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Quark spectator and tadpole graphs as predicted by the Cabibbo—Glashow-Iliopoulos-Maiani
weak current and Hamlltoman density combine to give a complete descrlptlon of charmed
D°K-7+, B'n° and D* >K'n* Cabibbo-angle-enhanced decays and D+ KK+, 7°%*, and
D°—K~—K*, 7~ Cabibbo-angle-suppressed decays.

I. INTRODUCTION

Now that the experimental data on charmed-D-meson
decays appear to follow some systematic patterns,' it is
time for theorists to reexamine the two-body nonleptonic
decays and determine to what extent these decays are
driven by the underlying Cabibbo?—Glashow-Iliopoulos-
Maiani® (GIM) weak SU(4) quark current
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In a recent paper,* it was demonstrated that the long-
standing problem of the origin of the nonleptonic K,,
AI =7 rule is explained by quark tadpole graphs built up
from the fundamental current (1) dommatlng the large
K9, decays. This tadpole enhancement is complemented
by the small AT = K oy decay being properly scaled in
magnitude and in s1gn by vacuum saturation of the con-
ventional Cabibbo weak Hamiltonian density?
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which corresponds directly to the quark spectator graph.

In this work we extend these ideas to the nonleptonic
AI=0,1 Dg,, and AI=7%, & Dyg and D,, weak decays.
The Cabibbo-angle-enhanced Dg, decays cannot receive
contributions from quark tadpoles (with AI=); instead
they are controlled by quark spectator and to a lesser ex-
tent color-suppressed spectator graphs. In Sec. II, we
show that the equivalent vacuum saturation of the D,
matrix elements of (2) given (1) are reasonably consistent
with experiment, with only D°—K %7° on the borderline
of being incompatible.

On the other hand, the Cabibbo-angle-suppressed Dz
and D}, decays Dt —>K°K+ and D+ —#%7" can receive
contributions from spectator but not color-suppressed
spectator graphs. However, the AI =+ quark tadpole can
drive the AI=+ D+t —-K°K+ decay—but not the AI =
Dt a7+ decay We show in Sec. III that these con-
clusions are not inconsistent with data.

Finally, in Sec. IV, we demonstrate that the Cabibbo-
angle-suppressed decays DKK, DS, (ie, D> >K*K~
D°—7t7~) are driven by both quark spectator and tad-
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pole diagrams. That is, the D,?E decay rate is correctly
predicted by vacuum-saturating the spectator graph and
applying current algebra and PCAC (partial conservation
of axial-vector current) to the (shghtly smaller) tadpole
graph. While such graphs add for DKK, they subtract for
DY, decay, and this result also reproduces the observed!
branching ratio B(D°—-»K*K~/mt7~)~4. In Sec. V,
we summarize these patterns and suggest that, taken fo-
gether, quark spectator and tadpole graphs do indeed veri-
fy that the Cabibbo-GIM quark current (1) and Hamil-
tonian density (2) drive both K- and D-meson nonleptonic
decays.

II. CABIBBO-ANGLE-ENHANCED Dg, DECAYS

These decay amplitudes excite only AI=1, O com-
ponents of Hy and from (1) and (2) are proportional to
cos?0¢.

A K*

By way of review, we first consider K+ —n*7° decay
since Hy, then transforms like AT=3 and therefore the
AI=+ s-d quark tadpole cannot play a role.* Instead,
K :+ .0 18 driven by the quark spectator and color-
suppressed spectator graphs of Fig. 1, or equivalently by
the corresponding vector-dominance-model (VDM) K*-
pole graphs of Fig. 2. Both Figs. 1(b) and 2(b) are
suppressed by a factor of 3 due to color and we ignore
them when computing Figs. 1(a) or 2(a) by vacuum satura-
tion of (2) given (1):

ayp=—i{mt7°|H;; |K+) ()
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(a) (b)
FIG. 1. Quark spectator (a) and color-suppressed spectator

(b) diagrams for K+ —7+7° decay.

1375 ©1984 The American Physical Society



1376 MICHAEL D. SCADRON 29
//7” // v -~ L
KX2 //’/ FX+
K —— —° + K ___f%@___ ° Do_______,i’::@:___ K
(a) (b)

FIG. 2. Vector-dominance pole graphs for K+ —a+7° decay.
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Y sin@ccosOcf (myt—m,2)

%A

~1.92%x10~% GeV (3¢c)

with f,~93 MeV and 6.~ 13.2° taken as positive. Since
the observed AI=% amplitude is* as;;=(1.83+0.01)
X 10~% GeV, where the sign is chosen in agreement with
the tadpole dominance of a,,, we regard vacuum satura-
tion, i.e., the equivalent quark spectator graph Fig. 1(a), as
approximately describing K *, , decay.’

B.Dp_ ,

Since here AI=1, 0, the AI 2% tadpoles cannot con-
tribute. Instead we can approach D°—K ~7+ decay in a
manner similar to K, decay since it can be described by
the quark spectator graph of Fig. 3 or the VDM F*-pole
graph of Fig. 4. Vacuum saturation of Dg_ﬂ then leads

to the amplitude

M_,=i(K~n*|Hy |D° (4a)
iGw — | pl34il4
=575 0 Oc(K~|J, +"*| D%

X7t | JIHZ2E | 0) (4b)

G
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~1.67X107° GeV . (4¢c)

This compares well with the observed amplitude!

| M(Dlg—,,+) | expt:(877"nD2F—+qc.m.)1/2

=(1.83+0.41)x107% GeV. (5)
C. D20 o

This amplitude is color suppressed in either the quark-
model version of Fig. 5 or the equivalent VDM D*-pole
graph of Fig. 6. Unfortunately, these graphs cannot be
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FIG. 3. Quark spectator diagram for D°—K ~7+ decay.

FIG. 4. Vector-dominance pole graph for D°—K ~7* decay.

vacuum saturated. However, M _, and \/§M00 have the
same quark structure except for the sharing of color in
Fig. 5 relative to Fig. 3. Thus the quark model predicts®

IM_,/V2My | =3 . (6)
Combining (6) with (4c) then suggests the scale

| Mgy | ~0.40X107° GeV (7a)
which is only moderately within the range of experiment,!

[M(D2o o) | expr=87mp T00/qc.m. )"
=(1.67£0.55)xX10"¢GeV .  (7b)

The smallness of My, relative to M, _ as predicted by
(3) is not inconsistent with analogous branching-ratio ob-
servations' on nonleptonic decays having final-state reso-
nances:

B(D°—K%°/K—pt)=0.0173{7, (8a)
B(D°K*°7%/K*~nt)=0.4717 . (8b)
D. Do+

Now there exists both quark spectator and color-
suppressed spectator D+ — K %7+ diagrams, as depicted in
Fig. 7, with analog VDM F* and D* pole graphs which
we do not bother to display. Since these graphs are just
the sum of the spectator graphs of Figs. 3—4, and the
color-suppressed spectator graphs of Figs. 5—6, we may
infer the well known Dy, amplitude sum rule

M__+ +‘/§.M00=M0+ . (9)

Alternatively, combining the final-state K and 7 isospins
into I=+ and 3 combinations, we may write the Dy,
amplitudes as (including possible final-state interactions)

M_+ =—%‘Ml/zeisl/z—F%Mg/zeisa/z , (10a)
ViMoy=1M, e+ 2 M, e (10b)
Mo, =M; pe™" (10¢)

from which the sum rule (9) also follows.
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FIG. 5. Color-suppressed quark spectator diagram for
D°— K % decay.
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FIG. 6. Vector-dominance pole graph for D°— K °7° decay.

In order to take advantage of (9), however, we must
determine the relative sign of M_, and M, in (6). F1erz
reshuffling of the fermion fields in (2) suggests®
M_ /My >0. On the other hand, Eq. (10) requires the
“large” M, ,, [i.e., the 6 SU(3) or 20 SU(4) component of
Hy/] to cancel between (10a) and (10b) in order to obtain
the “small” M;,, [i.e., the 15* SU(3) or 84 SU(4) com-
ponent of H,] in (10c). The same situation occurs for the
K T, graphs of Figs. 1—2 so that the large A =+ com-
ponent of Hy cancels between Figs. 1(a) and 1(b) or be-
tween Figs. 2(a) and 2(b), leavmg only the small AT=3
component of Hy, to drive K ™. ++q0 decay. Such cancella-
tion patterns suggest a relative minus sign’ between M _
and My on the left-hand side of (9), then predicting from
the vacuum-saturation scale of 4(c) [and therefore also
from (7a)]

My, =(1.67—0.56) X 10~° GeV
=1.11X1076GeV . (11a)

This value agrees well with the magnitude of the mea-
sured amplitude!
| M(D%O,,A ) I expt=(87TmD2F0+ /qcm.

=(1.15£0.20) X 10~° GeV .

)1/2

(11b)

While (11b) does seem to suggest a relative minus sign in
(11a), the experimental error on the D° lifetime is too
large to be certain of (11a) or (11b); we must wait for the
new Mark III results to be sure.

In a similar manner we should account for the color-
suppressed K ::h_o graph, as noted in Ref. 7, now
1—+4 =% of the magnitude of (3c). We suggest that this
30% mismatch between theory and experiment is a final-
state interaction effect.

III. CABIBBO-ANGLE-SUPPRESSED
Dgx,D;}, DECAYS

These amplitudes excite AI =, 2 components of Hy
and are suppressed, being proportional to sinfccosfc.
While the data are sparse for these decay modes, they are
nonetheless significant because they expose the AI =5 c-u
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(a) (b)

FIG. 8. Quark spectator and VDM pole graphs for
D+ K%+ decay.

quark tadpole which then combines with the quark specta-
tor or VDM graphs.

A. Dfo

This pure AI =+ transition is driven by both the spec-
tator or VDM graphs of Fig. 8 and also by the c-u quark
tadpole of Fig. 9(b). Looking first at the spectator graph
of Fig. 8, vacuum saturation (VS) of (2) gives for
fx=12f,=112 MeV,

M Vs(DKOK + smeccosec

2\/_

X<K—0|J}‘3+“4 |D+><K+ |J4+i5,;t|0)

Gw . 2 2
=-2—s1n0Ccosech(mD —mg*®) (12a)

~4.7x1077 GeV. (12b)
Concerning the tadpole contribution, recall that the K O
amplitudes are controlled*®° by the AI =+ s-d quark
“self-energy” tadpole of Fig. 9(a). We believe that ques-
tions concerning the elimination of these kinetic tadpoles
by SU4) rotations or quantum-chromodynamic and
quantum-flavor-dynamic transformations have been ade-
quately answered in Ref. 4. These self-energy quark tad-
poles are at the core of the respectlve one-partlcle transi-
tions (0| Hg | K°) and (0| Hq | D°) depicted in Figs.
10(a) and 10(b), which in turn generate the rapidly varying
K, and Dy pole graphs of Figs. 11(a) and 11(b).

At this point one invokes current algebra and PCAC to
relate Figs. 10 and 11 as*°®

(13a)

_ 1 _
—(ﬁovothad[K())zzf 2<0|Htad|K0> ’

m

— (K% + |Hmd|1)+)z—1—2< |Hwa |D°) . (13b)
S

To estimate the magnitude of (13b), we note that the

structure of Fig. 10(a), as shown in Ref. 4, is

u
wfﬁ c s
¢ s + W Qd
_ — _ u
J———d d q
(a) (b)

FIG. 7. Quark spectator (a) and color-suppressed spectator
(b) diagrams for D+ —K %+ decay.
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(a) (b)
FIG. 9. Al =—21- s-d quark tadpole (a) and c-u quark tadpole
(b).
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FIG. 10. K° to vacuum (a) and D° to vacuum (b) tadpole
graphs.

(0| Hepg | K°) « (mg—my)m,2—m,?) ,

where the factor of mg—m, derives from the s-d quark
loop in Fig. 9(c) and the factor m,2—m,? is universally
generated'? by the GIM current (1) in Fig. 9(a). Switching

d<>u and s<>c then converts Fig. 9(a) to 9(b) and

c— My )(msz"‘md

(m
<0|1:Itad|D0>z

2
) _

O|H,4|K°

(ms——md)(mc2—m,,2) (O] i | )

(14a)

~i2.3X10 GeV?, (14b)

where m,~1550 MeV, m;~510 MeV, m, ~m,;~340
MeV are the constituent quark masses and the magnitude
of (0| Hyq|K°) and sign are taken from theory* or from

experiment.! Substituting (14b) back into (13b) then

predicts the tadpole amplitude
Mtad(DgOK"' )=i(]?0K+ 'Htad |D+>
~1.8X1077 GeV . (15a)

Adding together (12b) and (15a), we obtain the total
Dgo, .+ amplitude

M (Do, +)=6.5X10""7 GeV , (15b)
which is quite consistent with observation,!
| M(DZog i) | expt=8Tma*T 1 g /Gc.m)"">
=(6.0+2.1)X 1077 GeV . (15¢)

Apart from the excellent agreement between (15b) and
(15c), the point is that the spectator and tadpole ampli-
tudes are theoretically predicted to add; if they instead in-
terfered destructively, the results would be reduced to
2.9%10~7 GeV, which is not in as good agreement with
(15c¢) as is (15b).
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FIG. 12. Quark spectator (a) and equivalent vector-

dominance pole graph (b) for D°— K ~K* decay.

+
B. D%

This decay excites only AT =% components of Hy,, so
the c-u tadpole is ruled out. As for the spectator or VDM
graph, vacuum saturation of (2) for D+ —7%r* leads to

iG

MWD, __)t= E%Sineccosec

m

><(7_’.0|J’1‘1+i12 |D+>(7T+ |J1+i2,;4l0>

(16a)
Gy . 2 2
~ ——2—‘/3-s1n9¢cos6'cf,,(mp —m,)
~—3.0x1077 GeV , (16b)
which also is not inconsistent with experiment,1
MDY )| expt{(6.321.5)X 1077 GeV . (16¢)

IV. CABIBBO-ANGLE-SUPPRESSED
D2k, D%, DECAYS

Like the K (2),, decays, these D° am‘plitudes are propor-
tional to sinfccosO¢ and excite Al =+ and 3 components
of Hy such that both quark spectator and tadpole graphs
occur together for a given process.

A. D°

KK+t

The equivalent quark spectator and VDM pole graphs
for D°—~K~K ™ are displayed in Fig. 12. Vacuum satura-
tion of Fig. 12 then corresponds to

o iGy .
Mys(Dp_p )= 2—‘/-2—sm9¢cos60
X(K_ |J;¢3+“4 |D0>(K+ |J4+i5,y, | 0)

(17a)

- T° /T(.o
- -
_ /::,, LAd ::,/K‘
e U e
~N ~
@ W m @

FIG. 11. Rapidly varying K °—#°7° pole diagram (a) and
D+ KO+ pole diagram (b).
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FIG. 13. Rapidly varying pole graph for D°—»K~K* decay.
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G
~ -—zzsineccosecfx(sz—sz)

~4.7X1077 GeV . (17b)
This amplitude must be added to the rapidly varying tad-
pole diagram of Fig. 13. Using (13) and (14), the latter
graph gives

Myo(DY_ )=i{K~K*|H,q|D°) (18a)
i
=——5(0|Hyq|D°)
f&? m
~1.8x1077 GeV . (18b)

The total Dlg _g+ amplitude is then the sum of (17) and
(18):

M (D) _, )~6.5x10"7 GeV , (18¢c)
which is quite close to observation,!
|M(DY_ )] expt=(6.410.8)X 107" GeV . (18d)

B. D°_ ,

The corresponding quark spectator and VDM pole
graphs are depicted in Fig. 14. Vacuum saturation analo-
gous to (17) gives

iG
Mys(D)_ 1) =" = (—sinfc)cosbc

2
< (= IJ;ILI+”2 | DO (| J1+i2#) 0)
(19a)

G
=_ Twsineccosecf,(mpz—m,,z)

~—4.2X1077 GeV , (19b)
where the minus sign in (19) is due to the explicit struc-
ture of the GIM quark current (1). On the other hand, the
rapidly varying tadpole diagram of Fig. 15 has the same
sign relative to Fig. 13 and Egs. (13b) and (18b):

Myuy(D?_ )=i{m~m* |Hyq | D) (20a)
i
~ — (0|H D0>
2f,72 I tad |
u
W f d P
c d .
[/ ST DO —_T"
(a) (b)

FIG. 14. Quark spectator (a) and equivalent vector-
dominance pole graph (b) for D° 77 decay.

—

FIG. 15. Rapidly varying pole graph for D°—7—7* decay.

~1.3X1077 GeV . (20b)
Combining (19) and (20), the net D2, amplitude is
M(DO_ ,)=~—2.9X10"7 GeV . (21)

The ratio of the Dgg to D2, amplitudes (18c) and (21)
then leads to the predicted branching ratio

B(D°K~K*/7m~7*)
=(q&m /4Tm ) | M(DZ_ )/M(D2__)|?

~4.3, (22a)

which is consistent with the measured branching ratio!
B(D° K=K+ /m™ 1 )ep=3.411.9 . (22b)

We note the importance of the sign of the tadpole con-
tributions (18) and (20) relative to the spectator amplitudes
(17) and (19), determined by the sign of (0| Hq |K°) in
(14). The latter sign is fixed by the experimental K,, am-
plitude ratio a3, /a;,;~0.05>0 and independently by
the K,, AI=3 quark spectator to AI =+ quark tadpole
ratio.* If this sign were opposite, then the branching ratio
(22a) would be 7 rather than 4. We regard this as a very
significant test of the spectator plus tadpole theory—
combined with the GIM current (1) and Cabibbo Hamil-
tonian (2).

To assure the reader that mixing quark spectator and
tadpole graphs is a legitimate enterprise, we stress that
both contributions stem from the current-algebra—PCAC
premise. While this is obvious for the tadpole amplitudes
from the structure of (13), it was Sakurai!! who stressed
the connection between the VDM and current-algebra and
PCAC. With reference to the Dk, decays, it was shown in
Ref. 7 that one must add the results of taking the K and 7
soft, leading to, for fx =f,

—faM_, =(K~|[Q" ,Hy;]|D°)
+(7* |[Q@X",H,;y]| D°)

:—‘71'—2—(7T+|HJJIF+>’ (233)

—faMoo=(K°|[Q™,H;;]1|D°) +(=°| [QX",H};]1| D)
=+(K°|H, | D%, (23b)
—faM o=(K°|[Q™ ,Hy]|D")
+{(7t| [QKO’HJJ] |D*)

2%2[(77'+ |Hyy |F*)+(K°|Hy |D%)] .
(23¢)
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The final right-hand sides of (23a)—(23c) simulate both
the quark spectator plus color-suppressed spector graphs
of Figs. 3, 5, and 7 and at the same time follow the VDM
graphs of Figs. 4, 6, and 8, while satisfying the sum rule
9.

V. SUMMARY

We have shown that Cabibbo-angle-enhanced Dy, de-
cays are controlled by quark spectator or equivalently
VDM pole graphs; that Cabibbo-angle-suppressed Dz de-
cay is driven by the quark spectator and the Al =~ c-u
quark tadpole graphs; that D! decay cannot receive con-
tributions from tadpoles, but Dgf and D?,.,, are driven by
both quark spectator and tadpole diagrams. In our
opinion, all of this points very convincingly to the under-
lying Cabibbo-GIM quark current as the true origin of
nonleptonic weak decays—not only for K mesons* and D
mesons, but also for hyperon decays as well,”!? where
AI =+ tadpoles cannot occur.

In passing, it should be obvious to the reader that we
have deemphasized the QCD modification of the weak
Hamiltonian density (2) in terms of the QCD factors'>®
f+. Perhaps they are necessary for inclusive rates, but it
is not clear what calculation they improve for two-body
nonleptonic decays. @ The Dk, branching ratio
B(D°>K~m*/K°°) goes from 18 in (6) to ~40 with
the f. factors included,® even more removed from present
experiment. Moreover, such f, factors appear not to be
necessary for K,, or Dyg, D,, or hyperon decays; they
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would partially spoil the good agreement that already ex-
ists between theory and experiment in these cases. A
theoretical justification for ignoring the QCD factors f
for quark spectator decays is that gluons exchanged be-
tween quarks within the same hadron have been accounted
for, e.g., in the (0| A4, [7*) and (K°| ¥V, |D*) current
matrix elements and gluons exchanged between quarks
within different hadrons can be ignored because of gluon
confinement.

Note added in proof. The key relative minus sign be-
tween the color-enhanced and color-suppressed spectator
graphs of Fig.7 for D*—-K%* decay suggested on
phenomenological grounds below Fig. 6 in fact has a
theoretical basis. The factor-of-3 color suppression in Fig.
7(b) at the weak vertex follows from the Fierz reshuffling
of the quark fields in Hj; in (2). But then the strong ver-
tices (K°| V™" | D+) and (z+ | V2™ | D*) are of op-
posite sign because K °, F*t, 71, D*° have a net relative
Condon-Shortley negative phase when converting the gg
quark states to Cartesian language. This mismatch be-
tween ¢gq quark and Cartesian states is more easily séen'*
for K*—u*tn° decay, also leading to a 1—+=2
suppression of the color-enhanced amplitude (3).
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