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With the inclusion of nonfactorized amplitudes in a scheme with N. = 3, we studied Cabibbo-
favored decays of D® and D™ into two-body hadronic states involving two isospins in the final state.
We have shown that it is possible to understand the measured branching ratios and determine the
sizes and signs of nonfactorized amplitudes required.
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I. INTRODUCTION

In recent past there has been a growing interest [1-7]
in exploring the role played by nonfactorized terms in the
hadronic decays of charmed and bottom mesons. Refer-
ences [1] and [2] have endeavored to calculate the non-
factorized contribution to two-body hadronic decays of
the B meson. These calculations lend support to the
N, — oo rule in two-body hadronic B decays. Exper-
imentally, however, the evidence in support [8] of the
N, — oo rule which appeared to be there in the earlier
B-decay data has since weakened [9] and the sign of the
phenomenological parameter a; appears to be positive
[9], contrary to the prediction of the N, — oo rule.

More recently, the view that the phenomenological pa-
rameters a; and as are effective and process dependent
has been pursued further [3-7]. The effective a; and
ao, evaluated with N. = 3, depend on the nonfactor-
ized contribution. In particular, it was shown in Ref.
[5] how the conundrum of the failure [10] of all popu-
lar models to explain the longitudinal polarization frac-
tion in B® — % K*° could be resolved in a scheme that
uses N. = 3 but allows a small nonfactorized amplitude.
This idea was carried over to the charm sector in Ref.
[6] where it was shown that with N. = 3 allowing non-
factorized terms somewhat larger than in B decays (by
nonfactorized terms “large” or “small” we mean: in rela-
tion to factorized terms), one could understand data in
D} — ¢nt, ¢ppt and ¢l Ty, decays. The introduction and
description of nonfactorized terms is purely phenomeno-
logical in Refs. [5, 6] as is also the case in (3,4, 7]. No
attempt is made to calculate the nonfactorized terms but,
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rather, the emphasis is to glean some systematic behavior
of these terms so that more can be learned about them
in future.

With this objective, we have studied those hadronic
two-body Cabibbo-favored decays of D°, D* mesons that
involve two isospins in the final state in N, = 3 scheme.
These decays are D — K=, K*n, Kp, Ka,, and K*p.
By fitting data, we have calculated the size and the sign
of the nonfactorized term in each decay. Annihilation
terms, wherever permitted, have been neglected in D°
decays because of the smallness of a; (= Cs + %) for
N, = 3 and other reasons as argued in the text. We
have included final-state interaction phases in all decays
except K*p for reasons we elaborate later. However, we
have neglected inelastic final state interactions because of
the ignorance of the rescattering parameters to be used
in such an analysis.

For decays involving a single Lorentz scalar structure,
such as D — Kn, K*n, Kp, and Ka;, one can extract
effective a; and as which we show to be process depen-
dent. We also argue that color-suppressed decays are
more likely to reveal presence or otherwise of nonfactor-
ized effects.

This paper is organized as follows: Sec. II contains the
conventions and definitions used throughout. We discuss
the decays D — K in Sec. III, D — K*m, Kp, Ka,
in Sec. IV, and D — K*p in Sec. V. The results are
discussed in Sec. VI.

II. DEFINITIONS

The effective Hamiltonian for Cabibbo-favored

hadronic charm decays is given by

H, = Gr {C; (@d) (3¢) + C; (uc) (5d)} , (1)
where Gr = G—\/chsVJd and (@d), etc., represent color-

singlet (V' — A) Dirac currents. C; and C, are the Wilson
coefficients for which we adopt the values

Cy =1.26+0.04, Cy = —0.514+0.05. (2)
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The central values of C; and C» are taken from Ref. [8]
and the errors are ours.

Fierz transforming the product of two Dirac currents
of Eq. (1) in N.-color-space, we get

(@ic) (5d) = —(ud (5¢) + %Z (@\d) (53%)  (3)

and an analogous relation for (@d) (5c), where A* are the
Gell-Mann matrices. Using Eq. (3) and its analogue, we
reduce the effective Hamiltonian of Eq. (1) to the forms

HEF = G {ax (ud) (50) + C,HE )} (4)
and

HSS = Gp {a2 (ac) (5d) + clﬁg} (5)

to describe color-favored (CF) and color-suppressed (CS)
decays, respectively. The matrix elements of the first
terms in (4) and (5) are expected to be dominated by
factorized contributions; any nonfactorized part aris-
ing from them is parametrized as detailed in the text.
The second terms H(S)[” 15" (@r*d)(5A%c)] and fL(,,S)[E

13 (Ac)(5A2d)) 1nvolv1ng color-octet currents gener-

<P(P/)|j 1

>—{@+p

q2

(V@' e)liy —iu|M(p )>=i{(mM+mv)€LAiW(q2) -

*

g
—va

where ¢, = (p—p'),. In addition, the following constraint

applies at all ¢2:

2my ANV (¢%) = (mar + mv) AV (¢%)
—(mum —mv)AMY (@), (10)

(AW, e)l3) — i 1M (p)) = Z'{(T’"LM +ma)e ViV 4(q%) —

e*-q
_ZmAq—zqu [VBMA(qz) _ VOMA(qz)]} _

with the same conditions (10) and (11) imposed on
VMA(g?).

The branching ratio for M — P; P, where P; and P,
are pseudoscalar mesons, is given by

m2 m2
M P FMP
M}

4 ANV () - As%zn} +
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ate nonfactorized contributions.
for N, = 3,

We have defined here,

c
a1 =Ci + ?2 =1.09+0.04,
c
=Cy + ?1 = —0.09 + 0.05 . (6)

It should be obvious from (4) and (5) that nonfactorized
effects are more likely to manifest themselves in color-
suppressed decays than in color-favored decays because
of the fact that C is much larger than as in magnitude.

Further, in calculating the factorized amplitudes, we
use the following matrix elements [8, 11] for the weak
vector (]X) and axial vector (j;) currents between the
vacuum and the pseudoscalar (P), vector (V'), and axial
(A) vector states

<V(p,€)|]“ ‘0> =€ meV )
(A(p,e)lifloy =ermafa,
(P(0)ljz10) = ~ifppu , (7)

and the form factors for the transition of a pseudoscalar
meson (M) to pseudoscalar (P) and vector (V') mesons,

2 .2
(¢%) + ZM P g FMP (g7) (8)

q2

e* -

q ’ MV 2
—(p+ A
(Al (5

EMVpUE*VpppIUVMV(qZ) ’ (9)

mp + my

The following relations are also needed to cancel the poles
at g2 =0:

FoP(0) = FMP(0),  Ag"™V(0) = 43"V (0). (11)
For an axial vector meson, A, we define, analogously

to (9),

*

g -q

/ VMA 2
—mM+mA(p+p)u > (q7)

2

e eXVpP IaAMA 2 , 12
.l € (12)

f
B(M = PiPy) =i g5 lﬁl |A(M - PiPp)|*, (13)

and that for M — V;V,, where V; and V, are vector
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mesons, is written as

B(M — ViV2) = u g 'ﬂ > 1AM = ViVa)a
A

M
(14)

where |p] is the magnitude of final-state three-momentum
in M-rest frame, Tps is the life time of M, and A(M —
P, P,), etc. are the decay amplitudes. The branching
ratio formula for M — PV decay is the same as (14)
with a sum over polarizations of V.

In the following, we list some of the parameters we
have used throughout this paper:

fr=130.7MeV,  fx = 159.8 MeV,
f,=212.0 MeV,  fg- =221.0 MeV,
fay =212.0 MeV,

Vs =0.975, Vg = 0.975. (15)
III. D —» P, P,
D° - K—nt , K%°2° and Dt — K%t . To illus-

trate our method we write, using Eq. (4) for the effective
Hamiltonian, the decay amplitude of D® -+ K~ 7t as

A(D° - K~ 7)) = Gp{a (K~ nt|(5¢)(ad)| D°)

+C(K~nt|HP|DY} . (16)

We write the first term as a sum of a factorized and a
nonfactorized part,

(K~ |(5¢c)(ad)| D) = (x| (ad)|0) (K~ |(5c)|D°)
+ ('t K| (5¢) (ud)| D)™
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<K—7r+\H5U8>|D°> = —ifr(m3 — mZ)FO™M . (19)
Both F{V™ and F®™ (as also all nonfactorized contri-
butions to follow) are functions of the Mandelstam vari-
ables, s = m%, t = m%, and v = m2. We have chosen
to suppress these variables in wrltlng the last three and
all ensuing equations. The decay amplitude of Eq. (16)
is then written in the form

A(D° - K—nt)

= —iGr(a5F) kr fr (M3 — m%)FPE (m2), (20)

nf 8)nf

(a5 S SN il
Dir = (W Bz * oy FPKGrd)
(21)

This defines a process-dependent effective a;. We shall
see that it is possible to do so for all decays involving
a single Lorentz scalar structure. We notice also that as
the coeflicient C2/a; (=~ —0.47) is smaller than unity, the

effect of the nonfactorized amplitude arising from Hé,s) is
suppressed relative to the factorized amplitude in color-
favored decays. For the same reason, the nonfactorized

term proportional to Fél)“f could compete favorably with
F(8)nf'

0
The decay amplitude for the color-suppressed decay

D°® — K%x° by following an analogous procedure is given
by

_ .Gp
0 0,0y _ off 2 2
= —ifn(m? — m%)[FPK (m?) AD® = K%)=~ (057) o fx (m — i)
+Fy ] (17) XFQ™ (m) (22)
where we have defined the nonfactorized matrix element where
of the product of the color-singlet currents (5c)(@d) as (1)nf - (8)nf
_ o\ nf 2 (1)nf (aeﬂ') 1+ F N N ﬁ FO n
(K~ n*|(5¢)(ad)|D°)" = —ifr(m K)Fo 2 )K= = FD"( m%)  az FP™ (m%)
For the second term in (16), we write In writing (22) we have used
]
(K°7°|(uc)(sd)|D°) = (K°|(5d)|0) (x°|(ac)| D°) + (K °x°|(uc)(5d D0>
=i (mh — m2) [FP™ (mi) + B0 (24
[
and We note that in (24) there would also be a contribution
o o o\nf K ) 2y m(1)nf from an annihilation term which in factorized form is pro-
(K°7°|(ac)(sd)| D)™ = 'L—\/_E (mb —mz) Fo ™ portional to (K°n°|(5d)|0) (0|( 17,c)|D°> However, such a
term is proportional to [12] (mK m )F ( ) Be-
50 017 (8) 0\ — _JK (2 2 F®)nf cause of the fact that (m% —m2) < (m}, —m2), it has
(K"r"|H,7|DT) = Z\/ﬁ (mp —ma) Fo been neglected.

(25)

Now, as 2—2‘ in Eq. (23) is large (= —14), the nonfac-
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torized contribution ﬁés)nf, arising from f{l(,,s), is greatly
enhanced in comparison to Fél)nf. Nevertheless, it is
not possible to separate the individual contributions from
Fés)"f and ﬁél)nf.

The amplitude for D¥ — K°rt decay is obtained from
Egs. (20) and (22) via the isospin sum rule

ADT - K°7t)=A(D° - K~ 7t)
+V2A(D° - K°2°) . (26)

In terms of isospin amplitudes A;/; and A3/, and the
final-state interaction (FSI) phases,

_ 1 .
AD° - K%)= ﬁ(As/z exp(id3,2)

+V241 3 exp(ib1/2)),
AD® = ROx) = G5 (V2o i)

*Al/z eXP(i51/2))7
ADT - K°n) = V343, exp(id3)2). (27)

The relative phase is known [13] to be

§K™ =675 — 655 = (86 £8)°, (28)
with the relative sign of A/, and As/; positive. The de-
termination of relative phase of (28) in [13] used the 1994
listing [14] of the branching ratios. It differs somewhat
from an earlier [15] determination. There would be an-
other solution where the relative sign of A,/ and As/;
is odd and § — (7 — §) [16].

We determine A/, and Ag/; by equating Egs. (20)
and (22) to Eq. (27) with the phases 6,/, and d3/, set
equal to zero, and then reinstate the phases to calcu-
late the branching ratios from Eq. (13). This procedure
is equivalent to assuming that the effect of FSI in this
mode is simply to rotate the isospin amplitudes without
affecting their magnitudes. For the form factors we have
used the following normalizations at ¢q2 = 0:

FPE(0)=0.77 £ 0.04 [17],
FP™(0) = 0.83 £ 0.08 [13,18,19]. (29)

We extrapolated FPX (¢?) and FP™(¢?) as monopoles
with 07 pole masses of 2.01 and 2.47 GeV, respectively
asin [11]. As these form factors are needed at a relatively
small g2 (= m2 or m%), the results are not very sensitive
to the manner of extrapolation.

The results are summarized below. We first deter-

mined A,/; and Ag/, from (20), (22), and (27) with 6{‘;’2"

and 5;‘;’2' set equal to zero. Next, we searched for the al-
lowed ranges of (a$%)kr, (af)kr that fit the branching
ratio data [14] as 5{(/’2' - 55’2' was allowed to vary in the
range indicated in (28) for A3/3/A1/2 > 0. The resulting
ranges were
1.11 < (a$®)

Kr < 117,

—0.46 < (aSf < —0.39. (30
2 JK=n

Equivalently, if we define the two parameters

2509
_ FéB)nf ﬂ Fél)nf
XKr = FPK(m2) © Gy FPK(m2)’
(8)nf H(1)nf
£K7r = 5? 2 + 2 571? 2\’ (31)
Fo™ (m¥) C1 Fy’™ (m¥%)
such that
C
(aiﬁ)xw =a (1 + a—fXKw)
and (32)

Ci
(a;ﬂ)K” = a2 (1 + a_zé-Kﬂ) )
the allowed ranges of these two parameters were

—022 < xkxr <0,  —0.32< &g, <—021. (33)

In calculating the ranges of xx» and &k, we have em-
ployed the stated errors in C; and Cj, Eq. (2).

3/2

. . Az .
There is another allowed solution where 4,5, 1s nega-

tive and 6% ™ is replaced by (7 — §%X™) [16]. This solution
requires
0.76 < (as$¥)

Kr S 0.84

and (34)

—0.92 < (a57) . < —0.87.

However, this solution requires x . and &g, which are
measures of nonfactorization effects, to be larger and of
opposite signs. That is,

0.41 < xgx < 0.76 and —0.71 < £ < —0.58.

(35)
Of the two solutions, the solution shown in (30) and (33),

which yields ﬁ‘:—;z > 0 has (a$f) k- and (a$®) g~ closer to
the values that have been in vogue over the past decade
and it also requires a smaller nonfactorized contribution.
In principle, there is a sign ambiguity in a$¥ and a$f: One
could reverse the signs of both a$f and a$f which only
serves to change the sign of the decay amplitudes. We
think that this is a very unlikely solution because a sign
reversal of a$f can only be accomplished at the expense
of a very large nonfactorized term [> (3-4) times the
factorized term] in class I [11] decays.

We shall return to a discussion of our numerical es-
timates of Xxr and £k, [equivalently, (a$¥)k,. and
(a5T) kx| in Sec. VI.

IV. D - PV,

A.D° —» K*nt,K*°n° and D+ — K*°n+

Using the definitions introduced in Sec. II and the
method of calculation detailed for D — K decays, the
amplitudes for the decays D° — K*7 are given by
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A(D® - K*~n%) = 2Gp famp- APE" (m2)(e* - pp)
X (a‘iﬁ)K," ,
A(DO — I_{*OT(O) = fGFfKth*FP" (mi{.) (6* -pD)
X (agﬁ)K"W ’
A(DY - K*%7T) = A(D® —» K* ")
+V2A(D° —» K*°7°) (36)
where
(1)nf (8)nf
(85 om = 14+ SRy + 2
Ag T (m32) 1 A7 (m2)
(1)nf (8)nf
(a;ﬁ)x‘n =az |1+ DI:1 75 T G DI:I n2 :
Fi7m (m%.) az F’™ (m¥%.)

37)
In (36) and (37), in addition to (8) and (9), we have used
the definitions
<K*_7r+|(§c)(ﬁd)|D0>nf =2Gp fami- AV (e* - pp),
(K*~ 7t |H®|D% = 2Gp famu- AL (e* - pp) ,
<K*O7TO|(ﬂc)(.§d)|D0>nf = \/iéFfK'mK‘Fl(l)nf
x(e* -pp) ,

and

(K*OWOIELS;S”DO) = \/EéFfK'mK'Fl(S)nf(g* . pD) .
(38)

It is known [13] from an analysis of 1994 listed data [14]
that FSI phases in this decay are large, 65" = §K =

55; (103 £17)° for M > 0. To take the FSI phases

into account we follow a procedure similar to that for
D — Km decays; we calculate the isospin amplitudes
by equating the amplitudes in (36) to those in (27) with
phases set equal to zero. Having so determined A;,, and
Az, we reinstate the phases. For the form factors we
have used the following normalizations at g2 = 0:

ADPE™(0) =0.70 + 0.09
FP™(0)=0.83 +0.08

[13,17],
[13,18]. (39)

We used the normalization of the form factors given
in (39) and considered monopole [referred to as Bauer-
Stech-Wirbel I (BSWI) hereafter) as well as dipole (re-
ferred to as BSWII hereafter) forms for the g2 extrapo-
lation of the form factors ADPX" (¢?) and FP™(g?) with
pole masses 2.11 and 1.87 GeV respectively. Allowing
8™ to vary in the range (103 + 17)0 we determlned the
allowed ranges of (a$® )K, and (a%ﬁ)K. for A"—/z >0
and 3/2 < 0 that fit the branching ratio data [14]. The
results Were

Aszj2
A > 0:
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1.74 < (a§¥) . <196,
—0.53 < (a5¥) 4., < —0.43 BSWI,

1.73 < (a5%) 4. < 1.95,
—0.43 < (a57) .. < -034  BSWII. (40)

2 <0

1.29 < (a§¥) .. <151,
—0.90 < (a57) . < -0.81  BSWI,

1.28 < (a§¥) .. <152,
—0.71 < (a5%) 4., < —0.63  BSWIL. (41)

From (37) the parameters xg-» and {x-, analogous

to xx~ and Eg. defined through (31) and (32), were
<i1stimated to be
Asz/2
AL > 0:
—1.91 < xgor < —1.14,
—0.38 < €g+nr < —0.25 BSWI,
~1.89 < xx-x < —1.13,
—0.30 < €gen < —0.18 BSWII, (42)
Aszjz
A1/s < 0:
—0.93 < xKor < —0.34
—0.68 < €x-n < —0.53 BSWI,
—0.96 < xx-r < —0.34
—0.52 < £x-r < —0.40  BSWIL. (43)

Simply by fitting the three branching ratios for
(D° D*) — K*m, it is not possible to favor one solu-
tion or the other. Here, the solutions obtained with the

. A
constraint 2
1/2

> 0 require large nonfactorization con-
tributions to (a$¥) k-, as evidenced by xx+x in (42). On
the contrary, the solutions corresponding to ﬁj: <0
[with K" — (m — §%"™)] require larger nonfactorization
contributions to (a§¥) k-, as seen by comparing {x+’s
of (43) with those of (42). A discussion of these results
is given in Sec. VL.

B. D° » K~ pt, K°"® and Dt — K°%p+t

We write, using the definitions given in Sec.
amplitudes for the decays D° — Kp as

II, the
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AD°® —» K~ pt)

= 2éFfpmp(5* pp)FP¥ (mf,) (aiﬁ)Kp )

A(D°® - K°°)

= V2Grfrm,(e* - pp)AY” (m¥k) (a5T) 4,
and

A(DT - K% ") =A(D° - K~ p*)

+V2A(D° = K°°) , (44)
where
T (PR Gl e
tiKe ™ FPX(m2) =~ ay FPK(m2) )’

(45)
A(l)nf

€, = (1 A
We have also used, in addition to (8) and (9), the defini-
tions
(K~ p*|(50)(ad)|D°)™ = 2G p fom, F{"™ (e* - pp)
(K~ pt|H® D% = 2GF fom, F O (e* - pp) ,
(K°p°|(c)(5d)|D°)" = V2G r fxm,AV™ (% - pp)
(R°p°|H®| D) = V2G p fxm, AP™ (" - pp) .
(46)

ﬂ /i(()s)nf
az AOD" (m%)

Fits [13,15] to D — Kp data admit a solution with
A3/2 > 0 and a relative FSI phase 657 = §%¢ — §Xp —

1/2 ~ %32

(0i30)0. We use FPK(0) from Eq. (29) and, for want of
better information, the BSW [11] value of AY?(0) = 0.67.
In this decay also we have considered both monopole
(BSWI) and dipole (BSWII) extrapolations of the form
factors FPK (¢%) and AJ”(¢?) with 1~ pole at 2.11 GeV
and 0~ pole at 1.87 GeV, respectively [11]. To search for
the allowed ranges of (a$f)x, and (a$f)k,, we followed
the same procedure as that outlined in the analysis of
D — K7 and K*7 decays by varying §%? in the domain
(0+30)° and searching for allowed values of a$® and agf
that fit the data [14]. We found the following allowed
ranges for (a$f)x, and (a§f) k.

Aszyz
Ai/2 >0:

1.17 < (a$%)k, < 1.32,

—-1.00 < (asf)k, < —0.75 (BSWI) ,

1.01 < (a§%)k, < 1.15

—0.92 < (a5f)k, < —0.69  (BSWII). (47)
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Az/2 .
Arva <0:

0.71 < (a$®)k, < 0.85,

253 < (a$F)k, < —2.19  (BSWI),

0.62 < (a$f)k, < 0.74,

—2.35 < (aff)k, < —2.04, (BSWII) . (48)

These ranges translate into the following limits on x x,
and £k, defined in analogy with Xk and &x, of (31).
A2 5 0
A2

—0.52 < xk, < —0.11,

—0.75 < €k, < —0.50,  (BSWI),

—0.15 < xkp < 0.20 ,

—0.69 < £k, < —0.46,  (BSWII). (49)

Asz/2 .
A2 <0:

—0.41 < xx, < —0.85,

—2.00 < €k, < —-1.60,  (BSWI),

0.61 < xx, < 1.04,

—~1.86 < €k, < —1.50,  (BSWIL). (50)

Note that the solutions with 3/ L2 < 0 require much

larger nonfactorized contrlbutlons A discussion of xx,
and £k, is given in the last section.

C.D° - K-af , K°9? and D+ — K%}
We write, using definitions given in Sec. II, decay am-
plitudes for D — Ka, as

A(D°® — K~ af) = 2Gp fo,ma, (€* - pD)

xFP¥(m2 ) (a5 Kar »
A(DO — Roatl) = \/iépf[{mal (8* . pD)lefO“f ,

A(D" - K%)= A(D° - K~a)

+V2A(D° - K°a9) , (51)

where

Vonf — “’/O(S)nf +

- F(l)nf +§ F.1(8)nf
FPKE(m2 ay FPK(m2)) )~

(52)

2_2‘70(1)nf ,

(05"

)Kal
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In deriving (51), in addition to (8) and (12), we have used
the definitions

(K~ af|(5¢)(@d)| D)™ = 2G g fa, may (7 - pp) PV
<K_af|H1(uS)|D0>nf = ZéFf(nmal (e* .pD)F(S)nf ,
(K°a%|(ic) (54) | D°)™ = V2G r frcmma, (¢ - p)VeD™
(K0 H®| DOV = /3G p frema, (* _pD)"’/O(S)nf '
(53)

In the decay amplitude for D° — K% we have re-
tained only the nonfactorized contributions arising from

the product of color-singlet currents and fL(US). The rea-
son being that the factorized amplitude cannot be calcu-
lated in the BSW scheme, @;(1260) being a 3P; state,
unlike for K* which is a 35, state, BSW procedure
does not define the null-plane wave function for L =1
quark-antiquark pairs. However, the relevant form fac-
tor V2% (¢?) [see Eq. (12)] can be calculated in the model
proposed by Isgur, Scora, Grinstein, and Wise [20] where
it can be shown that it vanishes at the zero-recoil point.
This does not imply that it vanishes everywhere but as
it also comes multiplied by the rather small coefficient
az(~ —0.09), we have neglected the factorized amplitude
all together.

We use FPX(0) from Eq. (29) and both monopole
(BSWI) and dipole (BSWII) forms for ¢? extrapolation
of the form factor F.P¥ (¢?) with 1~ pole at 2.11 GeV.

We allowed the isospin phase §%% = 511{/52“ — 5;{/;1

to vary in the domain (0 & 37)° [15] and searched for
the allowed ranges of (a$%)g,, and VP that fitted the
branching ratio data [14]. This case differs from those
discussed thus far. Whereas in the earlier cases, the color-
suppressed amplitude depended on the product of aSf,
which was unknown, and a form factor which is treated
as known, the color-suppressed amplitude here depends
on the product of C;, which is known and V@, which
is unknown. Hence, we varied (a$f)g,, and V@ to fit
the branching ratios for D° — K~a} and D* — K%
[14] and the upper limit B(D° — K%9) < 1.9% [14,
15]. It is worth bearing in mind that the range of
§Ka1 determined by Mark III Collaboration [15] uses
B(D° - K%9) = (0.4+£0.44+0.9)% in doing their ampli-
tude analysis even though they only have an upper limit
of < 1.9% at 90% C.L. for this branching ratio. Thus
their determination of §%% and the ratio of the isospin
amplitudes have to be understood with this caveat.
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We obtain the following solutions.

As/2 .
22> 0

2.28 < (af) ko, < 2.75,

~1.65 <V <069  (BSWI),

1.51 < (a$%) ga, < 1.81,

-1.61 <V < -069  (BSWII). (54)

Aszj2
== <0
Ai/2 <

1.44 < (a$%) ga, <1.80,

—4.09 <V <339  (BSWI),

0.75 < (a$®) ko, <1.19,

—4.09 <V < -339 (BSWII) (55)

The corresponding ranges for x x4, are the following.

%ﬁz > 0:
—3.61 < XKa, < —2.11 (BSWI),
—1.56 < XKaq, < —0.75 (BSWII). (56)
%i—g < 0:
—1.54 < XKaq, < —-0.10 (BSWI),
—0.22 < XKaq, <0.74 (BSWII). (57)

I A
From the above it is seen that for ﬁ;z > 0 one

needs large nonfactorized contributions to (af¥)xa., and

a relatively small V!, while for ﬁ?; 2 < 0 solutions can

be found with very little nonfactorized contribution to
(a$%) kq, but a much larger V. Not unexpectedly, there
is a considerable dependence on the manner of extrap-
olation of the form factors because of the large mass of
aj.

V.D - WV,

D° » K*pt , K*9° and Dt — K*°p*. Using the
definitions given in Sec. II, one can write the decay am-
plitudes for D° — K*~pt, K*°p° and D* — K*°p™

as,

~ - n f
AD® - K* pt)= Gpmpfp{(mp +mi-)exe - eplar APE (m2) + a, AP + C,A®™M)

mp + Mg+
21
mp + Mg

e (PD = PR2)Ep (P DI (1) ADK () 4 0, AP + Co AP

e pvosel e 0% P VK (m2) + a, VIOt + sz(s)nf]} ’
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_ 1 - ~ ~
AD® - K*°p°) = 75 Crmic fre {(mD +mp)ek- - eplaz AT (mk.) + ap AV 4 € AP

_€0-(PD — Pp)ek- - (PD +pp)[
mp + my

21
mp + m,

and

az APP(m%.) + a, AV 4+ 0 AP™)

eﬂuage',}.aZp;',p‘sD [a2VPP(m%.) 4+ aaVIRf 4 Clv(s)“f]} ,

A(D* = K*%%) = A(D® - K*"p*) + V2A(D° — K*°p°%) , (58)

where the quantities in the color-favored decay D® — K*~p* with super index 1 (e.g., A(ll)nf) arise from the non-
factorized contribution to the matrix elements of the color-singlet currents (Sc)(@d); those with super index 8 (e.g.,

A(18)nf
D° — K*°p° (e.g., A®™ arises from ).

) arise from H,E,s) made up of color-octet currents; the tilded quantities refer to the color-suppressed decay

The decay rate can be calculated using (14). For the form factors we use the following normalizations with errors

where available:

APK" — 0,61+ 0.05,
AP? = 0.78,

ADK" = 0.45 +£0.09 ,
AP? —0.92

and extrapolate them to relevant ¢ with monopole forms
with pole masses [11] 2.53 GeV for APX" and APK" 2.11
GeV for VPK" 242 GeV for Af)p and A?”, and 2.01
GeV for VPP, We tried putting nonfactorized contri-
bution in A;-, Ay-, or V- like terms and combinations
thereof. We found that nonfactorization is needed in
A;-like terms to fit all three branching ratios B(D° —
K* p*), B(D® —» K*°p°), and B(D* — K*°p*). Tt
was possible, for example, to fit B(D° — K*~p*) and
B(D® — K*°p%) with nonfactorized contributions to
As-like terms alone; however, such a scheme failed for
B(D* — K*pt).

Thus, putting nonfactorized effects only in the A;-like
terms and defining

(8)nf A(l)nf
XK*p = Dl{l. -~ DI{]-t )
APE (m2) - Ca APET(m])
AgS)nf as A(ll)nf

€k~ p= ’ (60)

A" (m¥.)  CL A’ (mi.)
we found that the three branching ratios B(D°* —
K*~p*), B(D® —» K*°p°), and B(D* — K*°p™) [14]
could be understood for xx-, and £k, lying in the
ranges

0.02 < xk-, < 0.80, —0.31 < ég-, < —0.24..

(61)

A further comment is in order: The problem of intro-
ducing FSI phases in this decay is a complicated one.
There are three partial waves, S, P and D, and for each
of them there are three helicity configurations. One,
therefore, does not expect a single relative isospin phase

VPK" —1.16+0.16  [17],
VvDr =123 [11], (59)
|
55;” —55;” (as seems to be the case in the fit to the data

in Ref. [15]) to be applicable to the problem. It would
be more appropriate to use a different relative isospin
phase for each helicity amplitude. For this reason, we
have chosen to work with zero FSI phases rather than
use the phase determination of Ref. [15].

VI. SUMMARY AND CONCLUSIONS

We have carried out an analysis of those Cabibbo-
favored two-body hadronic decays of D® and DT which
involve two isospins in the final state in a formalism
that uses N. = 3 and includes nonfactorized amplitudes.
These decays are: D — Kn, K*r, Kp, Ka;, and K*p.
We have included the measured FSI phases in all but the
K*p decays but only in so far as they rotate the isospin
amplitudes without affecting their magnitudes. We have
ignored annihilation terms and inelastic FSI. The ratio-
nale for the former in D — K decays is that these terms
are proportional to az(m% —m?2) while the terms that are
kept are proportional to a;(m% —m%) or az(m% —m2).

Justifying the neglect of annihilation terms in D —
K*7 or Kpis harder as they involve the divergence of the
axial vector current. If, however, the annihilation form
factors AKX ™(m2)) and A" (m2) would be much smaller
than the form factors APK" (m?2) or A(l))p(mi{), the anni-
hilation term would be smaller than the terms retained.
The neglect of the inelastic FSI is largely because of ig-
norance of the parameters to be used in implementing a
believable calculation.

Despite the statement above regarding the size of the
annihilation terms, perhaps it is fair to say that at our



2514

present level of understanding of nonfactorization effects,
we do not fully understand their role.

From the data, one only determines (al)eﬁ and (ag)°f
which, as we and others [7] have shown, are process
dependent. The next question is: What effects con-
tribute to (a1)*® and (a2)°*f in a scheme that uses
N. = 37 We have tacitly assumed [3-7] that these
effects arise from the following sources: the nonfac-
torized matrix elements of HS = 13, (8BA%c)(ured),
Ay = 13, (8A%d)(ar*c), and parts of the effective
Hamiltonians made up of color-singlet currents (5c)(ad)
and (uc)(3d). With these assumptions, we have extracted
the relative size of the nonfactorized contribution in each
specific channel. We now turn to a detailed discussion of
specific decays.

From D — K= decays we have determined the values
of (a$) g and (a5%) g.. We found that if we allowed the

ratios of the isospin amplitudes 3 A3/2

chose 6, to be (86 + 8)°, then (a$ )K,r and (a$f) g had
the values given in (30). However, as the branching ra-
tios remain invariant under simultaneous change of sign

. A
of the ratio >
1/2

to be positive and

and ég. — (m — 8k ), there is another

solution given by (34). The values of the parameters x x
and £x ., which are measures of the nonfactorized contri-
butions, were extracted and are shown in (33) and (35)
for the two sets of solutions of (a$¥) x, and (a$f) k. The
latter set of solutions require much larger nonfactorized
contributions to both (a$ aj M gr and (a$T) g
In our formalism it is not possible to separate the
contribution of Fél)nf from that of Fés)“f.
also be tempted to assume that Fés)nf =
ever, such an assumption would be flawed since H1(,,8)
and ffl(us) are related by V-spin symmetry (s <= u),
but under the same transformation |D°) — |DJ) and
|[K~nt >— |K+TK®). Thus V-spin symmetry leads to
(K=x*|HP|D®) = (K* K°|AP)|D]) (62)
and not to a relation between F®n and F®»f  We
also emphasize that the nonfactorized contribution in the
color-suppressed decay D° — K°x° is enhanced relative
to the factorized term by a factor of Cy /az(~ —14) which
is not the case in the color-favored decay D° - K=t
Thus, the color-suppressed processes are more likely to
reveal the presence of nonfactorized contributions than
those revealed by color-favored processes. Further, in
the color-favored decay the nonfactorized amplitude aris-

One might

F&™ how-

ing from the color-singlet currents (5c)(ud) (called Fél)"f

here) could be just as important as the one from Hl(us)

(called FO(S)nf here).
In D - K*m decay, we again found two sets of solu-
tions for (a$®) g+, and (a§¥)x+» when we allowed Sx -

to vary in the range (103 & 17)°. These solutions are
0) for A‘:/z > 0 and in (41) 3 As” < 0.

In the color-suppressed decay D° — KO , for the
case %i—jz > 0, we find large nonfactorized contribu—

tions: —0.75 < €x, < —0.50 for monopole form fac-
tors and —0.69 < &g, < —0.46 for dipole form fac-

shown in (4
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tors. They result in —1.00 < (a$f)x, < —0.75 and
—0.92 < (a$f)k, < —0.69, respectively. The nonfactor—
ized contrlbutlon to the color favored decay D° — K~ p*

appears to be small leading to: 1.17 < (a$f)g, < 1.32
for monopole form factors and 1.01 < (alﬂ)Kp < 1.15

for dipole form factors. A solution was also found for

A .
Ti% < 0, shown in Eq. (48).

quires rather large nonfactorized contributions in color-
suppressed D° — K%p° decay as seen from Eq. (49). In

81/ — 835 = (0% 30).

The decays D — Ka; have long posed a problem
for the factorization model. Inclusion of nonfactor-
ized amplitudes allows us to understand the branching
ratios involved. Owur picture suggests that the color-
suppressed decay D° — K%aY proceeds almost entirely

However, this solution re-

all the above, we used

through a nonfactorized amplitude, parametrized by VO“f
in Eq. (51), whose size we limit by the experimental up-
per limit on B(D? — K%a9). We are then able to under-
stand the measured branching ratios B(D° — K~ai)

and B(D* — K%]) provided that: For fsiz ),
a1 Ay

(a$%) ka, and V2 are given by Eq. (54) for monopole and

"“ 2 <0,

1

f are those shown in

dipole extrapolations of the form factor. For
the allowed values of (a$%) g4, and V,
Eq. (55
nonfactorized contribution to (a$f)g,, but a larger one
to V“f than those for the case A:‘Z > 0. We allowed

). Note that the case ij/z < 0 requires a smaller

A
(6551 —8551) = (0+37)° [15].
For the decays D — K*p (and, in general, for any

P — VV decay), one cannot define (a$f) and (a$f) as

the decay amplitude involves three independent Lorentz-
scalar structures and it is not possible to factor out an
effective a; and as. We tried to fit data on the three
branching ratios B(D° — K*~p*), B(D° — K*°p%),
and B(D* — K*°p*) by assuming nonfactorized con-
tributions to A;-, A,-, and V-like terms in the decay
amplitude but had success in reproducing data to one
standard deviation only if nonfactorized effects were in-
cluded in A;-like terms. Thus, retaining the nonfac-
torized effects only in A;-like terms, we find signifi-
cant nonfactorized effects in the color-suppressed decay
D° — K*9p0 characterized by the parameter {x., of
Eq. (61): —0.31 < {x+, < —0.24. The analogous param-
eter Xx+,, Eq. (61), which is a measure of nonfactorized
contribution to the color-favored decay D° — K*~pt
has the opposite sign, and could, in principle, be very
small: 0.02 < xg+, < 0.80. We do not believe that we
have said the last word on the problem of D — K*p de-
cays. Fitting the branching ratio data for Dt — K*0p+

D° —» K*~p*, and D® — K*9p°, along with the separa.—
tion of the branching ratios into longitudinal and trans-
verse states of polarization, is a nontrivial task [21].

We take this opportunity to remedy the use [3, 7] of
imprecise language, for which we are partly to blame [5],
which attributes S waves entirely to A;-like terms, P
waves to V-like terms and D waves entirely to Aq-like
terms. In fact, while V-like terms give rise to P-wave
final states only, A;- and A,-like terms give rise to both
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S and D waves [22].

We conclude by saying that one can understand D de-
cays in a picture with N. = 3 but only with the in-
clusion of nonfactorized amplitudes. This picture re-
sults in process-dependent effective a; and ay (except
for D — V'V decays), which ought to be complex as are
all the nonfactorized amplitudes. We have not included
the inelastic final-state interaction effects which would
further complicate the analysis. The effort here was to
parametrize the nonfactorized amplitudes and determine

their sizes. The understanding of any systematics that
emerge is yet to come.

ACKNOWLEDGMENTS

A.N.K. wishes to acknowledge a research grant from
the Natural Sciences and Engineering Research Council
of Canada which partially supported this research.

[1] M. Shifman, Nucl. Phys. B388, 346 (1992); B. Blok and
M. Shifman, ibid. B399, 441 (1993).

[2] A. Khodjamirian and R. Riickl, in QCD 94, Proceed-
ings of the International Conference, Montpellier, France,
1994, edited by S. Narison [Nucl. Phys. B (Proc. Suppl.)
38B 396 (1995)).

[3] H.-Y Cheng, Phys. Lett. B 335, 428 (1994).

[4] J. M. Soares, Phys. Rev. D 51, 3518 (1995).

[5] A. N. Kamal and A. B. Santra, Z. Phys. C (to be pub-

lished).

[6] A. N. Kamal and A. B. Santra, Z. Phys. C (to be pub-
lished).

[7] H.-Y. Cheng, Taipei Report No. IP-ASTP-04-95, 1995
(unpublished).

[8] M. Neubert, V. Rieckert, B. Stech, and Q. P. Xu, in
Heavy Flavours, edited by A. J. Buras and M. Lindner
(World Scientific, Singapore, 1992).

[9] CLEO Collaboration, M. S. Alam et al., Phys. Rev. D
50, 43 (1994).

[10] M. Gourdin, A. N. Kamal, and X. Y. Pham, Phys. Rev.
Lett. 73, 3355 (1994).
[11] M. Bauer, B. Stech, and M. Wirbel, Z. Phys. C 34, 103

(1987); M. Wirbel, B. Stech, and M. Bauer, ibid. 29, 637
(1985).

[12] A. N. Kamal, Phys. Rev. D 33, 1344 (1986).

[13] A. N. Kamal and T. N. Pham, Phys. Rev. D 50, 6849
(1994).

[14] Particle Data Group, L. Montanet et al., Phys. Rev. D
50, 1173 (1994).

[15] Mark III Collaboration, D. Coffman, et al. Phys. Rev. D
45, 2196 (1992).

[16] A. N. Kamal, J. Phys. G 12, L43 (1986).

[17] M. S. Witherell, in Lepton Photon Interaction, Proceed-
ings of the XVI International Symposium, Ithaca, New
York, 1993, edited by P. Drell and D. Rubin, AIP Conf.
Proc. No. 302, (AIP, New York, 1994), p. 198.

[18] L.-L. Chau and H.-Y. Cheng, Phys. Lett. B 333, 514
(1994).

[19] A. N. Kamal, and T. N. Pham, Phys. Rev. D 50, R1832
(1994).

[20] N. Isgur, D. Scora, B. Grinstein, and M. B. Wise, Phys.
Rev. D 39, 739 (1989).

[21] Work in progress.

[22] N. Sinha, Ph.D. thesis, University of Alberta, 1989.



