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assuming a R-handed V¢. By CP invariance B(Ag A9) = A(- A5, -A3) . The two tests arc that

the phase difference and moduli ratio for the two amplitudes for ©~— p~ v¢ decay must equal those

for the CP-conjugate decay. That is,
By = Bp (Isttest)

4«50&0@- B 9“ IG%. @G

I, =

in terms of the moduli ratios

Iy, =

”

1AG-1, -1/2)1

-¢2; and

(2nd test)

1A(0, -1/2)

_ B, 1)

®

®)

9

[R-handed v; amplitudes for a pure V-A coupling are order A(1, 1/2)/ A(-1,-1/2) = my/mg and

order A(0, 1/2) / A(0, -1/2) = mymy/(my)*]
Itis important to distinguish between (a) the exact time-reversal-invariance operation, T,

which relates the amplitudes for the process and the fully time-reversed process, e.g. (v~ — p Vo)

= N(t" < p~vq), and (b) the approximate time-reversal-operation, mmm » which holds only if

possible final-state-interactions are neglected. By Tgg invariance, the amplitude L is purely real,

ie. UL =u". So thereis the simple comparison shown in "Table 1":

Table 1: Comparison of discrete symmetry predictions.

~

CP Tig _CP Trs
I, =Ty I, = no prediction
@s = WD+W¢HO.NH W. = ﬁ:@umf.wamr

Note the opposite predictions for the phase-difference relations in the case of CP versus CP Tgg

invariance.

Notice that for the decay chain

AR

=TT = (pTv) (P V),
Unpolarized

®

we cannot learn more about CP invariance: Any T spin-correlation function I(...)~ A°A B*B
where the amplitude A describes T — p” vy, and B describes T — p* V. Therefore, we can't

measure 1A(0, -1/2)! versus IB(0, 1/2)! for they appear in the overall norm of "I" asa common
factor. Likewise, we can’t measure ¢,* versus 9,0 since the possible net phase from the A*A factor
is 0 or1p,.

In the standard lepton model (pure V—A and no CP violation), B, =B, =0 and the moduli
ratio r,=r,~ V2 mp/mg =0.613. Also, the above two tests should be compared with the classic CP
test for partial width asymmetry of CP-conjugate reactions:

Ar = ®

=

r-
T+

where, e.g. T'=T"(t"—p"vz) and T =T (z* — p* V¢) - For © two-body decay modes, the
denominator of (9) is known to (1 to 4)%, so (at best) we know Ar ~ (1 to 4)% whereas we find (see
below) that the fractional uncertainty of the moduli can be measured to the @ r)fr, ~ (0.1 to 1)% level
from data, respectively, at ¥* energies (at the Z°).

Itis important to realize that any leptonic-CKM-type phases will equally affect the A(-1, -1/2)
and A(0, -1/2) amplitudes. Therefore, they will cancel out in Ba andin r,. Hence, B, = By, and
I,=1, test for a non-CKM-type leptonic CP violation. In comparison, Ar is not sensitive to B, s By,

The quantities B, and r, can be® measured from the full angular distribution for process (1),
including the nF momentum direction versus that of the nﬂ momentum. 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 2 Spin-Correlation” function (S2SC). Table 2 lists the
associated® ideal statistical errors for T — pv decay for possible application of S2SC functions at the
Z°, at a B factory, or at the T-charm threshold:

Table 2: Statistical errors for the corresponding discrete symmetry tests.

Error o(r) o @ = o By c@®)
Tests CP Ty, CP cp Ts CP Trg
Mg 0.6% ~19° ~30
10 Gev 0.1% ~0.4° ~0.7°
4GeV 0.1% ~0.9° ~LI°

Atthe Z°, 107 Z°’s are assumed, and at cach ¥* energy we assume 107 v+ pairs. Notice that the
measurement of the phase differences at y* energies, versus at the Z°, does not improve as much as
expected through the increase in statistics because in using_p-polarimetry a Wigner-rotation is
involved in the going from the center of mass frame’s p-observables to the respective T rest frame's
p-observables. We find that © spin correlations are necessary to measure B. aty° energies; and we
find that at the Z°, without using spin-correlations there would be an extra suppression factor of

<Pp> =-0.138.
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Y - — —b
X t- -

Fig.1: Theprocess X — tt — (W*b) (W-b)

collider when the decay X — mmn occurs, the X frame is often known kinematically; at a hadronic

collider for tt production it may be known (cr partially constrained) depending on the chosen t, and

t, decay channels.M!! CP invariance relates the helicity amplitudes , ty; 35, for the decay of a
spin-J system, X, into a pair of spin-1/2 particles. Forycp the CP quantum number of Xty =
Yept... For yep= +1, the other two amplitudes are self-conjugate (t,. = t.,); and for Yep = -1,
or J=0, they vanish (t, _ = t.,. =0

For* m, =174+ 17 GeV, there is good t-polarimetry because the ratio of longitudinally (L)
polarized W’s to transversely (T) polarized W’s is!

I mg
— = = N.wm H
HJ.H 2 Bnn AMV
For example, the W+ energy distribution goes as
IB# = 1 - akyt ¥, cos e (16)
in which there is an important suppression factor!
2 . 2
g = M - 2my an
m? + 2m,?

I-Irp
fLil, as)

0.403 for m, = 174 GeV
zero  if m=113 GeV

When m, was thought by some physicists to be less massive, the zero at m =2 m,, =113 GeV was
considered to be "discouraging”, For comparison, the analogous factorin ¢ — pv decay has the
value ¥p =046, s0
my =174 1 17 GeV is very "good news" considering the many uses that are now being made of
T pv polarimetry. [Here also, W polarimetry can be used? to improve the 7 —» pv polarimetry
signature, justas p polarimetry is being used®$7 for ¢ — pv.]

In (16), the "chiral polarization parameter”

2 . 2
Eyt = Igl* - Iggl (19)
g ? +Iggl?

again tests fora V-A, versus V+A, coupling in t— W*b decay. By the spin-correlation function
I(Byrt, Ey~), the Ey+ decay parameter can be separated fromthe X —tt production parameter

it 2 -, 12 . N= T

2
©= =g S M @0

There are 3 particularly simple tests! for CP violation in the X — tt production process: In

terms of the azimuthal angle, ®, between the t— W*b and t— Wb decay planes, the
spin-correlation function is [for the detailed expressions see Ref, 1]

[Ew, By, @) = I, + Ix (21a)
L =G + Ay cos® (21b)
L =C + A, sin®d lc)

The I, term is absent if CP invariance holds. The 3 tests are: (i) The sin & term in (21) is absent!2 if
CPis good. (ii) The energy-encrgy distribution will be asymmetric! if CP is violated since

4 (Ew+, Ew-)

7 UEwt By) = 1@y, Eyd)]
¢ €w+ cos0;' — Ey- cos 0h) ¥, 22)

(iif) The W* energy distribution will be shifted! in o if CP is violated since
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