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The new measurement of the D" —K 7+, K"K*, and =" n* branching ratios is compared
with the range of values allowed by weak-interaction mixing angles of heavy quarks. The
possibility of accommodating this measurement in the standard gauge model is discussed.

The branching ratios were determined recently
for two-body decays of D°' Theoretically, these
decay amplitudes obey one simple sum rule in-
volving mixing angles that is based only on SU(3)
symmetry of strong interactions and the absence
of flavor-changing weak neutral currents,? I
examine the sum rule to see whether it is com-
patible with the values of weak-interaction mix-
ing angles allowed in the standard sequential
SU(2) ®U(1). SU(3) symmetry is assumed for
strong interactions.

I will write the charged weak current as

Ir=(d,5,5,...)0n\(1=p)| £}, (1

Tee w0

where U=(U,;) is a unitary matrix of quark mix-
ing. Hereafter, I write the upper-left (2 X2) sub-

matrix as
U, Uy cosf,, —sinf
= . 2
g, U, sinf, cos (2)
The experimental and theoretical information
that are included in this analysis are the follow-
ing:
(1) A sum rule for D°-K"K* n~n*, and K™n*
amplitudes?:
M(D°~K K*) -M(D°~n"7")
cosf,,sinf,, +sinf, coso
_M(D°-K"m*)
cosf,,c080,, "

(3)

The sum rule results from U-spin (},) rotation

of SU(3) and it remains valid however many heavy
quarks may participate in the decays. M(D°

- K"K*) and M(D°-7n-7*) generally have different
phases of final-state interactions even in the
SU(3) limit,

M(D~K K*)=a,A, exp(id) +a,A,exp(id,),
M(D-7"1%)=-a,A, exp(id,) +a,A,exp(i,),

(4)
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where a,=(cos0,,sin6 +cosf  sinb,;)/2 and a,

=(cos#,, sinf,, - cosf, sinb,)/2 + [contributions

from (ub)(bc)...]. The subscripts 1 and 0 de-

note the U spins of the final mesons. Without

having detailed knowledge of strong interactions,

I leave the phase difference as a free parameter,
With the definitions

r=[T(D°~K"Kp ]/ (D° =7"1p,71 ], (5)

€=[ND°=1"71")p, )/ [T(D° =K 1")p "], (6)

_cos0,,8in6,,+c080.,Sinb,,
cosf,,c0s0,,

& , (7
one finds, by eliminating the phase difference A
=6, - 0, that

e(r/2-1)2 <% <e(rV/2+1) (8)

must hold. If A=0, either of the upper and lower
bounds is realized. The data give I'(D° -K-K")/
(D -K 7% =(11.3+3.0)% and I'(D° -7~ 7%/ T"(D°
~K 1% =(3.3+£1.5)%.}

(2) The values of cosd,, and sind,, as deter-
mined from the existing data. I use the results
of Shrock and Wang®:

cosb,,=0.9739+0,0025,
sinf,,=0.219+0.002.

(9)

From unitarity,

Ei Ui *Us, =Ei Uy*Ugy=0,
EiIU;’uF:Eil U:’ciZ:Eil Udilz
=Eil Usilzz 1.,

Generally, cosf,, contains a phase causing CP
nonconservation when cosé,,, sinf,,, and siné_,
are chosen to be real.* In this analysis, however,
I ignore the CP-nonconservation phase in cosf,
(not necessarily in U, or U,, with i=b,...)

since the phase factor enters U;, with a small
coefficient and the phase itself is expected to be
very small. From (10) one obtains by the Schwarz

(10)
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inequality
(1 - cos26,, - sin?6,,)(1 - cos?d,, - sin®0,,)

> (—-sinf,, cosb,, +sinb,, cosb ). (11)

In the six-quark model, the equality in (11) should
hold.

(3) The K ,-K s mass difference, the lifetime of
the D mesons, and the nonleptonic enhancement
factors. One should be fully aware that they de-
pend on dynamical models of stvong intevactions.
Since an established theoretical model exists for
each of them, however, I will add this informa-
tion to my analysis for the sake of comparison,
For the K -K g mass difference, I will compare
my results with the results of Barger et al.® and
Shrock et al.’ based on improved box diagrams,

(12)

in the six-quark model. For the lifetime, I com-
bine with the observed semileptonic branching
ratio of the D mesons (~10%), the decay-rate
estimate based on the four-fermion interactions
corrected with gluon emission and loops.® The

theoretical estimate is

0.4 x10712
2 in2
cos®f .+ ksin®0 ,

0.5<AMy_,/AM oy, <2,

sec (1<k<2) (13)

as compared with the experimental value of <0,7
X102 gec,” I will compare the result of my
analysis with nonleptonic enhancement factors of
different origins.

The constraints imposed on cosf,.; and siné,,
are plotted in Fig. 1(a). The unitarity constraint
(11) requires both values to be in the inside of
the very flat ellipse., The measured branching
ratios can be reproduced as long as cosé_, and
sinf_, lie between the two straight lines bounded
by (8). The distance of a point in the allowed
area from the circumference of unit circle is the
upper limit of the strength of the charmed-quark
coupling to any of heavy quarks of charge -3 If
only six quarks enter the charged weak current,
only the values on the arc of the ellipse are al-
lowed. If the relative phase of final-state interac-
tions is 0 or 7, only the values on the straight
lines are allowed. It should be cautioned, how-
ever, that the two straight lines are subject to
ambiguities due to the measurement errors in
the branching ratios.’ A typical ambiguity is
plotted at the point of intersection of the ellipse
and one of the straight lines.

The K ,-K ¢ mass difference (12) restricts the
angles to the upper right-hand corner of the el-

IJ‘S;T‘ncd (13) ! g @
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FIG. 1. (a) Consistency of the constraints imposed by
the Cabibbo-suppressed D° decays with those imposed by
other experimental and theoretical information. The
shaded region is commonly allowed. See the text for
further details. (b) The minimum enhancement factor
of the U= 0 rate vs the U= 1 rate in the SU(3) symmetry
limit. Effective U = 1 amplitudes due to SU(3) breaking
are not negligible particularly near sinf.,/cosf;s = 0.23.
For the sake of comparison, the enhancement factors
are plotted for the strange-particle decays and the
Cabibbo-favored decays of the charmed particles.

lipse. The boundary for Recosf,, is drawn for
m,>15 GeV in the six-quark model with the CP
phase, A similar restriction is obtained in mod-
els with more than six quarks if one bars an
accidental cancellation among heavy-quark con-
tributions. The lifetime (13) eliminates the region
close to the origin. After all the restrictions,
there is still some area left for the mixing angles
if final-state interactions are favorable. However,
the situation does not look so optimistic when we
look into the relative enhancement factor of the U
=0 rate versus the U=1 rate that is needed to re-
alize the measured branching ratios. Dropping
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the U =0 amplitude versus the U =1 amplitude as the contributions from the @b )(bc)-type interactions
involving heavy quarks of charge —3 for the moment, one obtains the enhancement factor E for

V2 -1 <|€080,48in0y, — O8O, SINby, |, V241
7241 |cosf,;sinb,, +c0S6,Sint,q |

(14)

Near sinf_,/cosf  =sinf, /cosé, , we need a very large enhancement. I have plotted E ;;,%, the mini-
mum enhancement factor in rate that is needed even with the most favorable final-state interaction
phases. In most of the allowed region, particularly in the likely region of sinf ,=z0.17, the needed en-
hancement for the U=0 processes is quite large. Can we find an origin of such a large enhancement
for U=0, but not for U=1? The standard short-distance enhancement does not provide a solution to
this problem.® Looking at the U=0 and U =1 pieces of the interactions

[(wd)(dc) + (us)(5c)] (cos 6,,8in6,,F cosb, sinb,,),

one finds that the so-called “penguin diagrams”
can contribute to the U=0 amplitudes, but not to
the U=1 amplitudes in the SU(3) limit.® If they
are really important in the Cabibbo-suppressed
decays of the charmed mesons, one can readily
explain the large enhancement of the U=0 ampli-
tudes, and therefore, the large K"K*/n~n* ratio
of the D° decay. The heavy-quark contributions
to U=0 that have been left out also produce the
penguin diagrams. Since the penguin diagrams
are not of short-distance nature, we are unable
to estimate them numerically accurately. How-
ever, because they are not short-distance proc-
esses, there is a good chance that they produce

a sizable enhancement even in the heavy-quark
decay. Enhancement due to a (C=0) resonance

at the D° mass is unlikely since the phase-shift.
analyses of 77 and KK channels do not indicate
any conspicuous resonance in that mass region,®
However, SU(3) breaking effects of nonresonant
nature should be examined carefully.!! Near
siné,,/cos 6, =sind,,/cosb,,, effective U=0 inter-
actions induced from the U=1 four-fermion inter-
action through SU(3) breakings presumably domi-
nate over the U=0 term of the SU(3) symmetry
limit. Therefore, the real enhancement need not
be as large as indicated in Fig. 1(b) in that neigh-
borhood.

To summarize, the branching ratios of the two-
body nonleptonic D° decays as measured by
Abrams et al. (Ref. 1) can be accommodated in
the standard gauge model of sequential SU(2)
®U(1) if the penguin diagrams are enhanced in
the Cabibbo-suppressed charm decays just as I
suspect they are in the strange-particle decays.
Because of the difficulty in accurate measure-
ment of Cabibbo-suppressed semileptonic decays
of the D° meson, the nice U-spin property of the
nonleptonic decay interactions makes the two-
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body I° decays the most suitable to examine the
weak-interaction mixing angles when the accu-
racy of measurement is improved.
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ble comments on the subject of this Letter in gen-
eral,
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We generalize the analysis of coupling-constant renormalization in unified theories to
allow for more than one scale of spontaneous symmetry breakdown between unification
and SU(3)® SU(2)® U(1). We find a relation between a; ¢ , sin’6y;, and the proton lifetime
which is independent of the details of the gauge hierarchy and holds in a large class of

unified theories.

In an SU(5) unified theory of strong, weak, and
electromagnetic interactions! the structure of the
gauge hierarchy is unique. If this theory is to
describe physics, the SU(5) symmetry must be
broken at a very large momentum, ~ 10 GeV,
down to SU(3)®SU(2)®U(1).2 This symmetry is
further broken down to SU(3)®U(1) at M,,~80 GeV.
There is no choice for the first symmetry break-
down because the only proper subgroup of SU(5)
which contains SU(3)®SU(2)®U(1) is SU(3)®SU(2)
®U(1) itself. Consequently, the effect of the gauge
hierarchy on the renormalization of sin®0y, is
unique, and any reasonable choice for the color
SU(3) coupling o implies sin®,, ~ 0.2, Experi-
mentally, sin%,,=0.23+ 0,01,> This is closer to
0.2 than it is to ¢ (the naive unification value)
which is nice, but it seems to be significantly dif-
ferent from the SU(5) prediction. What is going
on? One possibility is that the unifying group may
be some larger group which contains SU(5). Then,
the gauge symmetry may break down to SU(3)
®SU(2)® U(1) in several steps. In this paper, we
generalize the analysis of Ref. 2 to this more
general situation. We find a useful formula with
a simple physical interpretation. We then apply
it in some interesting examples.

If a simple gauge group G is broken down to
SU(3)®SU(2)® U(1) in N steps, the gauge hierarchy
of the theory can be characterized by N +1 mass-
es, [y, x =0 to N, describing the strengths of the
various steps of symmetry breaking. We assume
that u,_,«<p,. There is a large region between
Uy-, and i, where the physics can be described

by an effective field theory with an §* gauge sym-
metry. S* is the subgroup of G which is left un-
broken in steps x through N of the hierarchy.* $*
is broken down to S*"! at a mass p,.,. The gauge
bosons associated with S* but not with $*"! get
mass of the order of u,._,.

The subgroup S* is a product of simple factors
and U(1) factors

s*=IL,s.%, 1)

where s * is either a simple non-Abelian sub-
group or a U(1). S!, for example, is U(1)®SU(2)
®SU(3); so we can take s,'=U(1), s,'=8U(2), and
st =SU(@3). S°is SU(3)®U(1) and p,~My. Denote
the generators of s ,* by T,;*- The unification pro-
vides a natural normalization of the generators.
Choose a convenient representation of G (for ex-
ample, the adjoint representation) so that

tr(T " Tp;*) =X6 45045, (2)
where X is any convenient constant.

We will choose A so that the electric charge @

is

Q =Tys' + ()3T, @)
in terms of the generators of S! [7,,! is the third
component of weak SU(2) and T,,* is the U(1) gen-
erator]. The factor (§)V2 in Eq. (3) is character-
istic of groups G with the SU(3)®SU(2)® U(1) em-
bedd?d in an SU(5) subgroup [in Ref, 2, (§)V?
=-Cl

If S* contains more than one U(1) factor, we

choose all but (at most) one to be orthogonal to
the electric charge [tr(QT,,*) =0]. The orthogon-
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