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Abstract 

This paper reviews the following topics: (i) Tests for CP violation in top-quark production 
and decay processes. In particular, mt = 174 ± 17GeV implies good top-quark polarimetry 
because theWbosons in t-quark deca.ys must be predominantly longitudinally polarized 
( rLlrT ==2.4). (ii) Tests for CP violation in tau lepton /decays by the r -+ pv decay 
mode by usage of ppolarimetry signatures.(ili) Tests for complete measurement of the 
Zo, 'Y* ~ r- r+ vertex, including tests for CP violation in tau production processes. 
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Motivations 

There are three good reasons for searching for possible CP and/or T violations in t-quark 

(t-Iepton) processes. It2 (i) We do not know fundamentally the origin or significance of the "CKM 

mixing matrix... While it is very important to continue to test its parameters and fonnulation at B 

factories and in kaon decays, the CKM matrix itself is probably not truly basic either physically or 

mathematically, from the viewpoint of spontaneous symmetry violations in local quantum field 

theory. (ii) Most astrophysics investigations show that additional sources of CP violation, beyond 

CKM, are necessary to account for the observed baryon-to-photon ratio of the universe. (ill) We can 

use new collider data to rigorously and systematically test for CP and/or T violations in top/tau 

processes. In particular, it is very "good news" that the t-quark mass is large4 (11\ =174 ± 17 GeV) 

for this implies1 good t-quark polarimetry (see below). For tests of ~-lepton couplings, it is good that 

the branching ratios B(t -+ pv) =25% is large. For instance, this means that there are two testsl for 

"non-CKM-type"leptonic CP violation in t -+ pv decay. 

CP Violation Tests for Tau Decays 

The essential idea is to search for leptonic CP violation by including p polarimetry observables 

in order to generalize the t-spin-correlation function6 I(Ep, EB) for the process 

zo, 'Y. / -+ t-~+ -+ (p- v't) (B+X) (1) 
Unpolarized 

where B = p, 1t, J.L, e with X = "'t or "t Vt· ALEPH has recently used7 the simpler 


energy-correlation function I(Ep' EB) to measure the "chiral polarization parameter" 


(2)~p == 

which tests that the 't- -+ p- v't coupling is indeed pure V-A (to at least the 10% level). 

By p polarimetry, there are two tests for "non-CKM-type"leptonic CP violation in 't -+ pv 


decay: This fact is easily seen because by rotational invariance there are two independent helicity 


amplitudes for 't- -+ P - v't decay 


A(-l, -1/2) = IA(-l, -1/2)1 e &~ ~l, A(O, -1/2) = IA(O, -1n.)1 e £ cI>: (3) 

assuming a L-handed v't" The CP-conjugate decay t+ -+ p+ "'t depends on 

.~b .~b 
B(l, 1/2) = IB(l, 1/2)1 e ., Y 1, B(O, 1/2) = IB(O, 1/2)1 e ., 't' 0 (4) 



assuming a R-handed v't. By CP invariance B(Ap, lv) = A(- Ap, - Av"). The two tests are that 

. the phase difference and moduli ratio for the two amplitudes for 't- --. P- v't decay must equal those 

for the CP-conjugate decay. That is, 

l3a = ~ (1st test) (5) 

where 13a ct> ~1 - ct>:, ~ == q, r - q, ~; andE 

ra = rb (2nd test) (6) 

in tenns of the moduli ratios 

IA(-l, -1/2)1 IB (1, 1/2)1 
(7)

IA(O, -1/2)1 rB (0, 1/2)1 

[R-handed v't amplitudes for a pure V-A coupling are order A(l, 1/2) I A(-I, -1/2) = mv/1llt and 

order A(O, 1/2) I A(O, -1/2) =mpmv/(mc)2.] 

It is 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 . .M.('t- --. p- v-c> 

'" = K('t- +- p- v't), and (b) the approximate time-reversal-operation, TFS' which·holds only if 

'" 
possible final-state-interactions are neglected. By TFS invariance, the amplitude .M. is purely real, 

Le . .,u =.,u*. So there is the simple comparison shown in ''Table 1": 

Table 1: Comparison of discrete symmetry predictions. 

'" CPTFS CP 

(3' == 13a + 13 b = 0, 21t '" 
13 == l3a - 13 b = 0 

no prediction 

all 13's vanish 

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

invariance. 

Notice that for the decay chain 

'" CP TFS 

ZO, 1* 1 -+ 't-'t+ --. (p- v't) (p+ v-c> , 
Unpolarized 

(8) 

we cannot leammore about CP invariance: Any 't spin-correlation function 1(•••) = A * A B*B 

where the amplitude A describes 't- .--. p- v't' and B describes 't+ -+ p+ v't. Therefore, we can't 



measure IA(O, -112)1 versus IB(O, 112)1 for they appear in the overall nonn of "r' as a common 

factor. Likewise, we can't measure ct>oa versus ct>ob since the possible net phase from the A·A factor 

is °or±~a. 
In the standard lepton model (pure V-A and no CP violation), ~a =~ =0 and the moduli 

ratio ra =rb s:= "'2 mpllllt =0.613. Also, the above two tests should be compared with the classic CP 

test for partial width asymmetry of CP-conjugate reactions: 

(9)
Ar == 

where, e.g. r = r ('t- --+ p- v't) and f = f ('t+ --+ p+ v't). For 't 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 (5 r,J/ra - (0.1 to 1)% level 

from data, respectively, at y. energies (at the ZO). 

It is important to realize that any leptonic-CKM-type phases will equally affect the A(-l, -1/2) 

and A(O, -112) amplitudes. Therefore, they will cancel out in ~a and in rae Hence, Pa =~ and ­

ra =rb test for a non-CKM-type leptonic CP violation. In comparison, Ar is not sensitive to Pa:;:' Pt,. 
The quantities l3a and ra can be3 measured from the full angular distribution for process (1), 

including the 1t+ momentum direction versus that of the p+ 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 

associated3 ideal statistical errors for 't -+ pv decay for possible application of S2SC functions at the 

ZO, at a B factory, or at the 't-charm threshold: 

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

a (J3) - s:= a (J3J a@')Error a(rJ- - CPT-FSTests CPCPTFS ' CP TFS 

_30_1.900.6%Mz 
10GeV _0.40 _0.70 

0.1% 

0.1% 
_1.10_0.90

4GeV 

At the ZO, 107 ZO's are assumed, and at each y. energy we assume 107 't-'t+ pairs. Notice that the 

measurement of the phase differences at y. energies, versus at the ZO, 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 fmd that 't spin correlations are necessary to measure l3a at y. energies; and we 

fmd that at the ZO, without using spin-correlations there would be an extra suppression factor of 

<P't> = -0.138. 



-----------------------------------------------------------

Since the direction of the initial e- beam has been integrated out, there is no obvious source 

for a violation of T 
"-

FS invariance for process (8). For instance, unlike in Kt 3 decays, since V't is 

only weakly interacting there is no simple electromagnetic rescattering of the v't and p-. 

CP Violation Tests for 't-'t+ Production 

In geneml, there are 4 independent (complex) helicity amplitudes T(+ ±), T(+ =F) for 

(10) 

where Al,2 label respectively the 't- ('t+) helicities in T(AI' AV. The consequences of imposing 

discrete symmetries is shown in Table 3. 

Table 3: Symmetry constraints for production amplitudes 

If Invariance Then 


CP 
 T(+ +) = T(--) 

P T(+ -) = T(- +) , T(+ +) = T(--) 

C T(+ -) = T( - +) 


T(Ab ~ is purely real 


Here, in generalizing ICEA, EB) we include the additional information that's available from 

knowing the initial e- beam direction. That is, for the process 

(11) 


(where A, B =Jl, e, 1t, p, k·, al) we includes the angles ge and tPe of initial e- beam relative to the 

fmal hadronic A- and B+ momenta in the c.m. frame. This beam-reference 't spin-correlation 

function (BRSC) gives the full angular distribution for process (11). 

In principle, such a BRSC enables a complete measurementS of the off-shell photon and ZO 

couplings of the tau lepton. But at the zo, the helicity-changing neutral-current amplitudes T(+ +) 

and T(- -) will remain unmeasured by a BRSC (assuming no experimental surprises) since the 

fractional ideal statistical error B!f(- -)I/IT(- -)1 s::: 6 for 107 zo's. But experimentally, "Is there 

something where the Standard Model says there is nothing?" Perhaps the tau is the place to look since 



I Helicity-changing Neutral Curren'll IT(- -)1= I Helicity-changing Neutral Currentl IT(+ +)1 

= ~2 ..!L ITlt (in SM) (12)ar M z 

equals 10-3 for 't, 10-4 for 11, and 10-6 for e. There should be a better test by using a BRSC 

function with a polarized initial e- beam. 

"" The other general result is that BRSC functions provide 4 distinct tests for CP I TFS 

violation8,9 in ZO,1· -+ 't-'t+ production: As easily seen from "Table 3" there are 3 relative phases 

(12a)~+ + - <P+ + - <P-­


~+ - - <P+ - - <1>- + (12b) 


~o - 1/2 (<I>+t + <1>-) - 1/2 (<p+ - + <1>- +) (12c) 


and the CP-asymmetry (moduli) parameter 

IT(+ +)1 - IT(- -)1 
(13)

IT(+ +)1 + IT(- -)1 

"" 
By CP invariance, ~++ =A=O. By TFS invariance, ~++ = ~+ _ =~o = O. Interference between 

the 1· and indirect quarkonium amplitudes does not simulate TFS violation; SM contributions to 

TFS violation from the I-loop electroweak ('t - ZO - 't) vertex correction and from 1· - ZO 

interference are both small [versus the calculated statistical errors at the ZO for (12) and (13)].8,9 

In practice, for 107 ZO's the moduli ITC- +)1 and rrc+ -)1 can be measured to 1%, and ~+_ 
«",,3°). For 107 't-'t+ pairs at 10GeV, the P and C equalities for the moduli displayed in "Table 3" 

can be tested to 1%, [~+ _ and ~o] < (""10) and ~++ < (~O). 
Both OPAL and ALEPH have bounded a possible tensor, CP-violating contribution from a 

weak-dipole coupling9 to the ZO: 

:e 1 = ··1/2,;~ aJ1v 15 't {d.c (q2) ~v } (14) 
CP violating 

with Id-c {Mz2)1 ~ 7 x 10-17 e-cm (3.7 x 10-17 e-cm) respectively.l0 

CP Violation Tests2 for Top Quark Processes 

There is a close analogy1 between applications of t-quark polarimetry and of t t 


spin-correlation tests and the ones discussed above for the 't-Iepton. The situation is particularly 


simple if viewed from the t t center of mass frame, i.e. the "X" rest frame of Fig. 1. At an e-e+ 

http:respectively.l0


- - - -b 

p 

p, p---+-~ 

-


Fig. 1: The process X""'-+ t t -+ (W+ b) (W- b) 

collider when the decay X""'-+ f I f2 occurs, the X frame is often known kinematically; at a hadronic 

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

t , decay channels. l •ll CP invariance relates the helicity amplitudes, tA.I A.2, for the decay of a 

spin-J system, X, into a pair of spin-1/2 particles. For'Ycp the CP quantum number of~ t+ + = 

'Ycp t _. For 'YCP = +1, the other two amplitudes are self-conjugate (t+_ = t+); andfor 'YCP = -1, 

or J = 0, they vanish (t+ _ = t + = 0). 

For4 Il1t; = 174 ± 17 GeV, there is good t-polarimetry because the ratio of longitudinally (L) 

polarized W's to transversely (T) polarized W's is l 

= = 2.35 (15) 

For example, the W+ energy distribution goes as 

(16) 

in which there is an important suppression factorl 

m? - 2mw2 
::It = (17) 

m 2 + 2m 2t w 



(18)~t = 

0.403 for = .174 GeVmt = 
{ zero if ffit =113 GeV 

When ffit was thought by some physicists to be less massive, the zero at Il\ = .../2 Il1w = 113 GeV was 
considered to be "discouraging". For comparison, the analogous factor in -t --+ pv decay has the 

value ~p = 0.46, so 

ffit =174 ± 17 GeVis very "good news" considering the many uses that are now being made of 

-t --+ pv polarimetry. [Here also, W polarimetry can be used3 to improve the -t --+ pv polarimetry 

signature, just as p polarimetry is being used3,6,7 for -t -+ pv.] 

In (16), the "chiral polarization parameter" 

IgLI2 - IgR12 (19)~w+ = 
IgLI2 + IgRI2 

again tests for a V-A, versus V+A, coupling in t --+ W+b decay. By the spin-correlation function 

1(Ew+, Ew), the ~w+ decay parameter can be separated from the X --+ t t production parameter 

It 12 - It 12-+ +­ (20)ex. == .K 

There are 3 particularly simple tests l for CP violation in the X --+ t t production process: In 

terms of the azimuthal angle, <I>, between the t --+ W+b and t --+ W- b decay planes, the 


spin-correlation function is [for the detailed expressions see Ref. 1] 


I (Ew, Ew, <1» = 10 + Ix (21a) 

(21b) 

(21c) 

The Ix term is absent if CP invariance holds. The 3 tests are: (i) The sin <1> term in (21) is absent12 if 

CP is good. (ii) The energy-energy distribution will be asymmetric l if CP is violated since 

A (Ew+, Ew) - i [I (Ew+, Ew) - I (Ew, Ew+)] 

t= E (~w+ cos el - ~w- cos e2l) ~t (22) 

(iii) The W+ energy distribution will be shifted1 in ex. if CP is violated since 



I (Ew+) = 1 + (a - E) ~w+ ~t cos 81
t (23) 

Note that the "E parameter" in (22) and (23) isl 

It+ +12 - It J2 
(24)E == .J( 

and that 

E = {Excess of RR versus LL} 
(25)

(top-antitop) pairs . 

For proton-proton collisions, Schmidt and Peskin 13 have considered the observable 

Prod (tLtu - Prod (tRt0 
(26)

all(tt) 

which is the same as the above "E parameter." By using the lepton transverse energies as a helicity 

analyzer, 

_ { __d_O'_ (27)AN<Br) 
d E( tt)T 

and perhaps optimistically an order {108 (t t) I year} production rate at a super-collider, they find that 

it is possible to probe CP violation in the Higgs sector at the interesting level of 

(28) 

The effects of T-odd correlations in e-e+ --+ tt due to dipole fonn-factors has also been 


investigated.14 


Tests for CP violation in top decays (t -. W+b) include usagelS of the classic CP 


partial-width asymmetry parameter 


r (t --+ W+b) - r ( t -. Wb )
Ar == (29)r (t --+ W+b) + r ( t -. Wo ) 

Possible T 
"-

FS asymmetry in t -. W+b -. (tt v) b decay has been studied in tenns of the asymmetry 

observablel6 

r (e+ out) - r (e+ into)A - (30)r (e+ out) + r (e+ into) 



where "out" ("into'') denote the e+ momentum direction versus the ( Pla., X p, direction. 

Conclusions 

(i) In searching for new phenomena with on-going experiments involving top, or tatly 

processes, we are fortunate to have 2 very powerful tools - (a) 't-Iepton and t-quark polarimetry, and 

(b) ('t~ and (t t) spin-correlations. 

(ii) There are observables for testing for CP I Tps violation in e-e+ --+ 1:-1:+ completely, and 

in 't-Iepton decays, and also in t-quark production and decay. 
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