (1.1) to include the depen-
dence of the p¥ decays on the 7 ¥ polar and azimuthal
angles (6y,¢,) and (62, ¢2) shown in Fig. 1. Since this
adds on spin-correlation information from the next stage
of decays in the decay sequence, we will call such a result-
ing energy-angular distribution I(E,, Ep; 61,41,0,, ¢2) a
stage-two spin-correlation (S2SC) function.

In analysis of S2SC functions, we often concentrate on
the CP-symmetric decay sequence

Z° or v o171t 5 (pv)(pt5y) (1.3)
followed by both p¥ — 7 F7° because this sequence ap-
pears particularly promising experimentally to avoid a p~
versus pt bias [12]. As a simple consequence of adding
in several more momenta variables, any prototype S2SC
function depends on several additional variables and ac-
cordingly is more complex. The limited goal of this paper
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FIG. 1. The spherical angles 61,1 specify the 7~ momen-
tum in p;~ — 7~ 7° decay in the p;~ rest frame when the
boost is directly from the Z° or v* rest frame. Similarly,
02, 2 specify the 7+ momenta in the p;t~ — wt7°. The
p~p* production half-plane specifies the position z; and z2
axes.
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is to cast a big enough net to see what new physics infor-
mation could be obtained, and how well, from applying
such S2SC functions in 7 physics [13).

In a sentence, the principal conclusion of this paper
is: By inclusion of p polarimetry observables, ongoing
experiments with unpolarized e~ e™ collisions enable two
distinct tests for non-CKM-type leptonic C P violation in
7 — pv decay by generalization of the energy correlation
function for Z% or v* - 777+ = (p7v)(p* D).

It is simple to see why two C'P tests are, in principle,
possible kinematically: By Lorentz invariance, the decay
7~ — p~ v, depends on two independent helicity ampli-
tudes, assuming a left-handed v, and the C P-conjugate
decay 7+ — pT, also depends on two independent he-
licity amplitudes, assuming a right-handed 7.

(i) By CP invariance, the phase difference between the
two amplitudes for 7~ — p~ v, decay should equal the
phase difference between the two amplitudes for 7+ —
pt D, decay. To be precise, by CP invariance

B=p.—B=0, (1.4)
where
Ba =92, — ¢g (1.5a)
since the p~ has helicity A, = —1 or 0, and
By = ¢% — 5 (1.5b)

since p* has helicity A, = 1 or 0. Rotational invariance
forbids the other p~ and p* helicities; so that is why
there are two, and not three, amplitudes for 7= — p~v.

(ii) By CP invariance, the ratio of the moduli of the
two amplitudes for 7= — p~v, should equal that for
7+ 5 p*5,. That is, by CP invariance

ra/"'b =1 ) (16)
where for 7~ — p~ v, the moduli ratio is
|[A(-1,-1/2)|
T = L2 (1.7a)
|A(0,-1/2)]
and for 7+ = pt o, it is
_ |B(1,1/2)|
—_— 1.7b
=1B0,1/2)| (170)

Notice that, respectively, the neutrino and antineutrino
helicity is denoted by the second entry in the helicity
amplitudes A(A,, A,) and B(A;, Az). In the standard
lepton model, 8, = 0 and

V2m, ~ V2m,

E +qp m,
=~ 0.613

(1.8)

for m,, — 0 and m, = 1.777 GeV. (Ordinary CKM-type

mixing in the lepton sector will not change 3, or r;.)
Sections II-IV of this paper contain the derivations of

the full S2SC function I(El, E3, ¢; 64, ¢a; bs, ¢b) and of

the simpler I(E}, Ea, 6y, 02), for the decay sequence
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Z° ory* 5177t 5 (pTv)(BTX) . (1.9)
The full S2SC, indeed, depends on seven variables and
the latter depends on four variables when applied to
the {p~p*} mode [three variables for the {p~n*} and
{p~ 1"} modes].

Section V is for the reader who is only interested in the
“analyzing power” of the two CP tests for the 7 — pv
decay. There, the ideal statistical errors are tabulated in
three tables. Neglecting completely the efficiency and/or
acceptance depletion factors, we find that with 107 Z°
events the 7 — pv decay amplitudes’ moduli ratio r,
of Eq. (1.7) can be determined to about 1% by sum-
ming over the B = p,m,l decay channels. We find that
from only the {p*p~} mode but by using the full seven-
variable distribution, the amplitudes’ phase difference 3
of Eq. (1.4) can be measured to about 2° (i.e., two de-
grees). With 107 v* — 7777 events at either 10 or 4
GeV, we find that 7, can be determined to about 0.1%
and ( to better than 1°.

Of course, the sensitivity of these two C'P violation
tests for 7 — pv should be compared with that of the
partial width asymmetry of C P-conjugate reactions or
processes

r-r
r+r
which is a simple, but quite different, test for CP viola-
tion. For instance, in 7 — pv decay

r= (110)

[ =T(r" = pv) = |A(-1,-1/2) +]A(0, -1/2)]* ,
(1.11a)

[ =T(r* = p*o) = |B(1,1/2)|*> + | B(0,1/2)}* .
(1.11b)

For 7 two-body decay modes the denominator, T + T,
is known to about 1-4 % according to the Particle Data
Group (1994). So Ar is considerably less sensitive than
the two tests proposed in this paper. This is mainly
because it is a test defined at the decay rate level.

The phenomenological significance of the signature
Ar # 0 of Eq. (1.10) is also quite different: It tests for
possible leptonic CKM-type CP violations, as well as for
Ta/Ts # 1. It is not sensitive to 8 = B, — Bp # 0. On the
other hand, the CP violation observables 8 = 8, — 3, and
rq/7 for 7 — pv test for types of C P violation other than
that due to a leptonic matrix, such as that due to multi-
Higgs mechanisms. This is because any overall leptonic
CKM-type phases will equally affect [14] the A(—1, —%)
and A(0,—1) amplitudes, and so will cancel out in 3,
and in r,, and similarly in the 7+ — p*&, amplitudes’
By and 7. _

Measurement of a nonvanishing 8 = 3, — B # 0, or
of ro/rp # 1, would imply a violation of CP invariance.
Measurement of B, # 0 or of B, # 0 implies a violation
of T invariance when final-state interactions are absent.
Such final-state effects are negligible for these S2SC func-
tions in the case of process (1.9). This and a few other

CHARLES A. NELSON et al. 50

empirical matters are discussed in Sec. V.

It may prove fortunate empirically that there are tests
for non-CKM-type leptonic CP violation in an age of ac-
tive theoretical and/or experimental research on grand-
unified theories and on supersymmetry theories which
incorporate the known lepton-quark symmetry viola-
tions via multi-Higgs mechanisms [15]. In the context
of other less empirically established theoretical formula-
tions, kinematic tests for discrete symmetry violations in
the lepton sector are probably even of greater interest, in
that the tests are not dynamically dependent. Examples
of latter theoretical formulations which come to mind
are superstring theories which incorporate supersymme-
try violation and ¢f condensate mechanisms, or even less
precise compositeness ideas.

An advantage of working out the present tests in the
helicity formalism is that the model independence and
amplitude significance of the results is manifest. This
is complementary to the greater dynamical information
that can be obtained through other approaches, such as
from studies of CP-violation effects based on higher-
order diagrammatic calculations in multi-Higgs exten-
sions of the standard model. Such increased dynami-
cal information is obtained, of course, at the price of a
greater model dependence which is one thing the tests in
this paper are designed to avoid.

II. HELICITY AMPLITUDES
FOR 7o, = pen? — (wenm®)v

In the 71~ rest frame, the matrix element for the decay
71~ — p~ vy is defined by [16]

A1/2,A1) = DY %2 (17,617,0)A(Ap, M)

<01T7¢1T’/\pa AL,u
(2.1)
where the A’s denote the respective helicities, p = A,—A,.
The final p~ momentum is in the 6,7, ¢;” direction, see
Fig. 2(a). In Fig. 2(a), we have set ¢;7 = 0 for ease in
illustration.
An important, but elementary, technical point is that
we have set the third Euler angle equal to zero in the

T~ restframe

)" rest frame

(a) (o)

FIG. 2. The three angles 6,7, 627, and ¢ describe the se-
quential decay Z° or v* — 71”72t with m~ — p17v and
72t = p2* 5. From (a) a boost along the negative 2,7 axis
transforms the kinematics from the 71~ rest frame to the
Z°/~" rest frame and, if boosted further, to the 72" rest frame
shown in (b).
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big D function in Eq. (2.1). We could have instead
taken it to be a nonzero value such as the often used [17]
value of —¢;”. But a nonzero value of the third Euler
angle implies an associated rotation about the final p~
momentum direction. Such an induced nonzero rotation
would then have to be compensated for in defining the z,
coordinate axis in the p~ rest frame in Fig. 3 for p~ —
m~m% decay (see [17]). This technical point is important
in this paper because in the spin-correlation we exploit
the azimuthal angular dependence of the second stage in
the decay sequence 7y, — pch¥ — (Ten)v.

Similarly in the p~ rest frame, the matrix element for
p~ — w0 is

(Bay BalAp) = D3, 0" (a0, 0)c (2.2)

where the final 7~ momentum is in the é,,,q?,, direction
as shown in Fig. 3. Here c is a constant factor that is in-
dependent of A,. Note that these angles 6, and ¢, spec-
ify the 7~ in the p~ rest frame when the Lorentz boost
(along the p~ momentum) is from the 7~ rest frame.
These angles are for the (4, ¥a, 22) coordinate system in
which the positive z, axis lies in the 7+ half-plane as
shown in Fig. 3. In Eq. (2.2), the value of the third Eu-
ler angle can be chosen in any convention for it cancels
out, at the observable’s level, since we stop at the sec-
ond stage in the decay sequence. We have set it equal
to zero, and so are using the same convention here as we
are using in Eq. (2.1).

For the CP-conjugate process 7, — pTo, —
(w*m%) U, the associated matrix element for 7, — p*o,

1S
(627,27, A5, Asl1/2, A2} = D3/ % (827,827, 0)B(A5,A5)
(2.3)

with i = A; — A;. Figure 2 shows the relationship be-
tween the 7~ and 7+ decay planes. The important az-
imuthal angle between these decay planes is defined by

P=d1"+ 2" . (24)

p~ rest frame

T rest frame

FIG. 3. The spherical angles 0., @, specify the w3~ mo-
mentum in the p;~ rest frame when the boost is from the
71~ rest frame. The angular parameter w;, see text, specifies
the necessary Wigner rotation about the implicit y, axis to
reach the p~ rest frame system (z1y1, 21) of Fig. 1.
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p+ rest frame

&

<* rest frame

FIG. 4. Similar to Fig. 3, the spherical angles s, s specify

the m2* momentum in the p;* rest frame when the boost is

from the 2% rest frame. A Wigner rotation by w2 about the
implicit y, axis carries this (z»ys2s) coordinate system into
the system (z2y222) of Fig. 1.

Since in Fig. 2(a) we set ¢;™ = 0 for ease in illustration,
in Fig. 2 we have ¢ = ¢,7.
For pt — w+ 7, the matrix element is

(ébs q‘;bIAﬁ) = Diﬁ,o‘(éb, ébvo)é ) (2'5)

where the final 7t momentum is in the 65,4 direction
as shown in Fig. 4. ¢ is another constant factor. These
angles 0y, ¢ specify the 7 in the p* rest frame when the
Lorentz boost is from the 77 rest frame. These angles
are for the (xp, ¥», 25) coordinate system with the positive
Tp axis in the 7~ half-plane.

Assuming a lefthanded v,, 7~
on

— p~ v, depends only

A(-1,-1) = |A(=1, - )[e% .
A0,-2) = |A(0,~ )% .

We neglect righthanded v, amplitudes since for a pure
V-A coupling [7] they are of order A(1,1)/A(-1,1) ~
mym./[(m.)? — (m,)?’] and A(0,})/A(0,-}) =
my (m,)?/{m.[(m,)? — (m,)?]}. Likewise assuming a
righthanded #,., 7+ — p*&, depends on

. b
B(1,3) = |B(1, 3)le 2.7)

i b
B(0,3) = |B(03)e* .

By rotation invariance, A(l,—%) = B(—l,%) = 0. By
CP invariance

B(A5,25) = A(=A5,—Xp) . (2.8)

Although we neglect the right-handed v, amplitudes
in this paper, for completeness we note that in the case
of both (V F A) couplings and possibly m, # 0, the

T~ — p~ v amplitudes for \, = _% are

(2.9a)
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( 1 _—)"‘gvam'r(E +Qp gRVzmT(E _Qp

(2.9b)
For A\, = —;— they are
A(-1,3)=0 (2.10a)
A0,3) = -9 ( £ q”) Ve (By — qp)
P
+ ( pt q") m.(E, +4q,), (2.10b)
mp
) = '_gLV 2'n'""r'(-E’u - Qp) + QRV 2m'r(Eu + q,z) .
(2.10¢)

Note that gr and gg, respectively, denote the chirality
(V¥ A) of the 7~ — p~ v coupling whereas A\, = :{:% de-
notes the handedness of the (massive) 7 neutrino. Thus,

when m, = 0, g1 (gr), respectively, only appears in
the A\, = —% (+%) amplitudes so the appropriately nor-
malized, averaged neutrino helicity (h,) = —£,. The

7t — p*, amplitudes follow by CP invariance, Eq.
(2.8).

III. JOINT DECAY DISTRIBUTION FUNCTIONS
FOR Tch — penV — (Ten®®)v

A. Composite decay density matrices

In Section II, the necessary helicity amplitudes have
been defined. The associated composite decay density
matrix for 77 = p7v = (n7 %) v is

RA;/\'I (01T,¢1T;éa)$a) = Z pAll\;;ApA; (7.— N p-—y)
Ap X,
Xpaa(p” = w7 w%)  (3.1)
with
j

Riy =ng[l+ focosb"| F
and the off-diagonal elements depend on

Ty = (r—4)"

I

(1\/5) sin 8, sin 260, cos(¢_>a

Nafasiny™ + (1/v/2) sin 20,[cos 6, cos(¢,

P (7T 2 e = 30 DI, 67,0)
Ay=F1/2

1/2 T T
XDI\;’MI(¢1 ,91 70)A(AP’AU)
X A* (A0 A,) | (3.2)

where p =X, — A, ¢ = A, — \,, and with

ﬁ,\pz\:, (P_ - 7r"1r0) = Di:,o((ia’éaaO)Di;,o(éa’éa’ O) .

(3.3)
The overall |c|? factor has been omitted. Similarly, for

™ = pto o (ot o

Ry, (627, 827305, ¢3) = Z Prxyx (TT = pt D)
PRy

XPaga, (p7 — wha)

Z Dy % (¢27,657,0)
=+1/2
D1/2 T 8,7,0)B(As, Ay
X )‘[pﬁv(d)Z 2y U2 ) ( P u)
X B* (A, As) (3.5)

(3.4)

Praxpiaas (T = pT0)

Prpp(pt = wta®) = DY3 * o (@b, 0, )D,{;,o(¢~5b,éb,0) ,

(3.6)
where in Eq. (3.5) £ = As — A5, i’ = A; — Ap. In Eq.
(3.6), the |¢|? factor is also omitted.

In this paper we assume a left-handed v, in7~ — p v,
decay and a right-handed o, in 7+ — pTo,. This as-
sumption is discussed in Sec. II. It is straightforward to
generalize [18] the following formulas to the case when
pure vz, and PR couplings are not assumed, so as to in-
clude possible effects from A(),, 1) amplitudes, cf. Eq.
(2.10).

It follows from Eq. (3.1) that the composite density
matrix describing 7= — p v — (7 7% for a left-
handed v is

iy —
R)\I/\'l = (e—i{};t-;“_{_ € R_—+ ) . (37)
The diagonal elements are
= Ba)|A(0, — ) A(=1,—3) (3.8)
— Ba) + i sin(¢a — Ba)]|A(0, = )IIA(=1,—3)] - (3.9)

Note that only the moduli of the 7= — p~v decay helicity amplitudes A(O, —%) and A(-1, —%) appear in the terms

independent of the ¢, azimuthal angle since

( na ):coszéa‘A(O,_ )I* & 3 sin® G| A(=1, —3)P?

ngfa

In Ry4 and 744 the terms sensitive to B, do depend on tz)a.

(3.10)

In Eq. (3.18) below, this 8, dependence can be
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probed by the 8; dependence of Fig. 1 because of the nonzero Wigner rotation by w, [see following Eq. (3.20)]. The
quantities in Eq. (3.10) depend on the longitudinal Iy, and transverse I'r widths of 7 — pr, rv; whereas the (3, terms
in Eq. (3.9) depend on the interference of the L and T amplitudes.

For the conjugate process 7+ — pt — (nt,n%)p, for a right-handed # it follows from Eq. (3.4) that

= R €i¢2r1—‘+_
RA;A’, = (e""d’:;;___‘, R__ ) (3.11)
with
Ris = ny[1 F focos8;7] + (1/v/2) sin ;" sin 26, cos(és + Bs)|B(O, DIB@, ), (3.12)
Ty =(F-4)"
= —nyfpsin@;" — (1/v/2) sin 263[cos 85" cos(Ps + Bs) + % sin(¢s + B5)]| B(0, 1)||1B(1, 1) , (3.13)
[
and B. dN/d(cos 8,7)d(cos 6,) joint distribution

Np . ‘ ;
( s fo ) = cos? 64| B(0, 3)|* + § sin® 64| B(1, 3)|* .
(3.14)

The diagonal elements in Ry, y; (R,\2 ,\5) give the an-
gular distributions for polarized 71~ — p~v = (7 7%y
decay [zt — p*0 — (7t n°)p). Specifically, for 7, ~ with
positive helicity the two-stage, or joint, angular distribu-
tion is

dN

———— =R 0 T;éav ~a ’
d cos6;7dS, ++(0175 0, G

(3.15)
where dﬁ,, = d(cos 5a)dd~>a. For 7, ~ with negative helicity
the two-stage angular distribution is

dN

—————— =R__(6:";04,¢.) .
d cos6;7dQ, (62750, &)

(3.16)

[To rewrite these formulas for 2" decay, the “barred”
diagonal elements of Eq. (3.12) appear on the right-hand
side and 6,7 — 6,7, 8, — 0y, o — &y on both sides of
Egs. (3.15) and (3.16).]

J

for v~ = p v = (7 %)

Another two-stage angular distribution is particularly
important for it has many possible polarimetry appli-
cations. We first list the distribution and then give its
derivation which introduces the Wigner rotation angu-
lar parameter w;. It is the joint distribution for 7= —
p~v = (m~7%v in terms of the variables cos#;” and
cosf;. Recall that 6,7 is the polar angle of p;~ in the
71~ rest frame, see Fig. 2(a). Similarly 6, is the polar
angle of the m;~ in the p;~ rest frame when the boost
is directly from the Z° rest frame (or y* rest frame),
see Fig. 1. This joint distribution for 7;~ with helicity
A1 = h/2 is given by

dN

d(cos 617)d(cos 6;) (3.17)

= pru(617,01) ,

where the composite decay density matrix elements is
given by [for off-diagonal counterparts see Egs. (4.16)-
(4.18) below]

prh = (1 + h cos8;7)[cos? w; cos? 6, + % sin? wy sin® 51] + (r2/2)(1 — h cos 6,7)[sin® w; cos? 6, + %(1 + cos® w; ) sin® 51]

+h(ra/\/§) cos 3, sin 6; " sin 2w, [cos? 6, — % sin? 51] .

Here w, is the Wigner rotation angular parameter [see
Eq. (3.20) below]. Alternatively, pnn can be written in
the factorized form

prn(617,61) = cos? 0, F(6,7) + Lsin®6:G(6,7) , (3.19a)

where

F(6,7) = cos?wy (14 h cos6;7)
+(r2/2)sin®? wy (1 — h cos6;7)

+h(ra/V2) cos Basin 2wy sinb; ™,  (3.19b)

(3.18)
[
G(6:7) = sin®w;y (1 + h cos6;7)
+(r2/2)(1 + cos® w1)(1 — h cos6;7)
—h(ra/\/i) cos B, sin 2wy sin6;" . (3.19¢)

Equation (3.19a) is a simple generalization of
W#(cos6,7,cosf;) given in Rouge’s Orsay paper [3,19].

C. Derivation of dN/d(cos 6,7)d(cos ,)
joint distribution

Equation (3.18) is very easily derived. The (zq4,¥a, 2za)
coordinate system of Fig. 3 is transformed into the
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(1,2, 22) coordinate system of Fig. 1 upon [19] a Wigner
rotation by w; about the implicit y, axis of Fig. 3. The
angular parameter w; is given by

sinw; = myBy sinby” /py ,
(3.20)
M(m? —m,? + [m? + m,?|3 cos ;")

4m?p,

coswy = ,
where M = E. ,,. = the ZO/'y* mass, m = the 71~ mass,
m, = p~ mass, p; = the magnitude of the p~ momentum
in the Z°/~* rest frame, and v, 3 describe the relativistic
boost to the 7, rest frame [y = M/(2m)]. Note that the
p~ variables p;, E,-, and 6,7 are equivalent variables,
see Egs. (3.24)—(3.26) below.
The Wigner-rotation equations for transforming

(&)a(ib) (3.21)
are explicitly
cos 5,, = COS w; COS 51 + sin w; sin 6, cos d;l(i) , (3.22a)
sin éa cos q;a = —sinw; cos 51 + cosw;y sin 51 cos q~51(") ,
(3.22b)
sin , sin 43,, = sin él sin d~>1(i) , (3.22¢)

where the ¢ superscript denotes that this Wigner rota-
tion is “initialized” versus the 7~ momentum direction
in the Z° (or v*) rest frame. [The form of Egs. (3.22),
and of Egs. (3.31) below, does not depend on whether
it is the ¢ = B axis or the ¢ = A axis that the 7~ trav-
els along. See Fig. 5, its caption, and the discussion in
the next paragraph for the definition of these two axes.
Also, the final result of the present derivation, i.e., Eq.
(3.18), does not depend on which axis it is since ¢;®
is integrated out. However, the physical significance of
the Wigner rotation versus the p~ p* half-plane does de-
pend on which axis it is. For example, in Sec. IV in the
discussion following the full S2SC function of Eq. (4.9),
the experimentalist’s observable event variables are ex-
pressed in terms of the p~p* half-plane. Consequently,
we introduce this terminology here.]
The first paper in Ref. [10] explains in detail the kine-
matics of the process
eTet 577t 5 (pv)(ptD) (3.23)
in the present paper’s notation. So, here, we only list
the expressions needed to determine the Z°, or ~*, rest
|

4m?

sin€,” sinfy” cos ¢ =

To complete the derivation of Eq. (3.18), the azimuthal
angle ¢;(?) is integrated over (from zero to 2).

D. dN/d(cos 8;7)d(cos 8;) joint distribution for
Tt 9 pto - (ntx%)p
Similarly for 7, with helicity Az = h/2 the joint dis-
tribution is given by
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Ar ni

“radius” (- 8o)

Z° rest frame

FIG. 5. Note that the remaining series of figures are all
in the Z° or «* rest frame. Arcs on unit sphere about the
p~ and p* momenta specify the 7~ momentum direction up
to a twofold “A-axis” versus “B-axis” ambiguity. Note that
¢a+¢p = 2w, and so cos pa = cos¢B, but singps = —sin¢p.
Therefore, cos¢ is measurable but the sign of sin¢ is not,
because of the missing v and # momentum.

frame angles 6;, 6, and cos¢. The angle between the
two 7 decay planes is ¢, see Fig. 2. The direction of the
71~ momentum can be determined [20] up to an ambigu-
ity as to whether to use a B or an A axis. This twofold
ambiguity (due to the missing v and 7 momenta) is illus-
trated in the present paper in Fig. 5. The three variables
E, = E4, p, = p1, and 6," are equivalent:

— 2 2 2
0,7 = arccos( M(m” +m,) +4Esm ) )

(m? — m,?) /M — 4m?

0<6," <m, (3.24)
where E; is the p~ energy in the Z9 rest frame. So
the angle 6; of p;~ in the Z° rest frame is determined
uniquely from cos#; and sinf; of

prcosf; = y(p1" cos0;” + BET) (3.25a)

p1sinf, = p;7sinf," (3.25b)

with p; the p;~ momentum in the Z° rest frame. Here
p1” and E,7 are, respectively, the momentum and energy

of p;~ in the 71~ rest frame:
m2 —m,>? .
pIT = “—‘%‘““p“ y ElT = [mpz + (p1 )2]1/2 . (326)

Since 6; and 0, are known, cos ¢ can be expressed explic-
itly in terms of the cosine of the opening angle ¢ between

T3y | P1P2cosY +
=

the p;~ and p,* momenta in the Z° rest frame:

(ME; — m? — m,?)(ME; — m®? —m,?) ‘ (3.27)
M2 — 4m?
dN ~
= pun(027,02) | 3.28
d(cos 0;7)d(cos 02) P07, 62) (3.28)
where

Ph,h = p—h—n (subscripts 1 — 2, a = b) . (3.29)

Equation (3.29) follows since 7+ — p™v — (nt7%)0 is
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the CP-conjugate process and ppp is even in §,. This is
a special case of the CP substitution rule shown below
in Eq. (4.18).

The Wigner-rotation equations for transforming

( ZZ ) - ( &Z?i) ) (3.30)
are
cos éb = COS w3 COS 52 + sinwy sin 52 cos ¢~$2 @) ,
(3.31a)
sin éb cos q.S,, = —sinwsy cos 0~2 + cosw, sin éz cos $z(i) s
(3.31b)
sin 0 sin ¢ = sin @ sin $,*) | (3.31¢)

where ¢ denotes that this Wigner rotation is initialized
versus the 77 momentum direction in the Z° (or v*)
rest frame. The angular parameter w, is obtained as in
Eq. (3.20) where now wy — wy with the right-hand-side
subscripts 1 — 2. This Wigner rotation by w, is about
the implicit y, axis of Fig. 4.

The Wigner rotations in Eq. (3.22) [(3.31)] depend,
respectively, on the 7~ (%) momentum direction. So
when a spin correlation between 7~ and 77 is being an-
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alyzed, e.g., in I(Ey, E,,...) of Eq. (4.10) in the next
section, one must choose the same ¢ value in Egs. (3.22)

and (3.31).

IV. DERIVATION OF STAGE-TWO r
SPIN-CORRELATION FUNCTIONS

A. The full S2SC function

In this section we derive the full stage-two spin-
correlation function for the decay sequence

Z° or vy =51t = (o1 v) (e D)

- (7r1_1r1°1/)(7r2+7r2°x7) . (41)
We start as for a beam-referenced spin-correlation func-
tion (see Sec. IV of first paper in Ref. [10]) and consider
the production-decay sequence

eet 5 2% ory* ot = (4-2)

where the ellipsis indicates the remaining decays of Eq.
(4.1). The general angular distribution is

I(®p,®5;01",017;0a, a3 027, $27; 0, ) = Z piz‘;‘:;l\;;,‘a(e‘e‘L - 711 Y)

A1AzALAL

XRa (e = pv— - )Rya(nt - pto—>-), (4.3)

where the composite decay density matrix for 7~ — p~v — --- is given by Eq. (3.1), and that for 7+ — p*o — ...
is given by Eq. (3.4). For initially unpolarized particles in the e~e™ collision, the 73 "7, production density matrix

[10] is

d
p};:?\z;«\iaké(@B’q)B) - |Dz/4?
kil

where A = A1 — Az, M = A/ — A2/, and s = s; — sa.
Equation (4.4) is for the center-of-mass frame of the e"e*
collision. The final 7~ direction specifies the z axis of the
Z°, or v*, polarization. In this reference system, 85 and
® p specify the e~ (beam) momentum’s direction. In Eq.
(4.4), the e“et — Z9 or 4*, production amplitude is
f"(sl,sz) and Dz, is the Z°, or v*, propagator factor.
With Eq. (4.3) there is an associated differential counting
rate

dN = I(©p, ®s,...)d(cos©p)d®gd(cos 6, )d¢, "

xd(cos 0,)dd,d(cos 827 )dps " d(cos 6y)dd, , (4.5)
where, for full phase space, the cosine of each polar angle
ranges from —1 to 1, and each azimuthal angle ranges
from 0 to 2.

From the general expression in Eq. (4.3), the full S2SC
function follows directly: Neglecting O(m./E. ,.) cor-
rections due to the finite electron mass in the produc-

T(A1, A2)T* (A, A") JRICTRSNE

(1/4 > IT(sl,Sz)lzdf\.(@)a)dil.(@s)> ; (4-4)

81,82

tion density matrix, i.e., in the T(sl,32) amplitudes for
e"et — Z° or 4*, in Eq. (4.4) the bracket factor

{} = 1/4(IT(+-)[*d3,(©5)d31(O5)
+T(=+)|*d3,—1(®5)d5,,_1(OB)] -

Each term in Eq. (4.3) can depend on the angle between
the two 7 decay planes

(4.6)

¢=¢1" + 2" (4.7)
and on the angular difference
®p=Bp— 17 . (4.8)

Holding ¢ and ®p fixed, the angle ¢;™ can be integrated
out [21]. Next we integrate out the &5 and Op angles.
Consequently, the Z°/y* production intensity factors are
common for each term, i.e., there is an overall factor
IT(+-)? + |T(—+)|?] times |Dz/,|~2. We suppress it.
The resulting full S2SC function is relatively simple:
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I(Ey1, Bz, 6;0a,a; 06, $6) = Y |T(h1,h2)|*Ra, py Riy hy + €8T (+4+)T* (= =)y + e T (—=)T* (++)r_ 474 ,

hy,h2

where the composite decay density matrix elements are
given in Egs. (3.7) and (3.11). The Z° or v* —» 77+
amplitudes T'(hy, hy) are given in Ref. [10]. Note that
on the left-hand side of Eq. (4.9), we have replaced the
0, angular dependence by the center-of-mass system p~
energy E; [per Eq. (3.24)] and similarly 6,7 by the p*
energy FE,.

B. Wigner rotations and summation over 7~ 1+
production axis

Due to the missing ¥ and 7 momenta, it is necessary
to sum the Eq. (4.9) distribution over the B-axis—A-axis
ambiguity to obtain the distribution to be compared with
experimental data. It is straightforward to do this while
also performing the associated Wigner rotations. We
parametrize the difference between the A axis and the
B axis by the two internal angles a; and a; shown in
Fig. 6 for the case 0 < a; < 7, and shown in Fig. 7 for
the case m < a; < 27. a; and a2 can be expressed [22]
in terms of the observable variables cos ¢, 6, and 65:

cos(1/2[6; + 62))

tan(1/4[on — ag]) = cot(¢/2)m , (4.10a)
_ sin(1/2[6; + 62))
tan(1/4[a1 + 02]) = — COt(¢/2)m s
(4.10b)

where cot(¢/2) = /(1 + cos¢)/(1 — cos §).

We choose an experimental convention that the ob-
servable angle ¢ between 7~ and 7t decay planes which
describes the “empirical event” lies in the range [0,n].
The corresponding full S2SC distribution is

dN = I(E:, Es,...)dQ + I(E1, Ea,...)dQ 4 , (4.11a)

Z° rest frame

FIG. 6. Since cos@, 6, and 8, are measurable, the angles
a; and a are known from elementary spherical trigonometry
(see text). So, one can calculate the effect on the full stage-two
spin-correlation function, Eq. (4.9), of not knowing the A axis
versus the B axis. This figure is for the case 0 < a; < 7.

(4.9)

[

where

dm(i) = d¢ d(cosb; ")d(cos 02 ")dJ)l d(cos él)
xdpad(cos ) , i= A,B. (4.11b)

In Eq. (4.11a), I(Ey, Eg,...) is given by Eq. (4.9).

The first term in Eq. (4.11a) is the B-axis term. We
express it in terms of the observable (experimentalist’s)
event variables. The B transformation equations are

= +a/2%m,
(4.12)

$28 =2 — /2.

The upper (lower) sign in the first equation is for the case
0<a; <7 (m <oy <2n). Thus, in I(E,, E,,...) of Eq.
(4.9), to make the B transformation we use (upper signs
for B-axis case)

cosqgl B.A - ——cosd~)1 cosay/2 £ sinq~51 sina; /2,

(4.13a)
sing, B4 = —sing, cosa /2 F cos ¢y sinay /2,
and
cosq~32 B.A cosq~52 cosaz/2 + sin<2>2 sinay/2 ,

(4.13b)
sinqgg B4 — sin g, cosaz/2F cosq~52 sinag /2,

in Egs. (3;22~) and~(3;31) to replace explicitly 04,4, —
61,41 and 0,05 — 02,02

The second term in Eq. (4.11a) is the A-axis term. It
has ¢4 = ¢ + 7 in the analytic range ¢4 € [7,2n]. The
A-transformation equations, compare Fig. 7, are

¢t =1 —01/2+m,
(4.14)
$2* =2 + /2 .

Thus, in I(E,, E,,...) to make the A transformation we

FIG. 7. Same as Fig. 6 except for case # < a; < 2.
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use Egs. (4.13a) and (4.13b) (lower signs for A-axis case)
in Egs. (3.22) and (3.31). [Since the 7~ momentum
direction has been chosen in Fig. 5, Eqs. (4.12) and
(4.14) are not symmetric.]

Equation (4.9) is therefore a parametric dlstnbutlon,
i.e., it is described explicitly in terms of 6, and ¢, and
parametrically in terms of f; and ¢;, etc. This para-
metric formulation has occurred because of the necessary
Wigner rotations [Egs. (3.22)] and (3.31)] and because of
the A-axis—B-axis summation [Egs. (4.12) plus ¢p = ¢
and Egs. (4.14) plus ¢4 = ¢ + «]. For many purposes,
a simple parametric description is as useful as an ex-
plicit analytic distribution. In this manner, we obtain
the results listed in Table III in the next section. [If the
7~ momentum direction were known, e.g., via a silicon
vertex detector, one could use Eq. (4.9) directly, with
greater sensitivity, and without these additional para-
metric transformations [18].]

i

I(E13E29¢;é1)§2) =
hlhz

2 IT(hlih2)|2ph1hzﬁh2h: +2 COS¢Re{T(++)T‘(——)p+_f)+_} .
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C. Two simpler S2SC functions

The idea in this subsection is to integrate out some
of the variables to obtain simple nonparametric distribu-
tions which still contain significant stage-two spin corre-
lations.

In Eq. (4.9), the p~ composite density matrix elements
(Rhy,hysT+—,T—4) depend on 6:7,6,, d,. By the Wigner
rotation about the 7~ direction, Eq (3.22), they depend
on 6,7,0,,¢,®. Similarly, the p* composite density ma-
trix elements (Rp, n,,7+—,7—+) depend on 6,7 , O, Bo.
So by the Wigner rotation about the 7+ direction, Eq.
(3.31), they depend on 6,7,60,,4,(). Since the v and ¥
momenta directions are unknown, we integrate out the
two aximuthal angles ¢1 2 and sum over the twofold
A-axis—B-axis ambiguity. This gives a five-variable S2SC
function

(4.15;

If the A-axis—B-axis summation is not done because the 7~ momentum direction is known, then there is an extra
term (—2 singIm{---}) where {---} is as in Eq. (4.15). This extra term would only vanish if both CP invariance

holds in (7~ 71) production and 3,

= By = 0 in 7F decays.

The integrated, diagonal composite density matrix elements

2n
Phih, = (1/2m)
4]

) Ry n, /A0, - 1)? ,

(4.16)

27 "
Phana = (1/27) | S Ry, /1B(0, )2,

were already listed in Eqs. (3.18) and (3.29). The off-diagonal counterparts are

2r
py_ = (1/27) ] 3P, /A0, ~1/2)]?

= (p-a) =1a/2m) [ a#P0r_i/140,-1/DPY

= sin 6 "[cos® w; cos® 6, + 1/2sin® w, sin® 51] — (ra?/2) sin 6, " [sin® w cos? 6, + 1/2(1 + cos® w;) sin® 51]

—{ra/(V2)}(cos Ba cos ;" — isin B,) sin 2w [cos? B; — 1/2sin? §)

and

27 .
pr-=(1/2m) [ dd0r /B0 D

which shows a useful C' P substitution rule. These can also be written in the factorized forms

where

(4.17)
2w ~(i)
= () =(0/2m) [ ddn_s/\BO.YPT

= —p4_(subscripts 1 = 2, a = b, B, = —0s) , (4.18)

p+_(017,él) = COS2 51F+_(01T) + %sinz §1G+_ (011-) 3
(4.19a)

Pr—(627,02) = cos? B2F,_(0,7) + 1sin®6,G4_(657) ,
(ra2/2) sin® wy]sin ;™ — {ra/(v2)}(cos Ba cos,™ — i sin B,) sin 2w, , (4.19b)

F._(6,7) = [cos wy —
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G4—(017) = [sin® wy — (1a?2/2)(1 4 cos® w1)]sind;” + {ra/(V'2)}(cos B, cos 6,7 — i sin B,) sin 2w; .
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(4.19¢)

Here, F,_(027) and G, _(02") follow respectively from F, _ and G_ by the transformation of Eq. (4.18), including

of course the overall minus sign.

By integrating out the angle between the 7~ and 7+ decay planes ( fo” d¢), a simple four-variable S2SC function is

obtained

I(Ey, E2,61,02) = ) |T(h1ha)|*phyhy Phshe
h1h2

= |T(+=)Ppssp— + | T(=+)Pp——pit + T (+4) 2 (o4 4P+ + p——P—-) .

In the second line, we have assumed T'(++) = T(——)
which follows if one assumes CP invariance for the pro-
duction process Z° (or v*) — 777 7.

Note that the composite density matrices ppp and ppp
of Egs. (3.18) and (3.29) depend respectively on both
Ta,Ba and 7, Op so the simpler S2SC given in Eq. (4.20)
can be used to test for CP violation in 7 — pv. In
the next section, the ideal statistical errors for o(r,) and
0(Ba2) associated with I(Ep—,E,,+,§1,02) are listed for
the {p~, p*} sequential decay mode.

V. IDEAL STATISTICAL ERRORS

Using both the simpler four variable and the full S2SC
functions of Sec. IV, we have calculated the associated
“ideal statistical errors” for a least-squares measurement
(23] of the CP violation parameters 3 = (3, — B and
Ta/Ts. Our results are shown in Tables I-1II. For sim-
plicity in this paper we do not investigate correlations
among the errors.

In Tables I and II, for the {p~,p"} sequen-
tial decay mode the four-variable S2SC function
I(E,-,E,+;0,-,0,+) of Eq. (4.20) was used. In or-
der to sum over the modes, we consider usage of this
S2SC from a {p~p*} data set to measure r, and 3, with
Ty and (B, at standard model values, Eq. (1.8). Then
it could be used from the same data set to measure 7
and B, with r, and 8, with SM values. If CP invari-
ance holds, the values should agree within errors. Since
pri of Eq. (3.18) depends only on cosf3, and 3, = 0
in the standard lepton model, the error is listed in the
square of 3,. To calculate the error in measurement of
ro and (,, the SM values were assumed. In the case of
the {p~n*} and {p~I*} decay sequences, the analogous

TABLE 1. At E..,. = Mz, ideal statistical errors for two
tests for CP violation in 7 — pv by the simpler S2SC func-
tion I(E4, Ez,él,éz), see Eq. (4.20), for the sequential decay
Z2° 5 71t with 7~ = p"v = (x77%p and v+ — pTp,

mt o, or ITvp,. We use 107 Z° events.
Ecm =M. Number of Ideal statistical errors

Mode events o(ra) a(Ba2)

{p7p"} 20302 0.006 5 (12°)?

{p~nt} 9847 0.0091 (12°)®

{p71%} 29074 0.0056 (15°)?

Sum of above

modes 59223 0.0039 [0.6%) (10°)?

(4.20)

f

three-variable S2SC functions I(E,-, Ep; ép_) were used
(B = m,l). The well-known decay density matrices [7,11]
for 7 — Bv just need to be inserted into Eq. (4.20). Note
that by inclusion of the 7+ — #nto, and 7+ — [ty o,
modes, there is an improvement by a factor of 2 in o (7,),
but only slight improvement in o(3,2).

For Table III, the full S2SC function I(FE., E2,¢;
Oa, ba; Os, d;b), see Eq. (4.9), for the {p™, p*} sequential
decay mode was used [see Egs. (4.10)—(4.14)]. There is an
improvement by a factor of 6 to 13 in o(3,) from the full
S2SC versus the simpler four-variable I(E,-, E,+, 51,02)
of Eq. (4.20). For the full S2SC function we do not list
the values for o(r,) because there is only a 10-15% im-
provement in the errors in the measurement of the moduli
ratio r, for 77 — p7v.

In the tables notice that measurement of the phase
differences (,,... at ¥* energies rather than at the Z°
does not improve as much as expected, ~ 6, through the
increase of statistics. This happens because in using p po-
larimetry a Wigner rotation connects the center-of-mass-
frame’s p observables to the respective 7-rest-frame’s p
observables. For example, the (3, dependence of pp) in
Eq. (3.18) disappears right at the 77 threshold. For this
reason a measurement of G,,... is more powerful at 10
GeV than at 4 GeV.

In an effective Hamiltonian framework, measurement
of B # 0 or B’ # 0 implies a violation of T invariance
when a first-order perturbation in a Hermitian Hamil-
tonian is reliable. Final state electroweak interactions
can [10] simulate T violation effects for the production-
decay sequence of Eq. (1.1) but such effects are neg-
ligible for these S2SC functions: In the case of these
S2SC functions, the direction of the initial e~ beam has
been integrated out so there is no contribution from the
Im([T (+—)T*(—+)] term which is affected by v* — Z° in-
terference, by the one-loop Z° — 7~ 7% vertex correction,
and by the interference of the 7%’s from the p~ and p™.
Unlike in K3 decays, since v, is only weakly interacting
there is no simple electromagnetic rescattering of the v,
and p~.

The experimental background to the 7~ — p~v, mode
from the 7= — a; v, mode where a;~ — 7~ 27° could
be included in a combined S2SC based on p and a; po-
larimetry as has been recently done for other 7 spin-
correlation tests [4]. This does require a smearing over
the S2SC distributions. Smearing is also required to in-
clude the finite p width, see Thurn and Kolanoski in [7],
and the usual e~et QED radiative corrections. How-
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TABLE II. At E. .. = 10 and 4 GeV, respectively, ideal statistical errors for two tests for CP
violation in 7 — pv by the simpler S2SC function, Eq. (4.20), for the decay of an off-mass-shell

photon v* = 777% with 7~ — p~v = (7~ 7%, and 7+ — o5, 7t 5, or ITu,. We use 107
v* = 1771t events.
Number of Ecm. =10 GeV Ecm. =4 GeV
Mode events o(ra) o(Ba.2) o(ra) a(Ba?)

{p~r"} 605127 0.001 2 (5.5°)? 0.0011 (8.8°)2
{p~nt} 293527 0.0017 (5.9°)? 0.0016 (9.1°)2
{p7 1"} 866 658 0.0010 (7.5°)2 0.0010 (11.5°)?
Sum of above

modes 1765312 0.0007 (4.7°)? 0.0007 (7.3°)?

[0.1%] [0.1%]

ever, such improvements of the analysis also do not give
rescattering between the v, and (7~ 7°).

VI. CONCLUSIONS

In the context of spin-correlation data analyses in tau
T-physics, the purpose of this paper is to point out that
p polarimetry gives a fundamental measurement of the
non-CKM-type CP violation observables 8 = B, — G
and r, /7y for 7 — pv decay. Notice in regard to measure-
ment of 3, that at v* energies it is necessary to include 7
spin correlations because if one integrates out E,+ and 0,
in Eq. (4.20), there remains no dependence on 3, since
T(+-) = T(—+) for v* = 777%. At 4* energies, 3,
cannot be measured by only analyzing the decay of an
unpolarized 7~ via 7~ = p~v — (7~ 7%)v. Analogously
at the Z°, without 7 spin correlations the dependence
goes as ay cos 3, where

ag ~ —2a.v,./(v.2 +a?) = (P,) ~ —0.138 .

Notice that the measurement of 3, by a simpler four-
variable S2SC function is possible only because of the
existence of the Wigner rotation. In pph, see Eq.
(3.18), cos 8, appear as “cos[3,sin2w;.” This observa-
tion is consistent with the listings in Tables I-1II which
show smaller statistical errors o(8,) at higher energies,
whereas in the tables the statistical errors o(r,) go as the
square root of the total number of events.

Assuming a V F A coupling for 7= - p7p (77 —
ptp), it is important to ask: Since by CP invariance
B(X5,A5) = A(—As —As), can we measure more am-
plitude ratios or phase differences from e“et™ — ~+*,
Z° 5 =1t = (p7v) (ptP) — --- by some other an-
gular distribution? The answer is no. One cannot mea-
sure |A(0, —1)| versus |B(0, 1)| because they each appear
squared in the overall normalization factor of any I(---).
One similarly cannot measure ¢o® versus ¢o® because
A*A appears in any I(---) and so the net 7= — p~v
phase is +0,, or zero, likewise from B*B.

TABLE III. Ideal statistical errors for CP and/or T viola-
tion tests based on the full S2SC function of Eq. (4.9) for the
{p™p"} sequential decay mode. Note that 3 = 8, — 8 and
B' = Ba + Bs-

Number of Ideal statistical errors
{r~p*} a(B) a(B') o(Ba)
Ec.m. events (deg) (deg) (deg)
Mz 20302 1.88 3.15 1.84
10 GeV 605127 0.43 0.74 0.42
4 GeV 605127 0.86 1.13 0.71

It is very important to notice that the kinematic com-
plications (see Sec. IV B) in the measurement of 3, and
T, arise because of the two-fold ambiguity as to the 7~
momentum direction. For a large sample of events, this
ambiguity may in practice be absent when silicon vertex
detectors are operational in v*, Z® = 777" — ... exper-
iments. However, in the present paper, we have assumed
that the 7~ momentum direction is unknown.

The prototype S2SC functions in this paper need
to be simplified and optimized. Kinematic symmetry
methods could be investigated which describe the same
production-decay sequence, but in variables more con-
venient in practice than those which naturally occur in
the helicity formalism. Clearly generalizations of triple-
product correlations, and of the related final-state mo-
mentum tensor techniques of Bernreuther and Nacht-
mann, and others, might be useful [8,12] if generalized to
S2SC. It probably would be helpful to incorporate the op-
timal variable(s) and techniques for 7 polarization, which
are being developed by Rouge and others associated with
the ALEPH collaboration [3].

As in the case of ordinary spin correlations, S2SC func-
tions are independent of the polarization state of the de-
caying particle [24] here the Z° or off-mass-shell photon
~*. Consequently, there exists good factorization [7] from
initial-state effects such as from initial-state QED radia-
tion.

This spin-correlation technique for searching for CP
violation is of course also relevant to other production-
decay sequences. For example, (a) S2SC functions can
be derived [18] for 7 — ayv decay, (b) W polarimetry
information from W — [¥ can be used to test for possible
C P violation in top quark decay t — Wb arising from a tf
production process, and (c) 7 polarimetry information in
a S2SC could be used to test for possible non-CKM-type
CP violation in W — Tv decay arising from a WTW~
production process.
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