CP Noninvariance: A Charm Possibility

LING-LIE CHAU

Physics Department, Unsversity of California
Dawis, CA 95616

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 D°D° mixing and mass-matrix

CP noninvariance.
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I. Introduction: The K meson case

The observation of ¢ # 0 signifies that the decay-amplitude CP noninvariance in
addition to the mass-matrix CP noninvariance ¢ as observed quater of a century ago. We

can see this from the following: the CERN NA31 experiment measuredm

In+—/n0o|> — 1 = 6 Re(€'/€) = 0.0035 £ 0.007 + 0.004 + 0.0012, (1)

where

AKL—7tr™) (14 8AK > ntr) - (1 - A(K° > ntn)

T T A(Ks - ) (14 OAK® = atn) + (1— ) A(K® — nvn-)
— A+—/f3+—— - p/q =e+¢, (2)
Ai-[A+— +p/q '
oo = AOO/AOO — P/q —c— 26’, (3)

B Aoo/Aoo + p/4q

()

where (Z,) = A( K — fi),and p=1—¢ g =1+ ¢ € is the CP violating parameter of
the amplitude of isospin zero of the two pions; and €, of the isospin two. Here both the
mass-matrix and the decay-amplitude CP violations are involved. In the ratios A4_/ A, .
Ao/ Aoo the strong-interaction phases cancel. Without decay-amplitude CP violation in
weak interactions, any phases in A,_/A,_ and Ay /Ao can be simultaneously taken
away by choosing a proper phase convention so that A,_ /A, = 1 = Ago/Aoo, thus
N+-/noo = 1. The reverse is also true, i.e., if n4_/noo = 1, then A, /A, = Ao/ Aco,
and [A;_/A4_| = |Aw/Ao] = 1, (the 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,
ie. T(K® - atn™) + T(K° - 7% = I'(R® - at7n") + T(K° — 7%7°). There-
fore if [A4_/A4_| < 1, then |Aoo/Aoo] = |A+—/A+—| > 1. We cannot have a situation
|A4—/A4_| = |Aoo/Aoo| # 1). It indicates decay-amplitude CP violations if |A/A| # 1,
or even when both |A4_/A+_| = |Aoo/Aoo| = 1, but no phase convention can be found
such that Ay _/A,_ and Ago/Apo are both real. Therefore n4—/noo # 1, i.e. € # 0, is a

necessary and sufficient indication of decay-amplitude CP violation.
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A natural and direct way to measure decay-amplitude CP noninvariance is to measure

the partial decay-rate difference of K%, K, i.e.,

_T(K° > 7x¥n7) _ ¢ a
R+_:r(_ 7r+7r—)_1+2Re( ), (4 )

_ T(K° = x%7%) 1 !

= F( =0 7ro7r0) =1 4R€(€ ). (4b)

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

tagged, since K%, K° 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 — KR o " KtrtaT)
e I‘(Pﬁ — 7tK~KO - gt K-ntn—)

=1+ 2R.(€), (5a)

B -+ E° — }¢+ 0,0
RoozI'(P_Ii—»ﬂ'KK—>7rK7r7r):1_4Rc(€,). (5)
I'(PP — ntK-K° - ntK—70x0)

Such tagged K°, K 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° K° measurements is that it provides a different measurement of &'
Note that NA31 measures Re(e'/e), i.e., the projection of €' on e, while tagged K°, K°
experiments measures Re(¢'). Under CPT invariance, one can show that [phase (¢)] ~
90° — (62 — 61) = 90° + (—45.3° £ 4.6°) ~ 45° which is very much close to [phase (n+-)] =
¢+ = 44.6° £ 1.20°. So € is expected to be parallel to €. Therefore, from CPT theorem

we expect

Re(e') ~ Re(e'/€)- | €| -cos 45° = 0.0035- | € | - cos 45°. (6)

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

[2]

invariance violation.
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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. 8 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 amohtudes{ ] A, B,
C, D, €, 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:ls]

The process D} — K%zt is given in terms of the quark diagrams as follows,
A=V, V(A + ) + VusVes(D + Esmp) =V, 4Veg(4A1) + VusVes(42),  (Ta)
and D; — K%z~ is given by
A=V3Vea(A+ €ap) + VisVes(Eamd) = Vi gV,oq(A1) + VisVes(42)- (70)
Note that the difference between pa.rticle and antiparticle decays are in Vij‘_Vi}' Ay and

A 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.
AJA # 1.

The partial-decay rate difference is then given by

|Al2 _ |Zl2 —4Im[( dV*d(V ch*s)*]Im(AlA*)

A= —
‘Alz + |AJ2 ‘ ud chl + VusVe .sAz|2 + |V*d dAl + VuchsA2l

(8)

Here we see that the important ingredients for nonzero partial-decay rate difference
are: first, that Im[V, ;V*,(VysV(s)®] # 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(A;1A43) # 0, which means that there must be two independent types

of nonleptonic decay amplitudes, e.g., the interference of the I = %, I = -g- amplitudes in
D} — Ko+,
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The same formulation applies to other charm meson decays, and for decays of the B,
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]? + [A]2

, and X = szsyszs¢czcyc§ R 8y8y8,84 R 1074, (9)

where the sines are parameters of the KM matrix:

1 0 O ¢z 0 sge ™ ¢z Sz O
0 —sy ¢ —se® 0 ¢, 0 01
d s b
CzCz 8zCz P u
= | — 50y — czsysze‘d’ €zCy — s,;s,,.sze'¢ Sycz c
1 1
SzSy — €zCySz€ ¢ — €8y — SzCySz€ ¢ CyCs t
1 Sz sge”
2 . ,
— 85— 8y8,€% 1 5,5.5,€" sy . (10)
;=0
Sz8y — sge*? — 8y — Sgs€% 1

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,

8z ~ 0.22, determined from strange particle decays, (11a)
sy ~ 0.05, from b particle life time, (11b)
sz ~0.01, from bounds on (b—u)/(b— e). (11¢)

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 X,, was later called J by Jarlskog, who noted its important

(

. .. . . (7
relation to certain invariants of the mass matrix. ) The s;, sy, s, here were later renamed

as S12, S23, 813 in the Particle Properties Data Booklet.

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

Fig. 1. Figure, taken from Ref.(6), shows the relation between the parametrization used
here and that of K M.

We see that as ¢ — 0, § — 0 and collapses the triangle, and this triangle was later

called the Bjorken triangle.

Phenomenologically the uniqueness of X,, 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.ls] 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

Ap ~ sin ¢” (12)

which can be of order one when ¢ is near 90°. However, in charm decays they are typically
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less than 1%,

Ac = 1072 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,ls] 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:[sl

1 0 0 O 1 0 0 0
0 1 0 0 Co 0 s,e7'¢s
V4= X
0 0 ¢ sy 0 0 1 0
[0 0 —sy ¢y 0 —spe®s 0 cy |
[ ¢y 0 0 sy,e i 0
0 0 V. 0
’ , (14)
1 0 0
| —sw€'%7 0 0 ¢y 0 0 01

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

proliferation of the number of X¢p’s. They are
(Xcp)gl = (VaiVaiViiVes), (15)
where «,f,1,7 run from 1 to 4 with a < 8,1 < 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 large, 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
Df - K°*, D7 — K%~ (16)
[9]

is such an example. 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 Bj F:; mesons had been observed. Here I would like to
remind the readers in-principle a simple way to measure Doﬁo 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:

ete™ — 1(4160,4415) — D°7T D™ — =Xt D™,
= D’r~ Dt — X7~ DY,

The time integrated fractional difference between D°, D° — £ X becomes

_ 2Re(E) TsTy
1+ [e?  (Am)Z + (T)?

Ar(D°, D° = £t X) ~ (17)

for either D°, or -130,

2Re() _ TsTy

AP D" = EX) % T (a1 (O

(18)

for either D°, or EO, where T' = (Ts+TL)/2.
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By taking the sum of Egs. (17) and (18) we obtain the measurement of the mass-matrix
CP noninvariance parameter 4Re(2)/(| + |€?). By taking the difference between Egs. (17)
and (18), we obtain the measurement of mixing between D° and D', 2T'sT/ [(Am)z-}-(flz].

Acknowledgement

I would like to thank F. Botella, H.Y. Cheng, W.Y. Keung for nice collaborations. I
would also like to thank the organizers for the opportunity to participate in this stimulating

workshop. This work is partially supported by US Department of Energy.

702



Table I: Branching ratios and partial-rate differences for rare exclusive D;, and B decays
in the case of three generations of quarks. (Here ‘Vubl 5 0.005 is used. Though we use the
same generic notations A, 8, C, D, £, and ¥ the amplitudes for B — PV are not related

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

Reaction Amplitude 1A (Br)theor (Br)ﬁc{,f' ()
DF — KOx+ VuaVi(A+ E,y) —36x10"* 18x 1073
+VuoVA(D + €4-b) (-2 x107%) (3.4 x 1073)

Bf — K+p° VasVir S5 (A + B' + D'+ E4y—s) 0.4 1x107% < 2.6x107*

+Vca Vc‘b 715' ( Ec—t)

— PPt VadVar (A" + B+ bue — €5, 0.1 4x1075 < 6x107*

By = K°%° Vo Viyos(8' — Eume) +V,, ;2,715(—&-:) 0.1~0.3 4x107% < 8.0x107*
— K% Vua V3o (Edo) + Vo, VA (EL) 0.1~0.3 4x107% < 13.0x107*
B = xte™  V  VA(A+C+E_pp + VeaVy(€oot)pp 0.1~03 <2x10™*
— K+t~ VusVis(A+ Euct)pp + Voo Vi (Ecmt)pp 0.2 1x107% <3.2x107*
0 50 * * -8
B) - K ¢ VeaVao (Eucs) + VeaVi(€._s) 0.2 ~ 0.4 8x10
- K+K*_ VuaVJb("q' + C,+€u—t) + VCAVc‘b(fc—t) 0'2 ~ 04 3)( 10._5
Bl + KTK~  V, VAi(A+C+E_)+V,Va(E._y) 0.2~ 0.4 1x10™*
— K~ ™t Vu.qu.b(A'}'eu-—t) + VCch?)(ec—t) 2x 10_2 1x 10_4

Ref (#): P. Avery et al. (CLEO collabration), phys. Lett. B183 (1987) 429.
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