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Tests of the Glashow-Iliopoulos-Maiani Hamiltonian based on SU(3) symmetry are presented that do not
depend on any enhancement assumptions. The significance of possible failures of these predictions are
discussed with emphasis on alternative models involving right-handed currents.

I. INTRODUCTION

.The charm-changing nonleptonic Hamiltonian in
the theory of Glashow, Iliopoulos, and Maiani
(GIM)* has the form

H,~ cos?0,(Cs) (du)
+ sinf; cosb,[(€s) L (5u) , - (Td) (du) ]
+sin®6; [(€d) , (Su), ]+ H.c. (1)

A major prediction of this theory, that the non-
strange charmed particles D° and D* decay pre-
dominantly into strange particles, appears to have
been verified in the observed D° and D* decays? at
SPEAR. Another prediction of this theory is the
existence of Cabibbo-suppressed decays arising
from the second term in Eq. (1) in which charm
does not convert into strangeness. The purpose of
this note is to discuss the quantitative predictions
that follow from Eq. (1), with particular emphasis
on the Cabibbo-suppressed decays, and the sig-
nificance of possible failures of these predictions.

The predictions, based on the assumption of per-
fect SU(3) symmetry but without any assumed en-
hancement mechanism, are summarized in Sec. IL
Most of these have been presented before.** In
Sec. III we consider an alternative to GIM involving
the addition of right-handed charm-changing cur-
rents.’*® On the basis of SU(3) considerations
alone, we discuss the consequences if these ad-
ditional terms dominate the charm-changing de-
cays or at least contribute significantly to them.
The possible consequences of SU(3) violation are
briefly discussed in Sec. IV.

II. PREDICTIONS BASED ON GIM

Many results follow from the U-spin transforma-
tion properties of Eq. (1), the first two terms of
which can be written

H,~cos?0, U+ V2 sinf, cosb U?, (2)

where UT transforms as a U-spin vector with U,
=m. The charmed state D° transforms as a U-spin
scalar and (D*, F*) as a U-spin spinor, while the
final pseudoscalar mesons consist of two U-spin
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spinors (7*, K*) and (7°K") plus a U-spin vector and
scalar containing the neutral mesons.

For any final state with strangeness S containing
n mesons, of which #, are charged, it follows from
Eq. (2) that’

N(D°=n,n,S=+1) 1

r(D°~#n,n,,S=0) 2tan?6; °

(3)

For the Cabibbo-suppressed D° decays, for which
the final state has U=1, U,=0, it follows from U-
spin reflection for a set of decays with given (x,n,)
that

(N(K°)) = (N(E°)), (4a)
(N(K*)) = N(m*)) = (N(K 7)) = (N(77)), (4b)

where (N) is the average number. For final states
without 7° or 71 there is also the amplitude relation
AD°~F(K*, K~ ,7*,7",K°, K]
=-A[D°~F(7*, 7", K*, K", K°, K°].. (5a)
For example, among the three;body decays,
I'(D°—~ K*K°r") = I(D° ~ m*K°K ). (5b)
Equations (3) and (5a) applied to the four-body de-
cays give
I(D°— K 7"m*r*) + I(D°~ K"K "K *1*) _ 1
2I(D°=m*r*n™n™) + I(D° =~ K*K-r*7~)  2tan®0; "
(6)

Similarly it follows from U-spin reflection for the
Cabibbo-suppressed decays that

A[F*~ F(K*K "1*1"K°K°) ]

= -A[D*~F(1* 1" K*K"K°K%)].  (7)

For example, among the three-body decays,
I(F*=K*r*n")= D(D* - 1*K *K~), (8a)
I(F* - K°K°K*) = [(D* - K°K°*). (8b)

We now turn to a more detailed consideration of
the two-body decays. Using the full SU(3) symmetry
the AC = -1 piece of the Hamiltonian (1) tranforms
as 6+15. Operating onthe initial SU(3) triplet 3 of
charmed mesons B
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TABLE I. Reduced matrix elements M, for Cabibbo-
favored decays where # is the representation of SU(3)
in H and M (O =octet, S=27) is the final-state SU(3) rep-
resentation. Results are the same for H, and H,.

Og Oy Sis
AD' 1K) -1 -1 1
— 1 1 3
AD"— 1RO — — —
) N3 V2 2v2
- 1 1
0 = _ 1(3)t/2
A nK_o) = N ?(2)
AD*—~1 K0 0 0 z
A(F*—K*K" 1 -1 1
AF*—1*n) (3)1/2 (2)1/2 _(1)1/2
3 3 2
§x3=10038,

15x3-219 1068,

For the final state of two pseudoscalar mesons in
an S state there is one 8 and one 27 so that there
exists one reduced matrix element ¢ 0, for the 6 and
two, O, and S,;, for the 15. The expansion of the

decay amplitudes in terms of these reduced matrix

elements is given in Tables I and II.2 The following
rate relations are obtained:
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T(D°—7*K ") = cot?0, T(D° ~ 7*7")

= cot?0, I(D°~ K*K~),
I(D°~ K°K°) =0,
D(D° - 7°K°) = 30(D° - 1K)

= cot?6,I'(D° - 7°7°)

= cot?6, I'(D° - nn)

i

3 cot®6,I(D° - 7°p),
[(F*-K°K*)=T(D*~K°K "),
I(F*~m*n) =% cot?0 I'(F* - K°r1*),
[(F*=K*'K% =2cot?0 . T(F*—~K*r
I(D* - 7*K°) = 2 cot®*6, I(D* - 1*71°),
[(F*=m*1°%=0.

0),

(10)
(11)

(12)
(13)
(14a)
(14b)
(15)
(16)

Equations (10)-(13) follow from U-spin invariance
alone and Eq. (16) follows from the Al =1 character

of the Cabibbo-favored decays.

III. AN ALTERNATIVE TO GIM

The main alternatives to GIM as far as charm-
changing decays are concerned consist of models
in which there exists a charm-changing right-hand-

TABLE II. Reduced matrix elements M, for Cabibbo-suppressed decays, where » is the represent-
ation of SU(3) in H and M (O =octet, S§=27, U=1) is the final-state SU(3) representation.

Hy H,
Oz Oys5 Sts Oz Oy Sis 03 Us
AD ~n*r7) cotd -1 -1 1 -3 -3 3 1
AD'~K'K )coth, 1 1 -1 3 i -3 1 1
1 1 3 1 3 1 1 1
AD"— 1%%9) coto —_ —_— —_— —_— — —— =
¢ = z 2V o 3 82 vz 75
1 1 V3 1 1 V3
AD"— 1) cot —_ ¥o 1 V3 -
c 5 Ny 2 o5 T4 2 v3 0
1 1 3 1 3 9 1 1
AD"—nm) cotd - - T — Ear—l e — - = -=
¢ V2 V2 2v2 2v2 4/2 8v2 V2 V&
AD"—=K'K% cots, © 0 0 0 - -3 2 -1
AD*—K'K%coty, 1 -1 -3 3 - -1 3 0
5
AD*—1*1%) cotd 0 0 0 0 0 0 0
¢ 2v2
+ +, 1 1 3
AD'=mmeotde GV -GV 43RV = == GV a 0
C 3 3 2\2 \/'6— 2@ 2
AF —~1*K%cotfo -1 +1 3 -1 3 i 3 0
1 1 1 1 3 1 3
A(F*—K*1% cotp —_ = —_— —_ = —— = 0
¢ B V3 vz 2v2 4T V% V5
1 1 1 1,3 3,3 3
A(F*—~K™*) cotd — = NGy —_— L@y 3t/ _(3y/2
n c 75 75 oVE 7(3) 2(3) 3) 0
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ed current of the form (cs);. The most widely ad-
vertized models of this kind® are the six-quark vec-
torlike models, which may possibly be ruled out

by the inequality of v and 7 neutral-current cross
sections. Independent of other details of the model
we wish to consider here how the addition of this
current affects the SU(3) properties of nonleptonic
charmed-particle decay.® The Hamiltonian of in-
terest now has the form H=H, + H, with

H,~ c0s0,(Cs) g(du) , + sinb,(Ts) p(u) ;. (17)

From the point of view of U spin H, differs from
Eq. (2) in the Cabibbo-suppressed piece

1
H,~ cosf. UIHE sinf (U + U,), (18)

where U, is a U-spin scalar.

We consider first the possibility that all charmed-
particle decays are predominantly due to H,. This
can be argued on the basis of the short-distance
analysis of the current product in the framework
of quantum chromodynamics, which indicates
that the product of a right-handed current with
a left-handed current is considerably enhanced
over those combinations involving only left-
handed currents.® With the dominance of H, we do
not expect any of the relations Egs. (3)~(16) to hold
except for Eq. (16) and

[(D°~1°R%) = 30(D°~ K%, (19)

both of which involve the Cabibbo-favored decays
only. Neither of these is very useful; in particular,
Eq. (19) is likely to be particularly affected by the
SU(3)-breaking 7-1’ mixing. The Cabibbo-sup-
pressed decays due to H, satisfy a Al =3 rule; for
the two-body decays this gives

[(D° = 7*7™) = 20 (D° = 7°7°),, (20)
[(F*—=Km*) = 2I(F*~ K *1°), (21)
[(D*=m*n) = 2I(D° - 7°n), (22)
T(D*—-17°=0. (23)

It should be noted that the Hamiltonian H, also
leads to a Al =% rule for the Cabibbo-suppressed
decays if the 6 piece of H, is dominant. The sig-
nature for the dominance of H, lies in the failure

of some or all of Egs. (3)~(15) [except for Eq. (19)]
coupled with the AI=3 rule for the Cabibbo-sup-
pressed decays. A particular signature that follows
from Eq. (23) is

2 cot®0 . I'(D* - 7*7°) _
T -7k (24)

This quantity equals unity [Eq. (15)] in the case of
H, dominance. The U-spin structure given in Eq.
(18) does yield some inequalities obtained by elimi-

nating the interference term between the U=1 and
U=0 pieces.

I[(D°—= K*K") + D(D° = 1)
>3 tan®0 I(D°—- K1), (25)
(D= 1m) + T(D° = 7°n) + [(D° = 7°1°) ~3T(D° -~ R°K°)
>3 tan’9 (D%~ R°r%). (26)

The SU(3) decomposition of the matrix elements
of H, for two-body final states is shown in Tables
Iand II. In this case, in addition to the 6 and 15
there is for the Cabibbo-suppressed decays a 3,
which can lead to either an 8 or 1 final state; cor-
respondingly there are two additional reduced ma-
trix elements O, and U,.

This is as far as straight SU(3)-invariance ar-
guments will take us. To proceed further we con-
sider the assumption that the Cabibbo-suppressed
piece of H, [(Cs)z(Su), ] must always produce
strange quarks in the final state. In a short-dis-
tance analysis the effective interaction in which the
strange quarks annihilate is proportional to the s-
quark mass.’® From the U-spin point of view this
means the U=0 and U=1 matrix elements must in-
terfere destructively for decays with all pions;
this yields the predictions with H, dominance

I(D°~71*K~) = cot?6,T(D°~ K*K ),

O(D° = m*r™) = [(D° - 1°1°) = 0,
(27)
I(D°~1°K°)= cot®6, [2I'(D° = 7°7°) — 5 I'(D° =)

+A0(D°~ R°K) ).

These are to be contrasted with Eqs. (10)-(12)
which hold for H, dominance. While this assump-
tion does not involve SU(3) violation, it does appear
unnatural from the point of view of SU(3) since it
involves coherent superpositions of different SU(3)
representations in the final state. Therefore final-
state interactions may modify these results.

IV. DISCUSSION

Quantitative tests of the GIM Hamiltonian H, of
Eq. (1) are possible if the rates of the Cabibbo-
suppressed decays of the charmed mesons can be
observed. These tests summarized in Sec. II in
Egs. (3)~(16) are all based on the assumption of
perfect SU(3) symmetry. Failure of these tests
may indicate failure of SU(3) or the presence of
some additional term such as H,. While some tests
involving 71 decays may have large SU(3) correc-
tions' we may expect that other tests such as Eq.
(10) involving two-body decays may have only small
corrections. In this case large failures of these
tests would signal the presence of additional terms
in the weak Hamiltonian. However, it is not pos-
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sible using only general symmetry considerations
to distinguish the case of H, with large SU(3) break-
ing from the case of comparable contributions of
H, and H,. The alternative that H, is dominant is
discussed in Sec. IIL

To indicate the possible pattern of failures of
these tests we consider more specific dynamical
assumptions. A possible assumption for SU(3)
violation is that the weak interaction obeys U-spin
symmetry of Eq. (2) but that it is more difficult to
produce an Ss pair than a dd pair from the vacuum.
With this assumption Eqgs. (10) and (15) as well as

T'(D°~7°K°) = cot?6, T(D° - 7°1°)

from Eq. (12) still hold for H,. On the other hand
the decay D°—K°K° is no longer forbidden. If we
assume that SU(3) violation is small but that there
is a significant contribution from H,, then we ex-
pect in general that both the equalities in Eq. (10)
will fail. However, if we make the dynamical as-
sumption discussed in Sec. III, that H, yields
strange quarks in the Cabibbo-suppressed final
state, then for any combination of H, and H, we
still have

I(D°~7*K") = cot’0, T(D°~K*K"~).

However, I'(D°~m*1") would be expected to be
quite different from I'(D°—~K*K"™).

In our discussion we have avoided making as-
sumptions about the relative sizes of different re-
duced matrix elements. In the case of the GIM
Hamiltonian H,, arguments have been given'? that
the 6 matrix elements may be enhanced in analogy
with the 8 enhancement of |AS|=1 decays. An al-
ternative—possibility is that final octet states are
preferred as a result of final-state interactions.
As can be noted from Tables I and II, in the case
of two-body decays these alternatives give the
same result for branching ratios of a single

charmed meson. The alternatives can be distin-
guished only by comparing the absolute decay rates
of different charmed mesons. This is no longer
true when three-body decays are considered and
the observation of D* - K "1*7* suggests that there
is not an overwhelming octet enhancement in all
channels.

In the case of H, the assumption of final-state
octet enhancement is seen from the tables not to
be equivalent to 6 enhancement as far as the ratio
of Cabibbo-suppressed to Cabibbo-enhanced de-
cays for a single meson. If H, were sextet domi-
nated, the relationships among the Cabibbo-fa-
vored decays and among the Cabibbo-suppressed
decays would be the same as for 6 dominance of
H,, but the ratio of the suppressed to the favored
decays would be down by a factor 4 from the case
of H,. If H, were 3 dominated, an idea which fol-
lows from the assﬁmption of the dominance'® of
the 15 piece in the SU(4) decomposition of H,, the
Cabibbo -suppressed decays might have a rate com-
parable to the Cabibbo-favored ones. As far as
we know, however, there are no strong arguments
for the dominance of the 3 or 6 or 15 pieces of H,.

In summary, we have e?npha_sized_how the ob-
servation of the Cabibbo-suppressed decay modes
can yield information about the structure of the
charm-changing Hamiltonian that is not available
from the Cabibbo-favored decays. From the SU(3)
point of view, H, and H, are equivalent as far as
Cabibbo-favored decays but very different with
respect to the Cabibbo-suppressed. It is fortunate
that those modes which are most favorable for ex-
perimental observation (i.e., D°~7*r", K*K ") also
provide useful tests of the form of the interaction,
and may be least affected by SU(3) breaking. Al-
ready upper limits on these modes exist. If these
experimental results are improved they may con-
firm or rule out the original GIM model.
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