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ABSTRACT 

CP noninvariance in charm meson decays is discussed in comparison to that in the 

B and K mesons. It is pointed out that in the case of higher than three generations of 

quarks, CP noninvariance effects can be substantial in charm decays. It is also pointed out 

how inclusive semileptonic decays can be used to measure Dog mixing and mass-matrix 

CP noninvariance. 
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I. Introduction: The K meson case 

The observation of c’ # 0 signifies that the decay-amplitude CP noninvariance in 

addition to the mass-matrix CP noninvariance c as observed quater of a century ago. We 

can see this from the following: the CERN NA31 experiment measured PI 

I~+-/~oc-J/~ - 1 = 6 Re(E’/e) = 0.0035 f 0.007 f 0.004 f 0.0012, (1) 

where 

A(KL + T+T-) 
‘+- = A(Ks --f r+r-) = 

(1+ c)A(K’ + ?r+n-) - (1- F)A(p + 7r+C) 
(1+ c)A(fl --f T+?T-) + (1- r)A(E” -+ T+T-) 

= A+-/A+- - PI9 = E + J 
A+-IA+- + PI9 

, (2) 

rloo = AoolAoo - p/q 
Aoo/Aoo + p/q 

=c-226’, (3) 

where (i) - A((d i - -+ f;), and p = 1 - Z, q = 1 + Z; c is the CP violating parameter of 

the amplitude of isospin zero of the two pions; and c’, of the isospin two. Here both the 

mass-matrix and the decay-amplitude CP violations are involved. In the ratios A+-/A+-, 

Aoo/& the strong-interaction phases cancel. Without decay-amplitude CP violation in 

weak interactions, any phases in A+-/ii+- and Aoo/Am can be simultaneously taken 

away by choosing a proper phase convention so that A+-/A+- = 1 = Aoo/&o, thus 

q+-/r]oo = 1. The reverse is also true, i.e., if ~+-/~oo = 1, then A+-/A+- = Aoo/&o, 

and IA+-/ii+-1 = lAoo/&J = 1, (th e second relation must also be true is due to 

the fact that the K”, K” to two pions are closed systems and CPT theorem applies, 

i.e. I’(K’ -+ a+~-) + T(@ + ~“7r”) = I’(iiTO --f m+rr-) + I’(K” -+ 7r”xo). There- 

fore if (A+-/A+-[ < 1, then IAoo/&o/ = IA+-/A+-/ > 1. We cannot have a situation 

IA+-/ii+- 1 = IAoo/&I # 1). It indicates decay-amplitude CP violations if IA/AI # 1, 

or even when both IA+-/ii+-1 = lAoo/&oI = 1, b u no phase convention can be found t 

such that A+-/ii+- and Am/&o are both real. Therefore ~+-/~oo # 1, i.e. 6’ # 0, is a 

necessary and sufficient indication of decay-amplitude CP violation. 

696 



A natural and direct way to measure decay-amplitude CP noninvariance is to measure 

the partial decay-rate difference of K’,l?‘, i.e., 

Here the partial decay-rate-difference effects exist only at the instance when K”, R” are 

tagged, since K”, biro mix maximally. 

Thus, to see such effects directly, tagging and time-evaluation measurements are nec- 

essary. The CERN LEAR experiment PS195 is designed to make such measurements: 

I’(PP -+ ?r+K-KO 

&0= 
I’(PF + r-K+? --f ?r-K+?r”ro) 

I’(PF -+ n+K-K” --f ?r+K-&rO) 
= 1 - 4R&‘). 

(54 

w4 

Such tagged K”, I?’ partial-decay-rate-difference measurements are a more direct and 

generic way to measure decay amplitude CP noninvariance. Another important reason 

for such tagged K”,Ko measurements is that it provides a different measurement of 8. 

Note that NA31 measures Re(s’/e), i.e., the projection of E’ on E, while tagged K”,Ko 

experiments measures Re(.s’). Under CPT invariance, one can show that [phase (c)] z 

90’ - (62 - bl) = 90’ + (-45.3’ 314.6’) = 45’ which is very much close to [phase (q+-)] = 

$+- = 44.6’ f 1.20’. So d is expected to be parallel to c. Therefore, from CPT theorem 

we expect 

Re(E’) x Re(E’/c). I E I ~cos4S” = 0.0035. 1 E I .COS~S~. (6) 

A measurement of Re(e’) different from this predicted value is a clear indication of CPT 

invariance violation. I’) 

697 



II. Generic Way of Studing Decay - Amplitude CP noninvariance 

Thus we can see that the generic way of observing decay-amplitude CP noninvariance 

is to study partial decay rate differences between particles and antiparticles. For such 

studies, the quark diagram scheme is most natural and useful. A general survey of such 

effects in the KM scheme were done quite some time ago. I31 Such a general survey of CP 

noninvariance was based upon the quark diagram scheme: weak decays of mesons are 

given unambiguously in terms of the quark-mixing matrix and six decay amplitudes I41 A, B, 

C, D, E, 7, (respectively, the external W-emission, internal W-emission, the W-exchange, 

the W-annihilation, the horizontal W-loop, its one-gluon exchange approximation is the 

so called Penguin diagram, and the vertical W-loop diagrams). To explain how particle- 

antiparticle decay-amplitude differences arise, let us use an explicit example: I51 

The process 0: -+ K”aS is given in terms of the quark diagrams as follows, 

A = v&Vc’d(A + &-d + bJ&(D + Lb) = V&V&&Al) + v,,v&(4), (7a) 

and 0, + ROT- is given by 

2 = V:d&& + &e-b) + V:,V,,(&-a) - V&V&,) + ~,3&42). P) 

Note that the difference between particle and antiparticle decays are in Vij’V;;.. Al and 

AZ are not changed. This is because of CP invariance in strong reactions. 

From this example we see that the decay amplitude CP noninvariance comes from 

the decay amplitude into a specific channel for particle and anitparticle are different, i.e. 

A/;I # 1. 

The partial-decay rate difference is then given by 

* - IAl2 - IAl2 -4~~[(v~~Vc’,(V,sV)*l~~(AlA~) 
IAl” + lzj2 = lyJ;fJl+ %Lscsf4212 + IV&Vc(pl + F3h4212 ’ 

(8) 

Here we see that the important ingredients for nonzero partial-decay rate difference 

are: first, that Im[VudV~d(V.sV&)*] # 0, which is provided by the KM mechanism 

from the interference of at least two distinct weak decay amplitudes; therefore such decay- 

amplitude CP noninvariance necessarily only happens in mixing-matrix suppressed de- 

cays; and second, Im(AlAa) # 0, which means that there must be two independent types 

of nonleptonic decay amplitudes, e.g., the interference of the I = ), I = $ amplitudes in 

D,+ + K”r+. 
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The same formulation applies to other charm meson decays, and for decays of the 23, 

strange/and top-quark mesons. The interesting point is that for the 3-generation quark- 

mixing matrix, shown in Ref. [6] that the same XCP appears in the numerator for all 

partial-decay-rate-differences, i.e. the partial-decay rate differences have the following 

generic form 

A= Xp Im(A&) 
IAl + lz12 ’ 

and XcP = ~,s~s~s~c~c~c~ w sZsYsZs~ NN IO-~, (9) 

where the sines are parameters of the KM matrix: 

d S b 

I 

CZCZ SzCz s,e+ u 

= - szcy - czsysze i4 
=zcy - szsysze i4 

sycz C 

szsy - c,cysze i4 - czsy - szcysze i# 
=ycz 1 t 

I 
1 SZ s,e+ 

e 
Si a 0 - sz - syszei# 1 - s,sys,ei4 sy 

s,sy - s,e id - SY - s,s,e+ 1 1 

. (10) 

Important features of this parametrization is that it takes advantage of all the experimental 

information: each sine is directly related to one type of experiment, 

SZ z 0.22, determined from strange particle decays, (114 

SY FZ 0.05, from b particle life time, (3 

St 2 0.01, from bounds on (b + u)/(b ---$ c). (114 

and the phase factor appears at the smallest matrix element. All these make the matrix 

easy to use. Of course physics does not depend upon how one makes the parametrization. 
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It is a matter of choice whether one wants to avoid unnecessary complications and to 

see things more clearly. This Xcp was later called J by Jarlskog, who noted its important 

relation to certain invariants of the mass matrix. (‘1 The sZ, sy, s, here were later renamed 

as ~12, ~23, 513 in the Particle Properties Data Booklet. 

The phase 4 is related to that of the Kobayashi -Maskawa 6 by the following triangle: 

Fig. 1. Figure, taken from Ref.(g), h s ows the relation between the parametrization used 

here and that of KM. 

We see that as 4 + 0, 6 + 0 and collapses the triangle, and this triangle was later 

called the Bjorken triangle. 

Phenomenologically the uniqueness of Xcp for all CP noninvariant decays in the three 

generations of quarks carries an important message. Even without knowing the detailed 

dynamics, we can conclude that we will have better luck in getting large partial decay 

rate differences in those channels where the decay rates are suppressed, i.e. where the 

denominators in Eq. (8) are suppressed. This fact has been borne out in many model 

calculations. 15’ The partial decay rates in many rare B meson decays can be as large as 

(few x 10%). The reason can be simply seen as follows. If there is no reason for dynamical 

suppression, from Eq.(8) we can easily obtain the partial-decay-rate difference in B decays 

to be 

AB N sb4, (12) 

which can be of order one when 4 is near 90’. However, in charm decays they are typically 
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less than l%, 

AC x lOa sin& (13) 

This is just a reflection of the larger decay rates of quark-matrix suppressed decays of charm 

mesons comparing to those of B meson decays. Actually this is the same reason that the 

K and B meson systems are the best systems for neutral particle-antipartical mixing. 

Thus we anticipate that the B meson will be a very useful source for interesting physics 

just like the K mesons have been. However the charm meson decays in the scenario of 

three generation of quarks can have very small particle decay-rate differences; these general 

observations were born out in practical calculations, 151 see Table 1. 

III. The Charm Possibility 

When there are more than three generations of quarks, we can generalize the sequential 

rotation matrices with phases as given in Eq. (10). Explicitly, the quark-mixing matrix of 

four quarks can be written as follows: [*I 

-10 0 0 

01 0 0 
v4 = 

0 0 c, s, 

-0 0 -s, cu 

‘1 0 0 0 

0 CtJ 0 s,evi 

0 0 1 0 

.O -svei43 0 cy 

CW 0 0 swevida 

0 10 0 

0 01 0 

_ -s,e+ 0 0 c, 

0 

v3 0 I I 0 

0 0 0 1 

, (14) 

where V3 is the 3 x 3 matrix given in Eq. (10). The striking new phenomena are the 

proliferation of the number of Xcp’s. They are 

(15) 

where c~,p,i,j run from 1 to 4 with cr < p, i < j. We see that the three-generation 

case is a rather special case where there is a unique rephasing invariant CP noninvariance 

parameter. Therefore the estimates of partial decay rates can be very different in the 
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presence of higher than three generations of quarks. One important effect is that the partial 

decay rate differences in charm particle decays can be 1arge;too. Of special interest to note 

is that some of these large CP-noninvariance effects involve only tree graph interferences. 

They are independent of the masses of the higher-than-three generations of quarks, and 

are dependent solely on the existence of higher generations of quarks. The partial decay 

rate difference between 

is such an example. PI Their partial-decay rate differences mainly come from the inter- 

ference between external W-emission diagram A and the W-annihilation diagram D. Cur- 

rently there is evidence for the annihilation diagram in D, decays. The partial-decay-rate 

difference of Eq. (16) can be as large as 20%. 

With this scenario of the possible existence of higher than three generations of quarks 

it is very worthwhile to be on the lookout for CP noninvariant decays in experiments where 

charm particles are or will be copiously produced, e.g. Fermilab, and BEPC (the Beijing 

electron-positron collider), and the machine this workshop is discussing. 

Recently the mixing of B$ god mesons had been observed. Here I would like to 

remind the readers in-principle a simple way to measure D 0” D mixing and mass matrix 

CP noninvariance for charm mesons by measuring tagged inclusive lepton decays of neutral 

charm mesons. Such tagging is available for neutral charm mesons: 

ese- -+ $~(4160,4415) --f D’r+D- -+ tZ*Xr+D-, 

5 &r-D+ + .t*Xf--D+. 

The time integrated fractional difference between Do, 3 + f?X becomes 

A1(Do, 3 + e+X) = - 
2Re(g) wL 
1 + lg12 + (Auz)~ + (I?)” 

for either Do, or Is”, 

Ar(Do, 8 + e-X) 
2Re(F) wL 

= -1 + ICI2 - (Am)2 + (F)” 

(17) 

(18) 

for either Do, or 3, where ? = (I’s + I’L)/2. 
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By taking the sum of Eqs. (17) and (18) we obtain the measurement of the mass-matrix 

CP noninvariance parameter 4Re(e)/(l+ 1~1~). By taking the difference between Eqs. (17) 

and (18) , we obtain the measurement of mixing between Do and 3,2FsI?Z/ [ (~rn)~+ (i! 12]. 
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Table I: Branching ratios and partial-rate differences for rare exclusive D,, and B decays 

in the case of three generations of quarks. (Here lvubl 2 0.005 is used. Though we use the 

same generic notations A, 8, C, D, &, and 3 the amplitudes for B + PV are not related 

to those for B + PP.) This table is taken from papers in Ref. (5). 

Reaction Amplitude PI (Bf)theor Ref.(*) 
(Br)ew 

0,’ -( K”r+ KdVcfd(A ; ‘f,-b) -3.6 x 1O-4 1.8 x 1O-3 

+v,,v,t,(~ + [s-b) (-2 x 10-3) (3.4 x 10-S) 
------ ----__---___-__--____-_______------ 

B,+ --) K+p” vU.v;b-$ (A’ + 8’ + D’ + f u-t) 0.4 1 x 10-5 < 2.6 x 1O-4 

+v,Jc~~(E,-t) 

0 + *P 7l- VudV;+(A + 8’ + fU-t - f;:-t) 0.1 4x 10-5 < 6x 1O-4 

+v,dv,t, -& (c-t - f,-,) 
------ ----------------- ------------------ 

B; + K”po V Ud V’ &,-j@’ - f,--t) + vc,v~~(-fc-t) 0.1 - 0.3 4x 10-6 < 8.0x 1O-4 

-+ K’~#J VudV;bb(f:-t) f &b~i,(f:-t) 0.1 N 0.3 4 x 10-5 < 13.0 x 1o-4 
------ ----_----__--___- ___________------- 

BdO --) T+r- v,,v;b(A + C-t-&-&p + ~dV,fg(&-&p 0.1 N 0.3 <2x10-4 

---t K+T- vU8v:,(A + fu-t), + VcaVc’b(fc-t)pp 0.2 1 x 10-4 < 3.2 x 1O-4 
------ --------------------------_-------- 

B,O-,li;o4 VudVufb(fu-t) + ~dV,fb(‘fc-t) 0.2 N 0.4 8 x 1O-6 

---), K+K*- Vu,V:,(A’ + c’-tfu-t) + VcaVc%c-t) 0.2 - 0.4 3x 1o-5 
------ --------_----_---_---___--_---A---- 

B,O --+ K+K- viuv,‘,(A + c-tfw-,) + VcsVc”b(fc-t) 0.2 - 0.4 1 x 10-4 

--+ K-T+ vudv,b(A+fw-,) + VcdV,fb(fc-t) 2 x 10-2 1 x 10-4 

Ref (*): P. Avery et al. (CLEO collabration), phys. Lett. m (1987) 429. 
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