PHYSICAL REVIEW D 67, 034024 (2003

Hadronic D decays involving scalar mesons
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The nonleptonic weak decays of charmed mesons into a scalar meson and a pseudoscalar meson are studied.
The scalar mesons under considerationater f,(600)], , fo(980), ag(980) andK{ (1430). A consistent
picture provided by the data suggests that the light scalars below or near 1 GeV fornj3ufl&kdr nonet and
are predominately the|za2 states, while the scalar mesons above 1 GeV can be describequsmmet.
Hence, we designatq:za2 to o, k, ay(980), f4(980) andqato K% . Sizable weak annihilation contributions
induced from final-state interactions are essential for understanding the data. Except for the Cabibbo doubly
suppressed channBl™ — f,K*, the data oD — o, fomr, foK, K§ 7 can be accommodated in the general-
ized factorization approach. However, the predicted rateBfera,m, apK are too small by one to two orders
of magnitude when compared with the preliminary measurements. Whether or not one can differentiate be-
tween the two-quark and four-quark pictures for f3g€980) produced in the hadronic charm decays depends
on the isoscalaf -0 mixing angle in theqamodel.
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[. INTRODUCTION It has been established sometime ago that a least model-
independent analysis of heavy meson decays can be carried
There are two essential ingredients for understanding theut in the so-called quark-diagram approdéhb,7]. Based

hadronic decays of charmed mesons. First, the nonfactorizn SUS3) flavor symmetry, this model-independent analysis
able contributions to the internalV-emission amplitude, enables us to extract the topological quark-graph amplitudes
which is naively expected to be color suppressed, are verfor D—PP,VP decays and see the relative importance of
sizable. Second, final-state interactigf$|9 play an essen- different underlying decay mechanisms. From this analysis
tial role. The nonfactorizable corrections to nonleptonicone can learn the importance of the weak annihilation ampli-
charm decays will compensate the Fierz terms appearing itude and a nontrivial phase between tree and color-
the factorization approach to render the naively color-suppressed amplitud¢s].
suppressed modes no longer color suppressed. The weak an-In the present paper we shall study the nonleptonic decays
nihilation (W-exchange orW-annihilation amplitude re- of charmed mesons into a pseudoscalar meson and a scalar
ceives long-distance contributions via inelastic final-statemeson. Light scalar mesons are traditionally studied in low

interactions from the leading tree or color-suppressed amp"énergySwaveqm, K and Kfscattering experiments and

tude. As a consequence, weak annihilation has a sizable mag- — L .
nitude compargble to the color-suppressed internal pp and ZN annihilations. Thanks to the powerful Dalitz

W-emission with a large phase relative to the tree amplitudeplm analy5|§ technique, many scalar meson production mea-
Surements in charm decays are now available from the dedi-

A well known example is the deca)”— K¢ which pro-  c5ieq experiments conducted at CLEO, E791, FOCUS, and
ceeds only through th#/-exchange process. Even in the ab-gaga: Hence the study of three-body decays of charmed
sence of the short-distand-exchange contribution, rescat- magons opens a new avenue to the understanding of the light
tering effepts required by unitarity can produce thIS' reactionsc51ar meson spectroscopy. Specifically, the decBys

[1]. Then it was shown 2] that this rescattering diagram —fym(K), D—agm(K), D—>K37r and D' —omt have

belongs to the generiaexchange topology. been observed. Moreover, in some three-body decays of

There exist several different forms of FSls: elastic scatter harmed mesons. the intermediate scalar meson aceounts for
ing and inelastic scattering such as quark exchange, resg- r Sons, inter late s r'mes unts

nance formation. . ., etc. The resonance formation of FSIst e main contribution to the total decay rate. For example,

. . . DJ —f,(980)7" andD_ — f,(1370)7* account for almost
via qg resonances is probably the most important one tcbO% of the DY —a*a*a rate [9], while about half
hadronic charm decays owing to the existence of an abun- N '

+ + - +
dant spectrum of resonances known to exist at energies clogé the total decay rate dd™— 77" @~ comes fromD

. *[9].
to the mass of the charmed meson. Since FSls are nonper- 27" [ . .
turbative in nature, in principle it is notoriously difficult to The study oD—SPis very similar toD— PP except for

calculate their effects. Nevertheless, most of the properties &Fe fact that the quark struc.ture.of the scalar mesons, espe-
brop cially f4(980) anday(980), is still not clear. A consistent

resonances follow from unitarity alone, without regard to the™~. ; S .
dynamical mechanism that produces the resondBiod. picture provided by the data implies that light scalar mesons

Consequently, the effect of resonance-induced FSIs can Beglow or near 1 GeV can be described by tfe? states,
described in a model-independent manner in terms of thevhile scalars above 1 GeV will form a conventionad
masses and decay widths of the nearby resonafficesle-  nonet. Another salient feature is that the decay constant of
tails, see e.g[5]). the scalar meson is either zero or very small. We shall see
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TABLE |. Experimental branching ratios of variol3— SP decays measured by ARGUS, E687, E691, E791, CLEO, FOCUS and
BaBar, where use of Eq&2.1) and(2.2) for the branching fractions df,(980) anda,(980) has been made. For simplicity and convenience,

we have dropped the mass identification fg(980), a,(980) andK§ (1430).

Collaboration

B(D—SP)XB(S—P,P,)

B(D—SP)

E791 B(Dt—=for)B(fg— w7 )=(1.90.5)x10"* B(D*—fomt)=(4.3-1.1)x10"*
FOCUS B(D"—foK")B(fo—K"K™)=(3.84+0.92)x 10 ° B(D*t—foK*)=(2.4+0.6)x 10 *
FOCUS B(D*—fKN)B(fo— 7" 7 )=(6.12+3.65)x 10 ° B(D*—foK*)=(1.4+0.8)x 104
FOCUS B(D*—adn")B(ad—K K )=(2.38+0.47)x 10 3 B(D*—adn")=(3.2+0.6)%
E791 B(D*—omt)B(o— 7w )=(1.4+0.3)x 103 B(D*—omt)=(2.1£0.5)x 1073
E791 B(D*—kmt)B(k—K 7")=(4.4+1.2)% B(D*—km*)=(6.5+1.9)%
E691,E687 B(D* =K 7" )B(KE —K ™ 7*)=(2.3+0.3)% B(DT K07 ) =(3.7£0.4)%
E791 B(DT K7 ) B(KEC—K ™ ") =(1.14+0.16)% B(DT—KE%7)=(1.8+0.3)%
ARGUS,E687 B(D°—f,KO)B(fo—m* 7~ )=(3.220.9)x 103 B(D%—f,K%) =(7.2£2.0)x 103
CLEO B(D°— oK) B(fo— 7 )=(25" 3% 1073 B(D°—f,K%)=(5.7" 8 x 1073
BaBar B(D°—foKO)B(fo—K*K™)=(1.2+0.9)x 1073 B(D°—f,K% =(7.4£5.5)x 1073
BaBar B(D°—aiK")B(ai —K"K%=(3.3:0.8)x 10 3 B(D%—agK™)=(2.2+0.5)%
BaBar B(D°—ay K*)Blag —K K% =(3.1+1.9)x 10 * B(D°—ay,K")=(2.1£1.3)x10"°
BaBar B(D°—aJK®) B(ad—K* K™)=(5.9+1.3)x 1073 B(D°—aJK%)=(7.9+1.7)%
BaBar B(D°—ai 7 )Bag —K* K% =(5.1+4.2)x 10" * B(D°—ag m7)=(3.4£2.8)x10"°
BaBar B(D%—a, w*)B(ag —K K% =(1.43+1.19)x 1074 B(D%—a, w*)=(9.5+7.9)x10 *
ARGUS,E687 B(DO—KE 7)) B(KE ™ =Ko~ )=(7.3+1.6)x 1073 B(D%—Kj 7")=(1.18+0.25)%
CLEO B(DO—K} ~ 7 ) B(KE ™ =Ko )=(4.3" 39 x 1073 B(D°—K} 7)=(7.03)x 1073
CLEO B(D°—K: 7" )B(K; ™=K 7% =(3.6:0.8)x103 B(D°—K: 7")=(1.17+£0.26)%
CLEO B(D°—KE70) B(KEO—K ™ 7 t)=(5.399x 1072 B(D°—K%%7%) =(8.6"59x 1073
E687 B(DI—for)B(fo—KTK™)=(4.9+2.3)x 103 B(DI—for*)=(3.121.4)%
E791 B(DS —=fon")B(fo— 777 )=(5.7+1.7)x10 3 B(DJ—fom*)=(1.320.4)%
FOCUS B(DS —for)B(fo— " 77)=(9.522.7)x 103 B(DS —fom™)=(2.1:0.6)%
FOCUS B(D{ —fom")B(fo—K K™)=(7.0+1.9)x10 3 B(D{ —fomt)=(4.4-1.2)%
FOCUS B(DS — oK) B(fo—KTK™)=(2.81.3)x 104 B(DS —foK*)=(1.8+0.8)x10 3
E687 B(D{ —KEKH)B(KE ' —K ™ 7")=(4.3+2.5)x 1073 B(DS —K%OK*)=(7+4)x 1073
FOCUS B(D: —KEm M) B(KE°—K ' 7~ )=(1.4+0.8)x10° B(DI —K%7m")=(2.3+1.3)x10 °

later that final-state interactions are essential for understanavque for this purpose. We are interestedir>SP (S: sca-
ing the D— SP data. It is hoped that through the study of lar mesonpP: pseudoscalar mespdecays extracted from the
D—SP, old puzzles related to the internal structure and rethree-body decays of charmed mesons. Some recent results
lated parameters, e.g. the masses and widths, of light scalamany being preliminary are available from E7919],
mesons can receive new understanding. CLEO [10], FOCUS[11] and BaBar[12]. The 0" scalar

This work is organized as follows. In Sec. Il we summa-mesons that have been studied in charm decays €560)
rize the experimental measurementsDof>SP decays and [or f¢(600)], f5(980), f;(1370),a,(980), ag(1450), « and
emphasize that many results are still preliminary. We therK(1430). The results of various experiments are summa-
discuss the various properties of the scalar mesons in Sefized in Table | where the product &#(D—SP) and B(S
I, for example, the quark structure, the decay constants and- P, P,) is listed. In order to extract the branching ratios for
the form factors. Section IV is devoted to the quark—diagram)_)fop, we use the value ol (fo— mm)/[T(fo— )
scheme and its |mpI|ca't|on for final-state mteracuons.' We+F(fo—>KR)]=O.68[13]. Therefore,
analyze theD — SP data in Sec. V based on the generalized
factorization approach in conjunction with FSls. Conclusions

. B[f,(980 —~K*K~]=0.16,
are presented in Sec. VI.

B[f(980) — 7" 7~ ]=0.45. (2.1
Il. EXPERIMENTAL STATUS

It is known that three-body decays of heavy mesons proFor D—agP, we apply the PDQParticle Data Groupav-
vide a rich laboratory for studying the intermediate stateerage,I’'(ag— KK)/I'(ag— m7)=0.177+0.024[14], to ob-
resonances. The Dalitz plot analysis is a very useful techtain
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TABLE II. The masses and widths of the’P, scalar mesongexcept forx, see the mini-review ifi18])
quoted in[14].

o K f,(980) a,(980) K (1430)

mass 400-1200 MeV 700-900 MeV 9820 MeV 984. 7 1.2 MeV 1412-6 MeV
width 600-1000 MeV 400-600 MeV 40-100 MeV 50-100 MeV 298 MeV

Blag (980 —K*K°]=Blay (980 —K K°]=0.15x0.02,  Of the totalD, — 7" 7" 7~ rate[11]. Later we shall use the
average valué3(D; —fym")=(1.8=0.3)% in Table IV.

(6) As stressed in the Introduction, there exist three-body
decay modes that are dominated by the scalar resonances.

- _ Apart from the decay®_; —f,7" andD* —o#7* as men-
Needless to say, it is of great importance to have more pre-

cise measurements of the branching fraction§,oéindag. ftioned in th+e Introiluctlon, som+e other examples B
Several remarks are in order —fo(980)K™ andD ™ —f(980)K™ which account for 72%

(1) The Cabibbo doubly suppressed modp*  @nd 44.5%, respectively, of the decdys ~K K"K~ and
—K*K*K~ has been recently observed by FOC(ig]. D' —K'K'K™ [11]. .
The Cabibbo-allowedD®—~alK~ and doubly Cabibbo-  (7) The production of the resonandg(1370) in D°
suppressed mod@°—ay K* have been extracted from the — K77~ —f(1370K°, D* =KK™ 7" —f,(1370)7*
three-body decap®—K*K~K° by BaBar[12]. andDJ — 7 w7~ —f,(1370)" has been measured by
(2) The decayD+_>K_7T+ﬂ-+ has been measured by ARGUS, E687, CLEO, by FOCUS and by E791, respec-
E691[15] and E687[16] and the combined branching ratio tively. Since the branching fractions of(1370) into
for D" —K&%7* is quoted to be (3#0.4)% by PDE14] 7' 7 , K'K™ are unknown, we will not discuss it until
(see also Table)l A highly unusual feature is that this three- Sec. VD.
body decay is dominated by the nonresonant contribution at (8) Some preliminary measurements Bf—SP do not
90% level, whereas it is known that nonresonant effects adaave yet enough statistical significance, for example, the de-
count for at most 10% in other three-body decay modes ofaysp0— a7+, agK* andD; —K%°K*.
charmed meson§5,14]. A recent Dalitz plot analysis by
E791[9] reveals that a best fit to the data is obtained if the
presence of an additional scalar resonance called in-
cluded. As a consequence, the nonresonant decay fraction
drops from 90% to (136)%, whereaskw " accounts for The masses and widths of the Gcalar mesons relevant
(48+12)% of the total rate. Therefore, the branching ratio offor our purposes are summarized in Table II. Theneson
D" —K% " is dropped from (3.20.4)% to (1.8 observed ilD*— =" 7" 7~ decay by E7919] has a mass
+0.3)%. We shall see in Sec. V that the form factor Bor  of 47824+ 17 MeV and a width of 32412+ 21 MeV. Re-
—Kg transition extracted from the E791 experiment iscently, the decayD®— Ke7* 7~ has been analyzed by
closer to the theoretical expectation than that inferred fromc| EQ [10]. By replacing the nonresonant contribution with
E691 and E687. . aK2o component, it is found than,=513+32 MeV and
(3) The new CLEO and BaBar results on the Cabibbo-p _'335+ 67 Mev/[10], in accordance with E791. The isod-
allowed decayD®— fK® are consistent with the early mea- o pjet scalar resonance observed in the decap
surements by ARGU§L7] and E68716] quoted in Table | _ -+ -+ by E791 has a mass of 787.9+ 43 MeV and
from PDG. The Cabibbo doubly suppressed mddé  , \igth of 410- 43+ 87 MeV[9]. However, the signal ok
—foK™ was first measured by FOCUS recin_tly.+ is much less evident tham. Indeed, this resonance is not
(4) There are four measurementsf —Kg ™7 ": three  ¢onfirmed by CLEO in the Dalitz analysis of the deda§
from D°—K°7* 7~ by ARGUS [17], E687[16], CLEO K~ «*#°[10]. The well established scalafg(980) and
[10], and one fromD®—K ™~ 7" 7 by CLEO. The CLEO  a,(980) are narrow, whiler and « are very broad.
result (1.17-0.26)% for the branching ratio ofD°
—K} 7" extracted fromD°—K~ 7" 7% is in good agree-

B[a3(980) —K K ~]1=0.075+0.010. 2.2

Ill. PHYSICAL PROPERTIES OF SCALAR MESONS

ment with ARGUS and E687ee Table)l, while the CLEO A. Quark structure of scalar mesons
number (7.033 %10 determined fronD°—K 7" 7~ is It is known that the identification of scalar mesons is dif-
slightly lower. ficult experimentally and the underlying structure of scalar

(5) As for D§—>f0w+, four measured results by E687, mesons is not well established theoreticéftyr a review, see
E791 and FOCUS are shown in Table I. The old measuree.g.[18-20). It has been suggested that the light scalars—
ment by E687 and two new ones by FOCUS are larger thathe isoscalarsr(500), f;(980), the isodoublek and the
the E791 one. The preliminary FOCUS measurement indiisovectoray(980)—form an SUB) flavor nonet. In the naive
cates that théy(980) resonance accounts for (94.3.8)%  quark model, the flavor wave functions of these scalars read
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1 o where the deviation of the parametefrom unity character-
o= E(UUﬂL dd), fo=ss izes the suppression of thses pair production; that is) =1
in the SU3J) limit. From the data3.2) we obtain

1 0=(34+6)°, or #=(146=6)° (3.5
ad=-—(uu—dd), agj=ud, ag=du,

V2 for A=1. Additional information on the mixing @gle can be
obtained from thef((980) coupling tor7 andKK [22]:

kT=us, «%°=ds, «°=sd, k =su (3.0
2
. . . e Irgerk- 1
However, this model immediately faces two difficultie§) R=——= Z()\+ J2coth)2. (3.6
It is impossible to understand the mass degeneracy of Ot gt m-

f(980) anday(980). (ii) It is hard to explain whyr and «

are broader tharf;(980) anday(980). Recalling that, Using the average value dt;=4.03=0.14 obtained from
—mn, o—mm and k—Km are Okubo-Zweig-lizuk@ZI)  the measurements: 4.60.14 by KLOE[25], 4.6+0.8 by
allowed (but not OZI superallowedwhile fo—am is OZI ~ SND [26] and 6.1 2.0 from CMD-2[27], we find
suppressed as it is mediated by the exchange of two gluons,

it is thus expected thahK>FK~F(,~FaO>FfO, a relation 0=(25.1+0.5°, or =(164.3-0.2° 3.7
not borne out by experiment.

Although the data of DI —fy(980)=* and ¢ for A\=1. However, the WA102 experiment dg(980) pro-

. 4(980)y imply the copiousf4(980) production via itss duction in centralpp collisions yields a resulR;=1.63

component, there are some expenmental evidences indicat:
ing thatfy(980) is not purely arss state. First, the measure-

+0.46 [28], which differs from the aforementloned three
measurements. This leads to

ments ofd/ — f,(980)¢ and I/ — f(980)w 0:(42.3f§-t3_>o7 or =(158+2)°, 3.9
B[ p—F5(980) ¢p]=(3.2+0.9) X 10" %, again forn=1.
Recently, a phenomenological analysis of the radiative de-
B[ p— (980 w]=(1.4+0.5) X 10 4, (3.2 cays¢— f(980)y andfy(980)— yy yielded
clearly indicate the existence of the nonstrange and strange 6=(5+5)°, or 6=(138%6)° 3.9

quark content inf;(980). Second, the fact th&(980) and ) ) ) .
a,(980) have similar widths and that ttig width is domi- with the second solution being more preferaff]. In this

nated bymm also suggests the composition wfi and dd analysis, ¢ —1(980)y is calculated at the quark level by

pairs in f,(980); that is,f(980)— = should not be OZI consideging thess quark loop coupled to bothp and
suppressed relative t,(980)— 7. Therefore, isoscalars f4(980) . However, the experimental analysis and the theo-
andf, must have a mixing retical study of this¢ radiative decay are practically based

on the chiral-loop picture, namelyp—K K™ —=K*K™y
—f¢(980)y. It turns out that the predicted branching ratio in

3.3 the qq picture is at most of order:810 ° (see e.g[31]),
' while experimentally{14]

fo=sscosf+nnsind, o=—sssinf+nncosé,

with nn=(uu+dd)/ 2. Bld—1o(9807]=(3.3 99104 (3.1
The o—f¢(980) mixing angle can be inferred from the L6 1o(9807]=(3-3 09 (19
2
decaysl/y— fo(980)¢ andJ/y— f(980)w [22] This is because th&,(980) coupling tok *K ~ is not strong
enough as in the case of the four-quark model to be dis-
Bl y—15(980 w] 1tar120 3.4 cussed shortly whergy— K"K~ is OZI superallowed.

In short, it is not clear if there exists a universal mixing
angle # which fits simultaneously to all the measurements
from hadronicJ/¢ decays, thef,(980) coupling tom™ 7~

IHowever, for a different point of view of these difficulties in the
qq picture, see e.d21].

2lt has been shown by thg(980) production data iZ° decays at 3t is pointed out in[30] that the mechanismﬁfvs;sgy
OPAL [23] and DELPHI[24] that f,(980) is composed essentially —>fo(980)y without creation of and annihilation of an additional
of uu anddd pairs. This favors a mixing angle close #d2. How- uu pair cannot explain théy(980) spectrum observed in thg
ever, it is in contradiction to the experimental observation that the— yf,(980)— y7°#° process because it does not contain the
final statef,(980)¢ in hadronicJ/¢ decays has a larger rate than K*K ™~ intermediate state. For a criticism [9], see also the re-
fo(980)w. mark in the footnoté 28] in the first paper of30].

B[l y—1,(980 ] N
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andK"K ™~ and the radiative decay— f,(980)y followed®  for both ¢— f(980)y and ¢—ay(980)y are only of order
by f,—yy. Equations (3.5 and (3.9 indicate that# 10 ° [31] which are too small compared to E(.10 and
~140° is preferred, whil@~34° is also allowed provided [36]
that Ry is of order 2. At any rate, the above two possible

allowed angles imply the dominance 6 in the f(980)

wave function andin in o. However, as stressed before, the Alternatively, the aforementioned difficulti®with a, andf,
2-quark picture forf,(980) has the difficulty of explaining can be circumvented in the four-quark model in which one
the absolutep— f,(980)y rate. writes symbolically[39]

As for ay(980), it appears at first sight that one needs an

ss content inay in order to explain the radiative decay
—ap(980)y; otherwise, it is OZI suppressed. However,
sinceag is an isovector whiless is isoscalar, the mixing of

(uu—dd) with ssis not allowed in thea, wave function r—udds k°—udis. P=uswd  x —ds.

within the 2-quark description. Nevertheless, ¢ ' ' ' (3.12
—ay(980)y can proceed through the procegs—K*'K™

—KTK~y—a,(980)y as both¢ and ay(980) couple to Thi_s is supported by a recent lattice calculati@®]. This
K*™K™. Indeed, it has been suggested that mj{980) and  q°qg? scenario for light scalars has several major advantages:
f,(980) can be interpreted askK molecular bound state (1) The mass degeneracy 6(980) anday(980) is natural

which is treated as an extended object. Since ges0) ~ and the mass hierarchy pattern of the(Skhonet is under-
standable(ii) Why o and x are broader thafi, anda, can

and ao_(980) couple strongly th.K a§ they_are jusi below be explained. The decays— w7, «—Km and fg,aq
the KK threshold, they can be imagined as_andnn COré KK are 0zl superallowed without the need of any gluon
states, respectively, surrounded by a virtk# cloud[34].  exchange, whild,— 7 anda,— 7 are OZI allowed as it
In this KK molecular picture, one can explain the dedgy is mediated by one gluon exchange. Sinigg¢980) and

— a7 without the light nonstrange quark contentfy(980)  a,(980) are very close to th&K threshold, thef,(980)
and the decayb— ay(980)y without the need of an intrinsic  width is dominated by thers state anda, governed by the
strange quark component &; both decays are allowed by ##7 state. Consequently, their widths are narrower than
the OZI rule in the sense that only one gluon exchange isnd . (iii) It predicts the relation

needed.

However, there are several difficulties with thds< mo-

lecular picture. First, th&K molecular width is less than its
binding energy of order 20 MeY34], while the measured  hich, is in good agreement with the experimental value of
widths of f5(980) anday(980) lie in the range of 40 to 100 0.44+0 20 [14]. (iv) Th i f dan to KK i
MeV [14]. Second, it is expected in this model th&te -44+0.20[14]. (iv) The coupling off, anda, to KK is
—4(980)y]/ B[ p— ao(980)y]~1, while this ratio is mea- Strong enough as the strong decdys-KK and a,—KK
sured to be 3.81.0 [14]. (The most recent result is 6.1 are OZI supperallowed. Consequently, the branching ratio of
+0.6 by KLOE[35].) Third, the predicted branching ratios ¢—(fq,a0)y can be as large as of order10[31].” (v) Itis
concluded in 30] that production off ;,(980) anday(980) in

Bl $—ao(980)y]=(0.88+0.17x 104,  (3.1D)

o=udud, fo=(usg+ dsg)/\/z,

al=(uss—dsds)/\2, aj=usds, a,=dsLs,

Bl y—1o(980w] 1
B[ y—TFy(980) ] 2’

(3.13

“The analysis of the three-body decays Bf" — f,(980)7r™,
K%°(1430)7" andD_ — fo(980)7 ™ givesf=(42.14"39° in [32]. ®Likewise, it has been argued in the literature thais not aqq
However, in this analysis, the weak annihilation contribution hasstate[37]. Furthermore, the QCD sum rule calculation also indi-
been neglected and $&) symmetry has been applied to reldigr  cates that the lightest scalars are nearly decoupled frgmsug-

to K.’(; 7, a procedure which is notjustifieq sinb@andKZ,‘ belong gesting a norqa structure[38]. In short, one always has some
to different SU3) flavor nonets(see the discussion in Sec. )If troubles when the light scalar mesons are identifieqastates.

the mass parameters,,, and mgs are assigned to then andss Tjust as in theKK molecular model the ratior = B(

statgs, respectlyely, one V‘Z"” h;“’_e the mass relatlomﬁ; —foy)/B(¢p—agy) is also an issue in the four-quark model in
=mjcosf*+m;sing® and mg=masin 6>+ny cos6? from EQ.  which Uik k- =Gag-k— and henceB(¢—toy)=B(d—a0y) is
(3.3. Inserting the dynamically generated Nambu—Jona-Lasinio—predicted, in disagreement with the observed value of-3.8[14].
(NJL)-type masses fom,, and mgg, it is found in[33] that 6=  Close and Kirk{41] proposed that can be explained by consider-
*(18*2)° provided tham, =600 MeV. ing a largeag— fo mixing. However, as pointed out if42], the

SEven in the presence of the hiddes content inag(980) within isospin-violatingay— fo mixing is small, analogous to the small-
the 4-quark model, the direct radiative decay-aq(980)y is pro- ness ofr®— »— %’ mixing, and its correction t& amounts to at
hibited owing to the opposite sign between theanddd compo- ~ most a few percent. One possibility_for a lamgés that the super-
nents inay(980). This means that it is necessary to consider theposition of the 4-quark state andK has a different weight in
contribution from theK *K ™~ intermediate states. f0(980) anday(980).
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the ¢— yf(980)— ym?7° and ¢— yay(980)— y=°y de- TABLE lll. The D—S transition form factorsF5%(0) at g2
cays is caused by the four-quark transitions, resulting ir=0 in various models. Except for tH2— a, form factor, the other
strong restrictions on the lardé; expansions of the decay form factors in this work are obtained by a fit to the data. The
amplitudes. The analysis shows that these constraints give fo form factor is obtained from thB¢ — f, one via Eq.(3.20.
new evidences in favor of the four-quark picturefg{980)

anda,(980) mesons. Transition [48] [49] [50] This work
Therefore, it appears that the four-quark state in core withy _, 0.74 0520.09 0.42-0.05

the KK in the outer regime gives a more realistic descriptionp — f, 0.26+0.02

of the light scalar mesons. If scalar mesons near and below B 1, 0.64°3%  0.52+0.04

GeV are nomgq states, then the O mesons in the 1.3-1.7 D—aj 0.77

GeV mass region may be more conventional. For example, b — « 0.85+0.10

is natural to assume thé§(1370),a,(1450),K5(1430) and D,D!—K} 1.20+0.07

fo(1500)/4(1710) are in the same $8) flavor nonet in the

statesnn, ud, us andss, respectively{18]. In other words,

they may have a simplgq interpretation. A global picture fa§=l-1 MeV, fK3:42 MeV (3.16

which emerged from the above discussions is as follows: The
scalar meson states above 1 GeV foragnonet with some  obtained from the finite-energy sum rulgg3]. (A different
possible mixing with glueballs, whereas the light scalar me<calculation of the scalar meson decay constants based on the

sons below or near 1 GeV form predominatelg@aq nonet generalized NLJ model is given [44].) Since they are de-

with a possible mixing with 0 qq and glueball statesee  '1ved using theqq qu_ark model, it_ is n_02t (T‘Iear if the,
also[20]). This is understandable because in g quark decay constant remains the same indfie picture, though
model, the G meson has a unit of orbital angular momen- it is generally expected that the decay constant is suppressed

tum and hence it should have a higher mass above 1 GeV. dR the latter scenario because a four-quark state is larger than

2.2 . a two-quark stat¢43].
the contrary, four quarkg“g® can form a 0 meson without As for the decay constant af, we apply the equation of

introducing a unit of orbital angular momentum. Moreover, . .
. . X motion to Eq.(3.14) to obtain
color and spin dependent interactions favor a flavor nonet
configuration with attraction between tlog and qq pairs.
Therefore, the 0ggqq nonet has a mass near or below 1
GeV. .
It is conceivable that the two-quark and four-quark de- m2f ,.=i(ms—m,)(x "~ |su|0), (3.17
scriptions of light scalars, especialfy(980) anday(980),
may lead to some different implications for the hadronicypq assume(:c‘|§u|0>~(a’|Fu|0>. It follows that f
weak decays of charmed mesons into the final state contain: g5 pmev — for m. =4 80MeV my=8.7 MeV mK
u . ’ . ’ S

ing a scalar meson. This will be explored in Sec. V. =164 MeV [45] and m =800 MeV. In short, the decay
constants of scalar mesons are either zero or very small.

M3 Fap=1(Mg—m,)(ag |dul0),

B. Decay constants

The scalar mesons under consideration @(&00), «, C. Form factors

fo(980), 2o(980) andKg(1430). The decay constants of Form factors folD— P andD— S transitions are defined
scalar and pseudoscalar mesons are defined by by [46]

mD_mp
PoutPu.— Tqu) F2P(9?)

(P(P)|V,.ID(pp))=

For the neutral scalass, f andag, the decay constant must

be zero owing to charge conjugation invariance or conserva- m%— m>

P
tion of vector current: + T . Fo' (a4,
fa=ff0:fag=0- (3.19 = m2
. . o S()AD<)=i( R e e )FDS<2>
Applying the equation of motion, it is easily seen that the (S(PIALID(Po) Pou ™ Py gz dwfT
decay constant oK} * (ag) is proportional to the mass m2 — m2
difference between the constituen{d) andu quarks. Con- D . SqM F53(g?) |, (3.18
trary to the case of pseudoscalar mesons, the decay constant a

of the scalar meson vanishes in the(SUimit or even in the
isospin limit. Therefore, the decay constankgf(1430) and Where q,=(pp—p),. The form factors relevant for
the chargedi,(980) is suppressed. We shall use the valuesD— SP decays aré 5" (q%) andF5%(g?). For D— P form
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FIG. 1. TheD} —f,(980) and
D" —1f,(980) transition form fac-
tors, wherefy(980) is described

d
B

s

(@)
factors, we will use the Melikhov-StectMS) model [47]
based on the constituent quark picture. Other form factor

models give similar results.
As discussed in Sec. Il A, the light scalar mesansx,

f0(980) anday(980) are predominately? q while K§ is

by aq2g? state.
®

but if 6~140° thenF | Pfo will have an opposite sign fé s
n the former model To compute thB— S form factors

using theqq model, it is worth mentioning the Isgur-Scora-
Grinstein-WiseISGW) model[53] and its improved version
the ISGW2 model[54]. Contrary to the above-mentioned

described by thejq state. Nevertheless, it is useful to S€€form-factor calculations shown in Table IIl, the form factors

what are the predictions dd— S form factors in the con-

ventional quark model There are some existing calculations

of the form factorF{(0) in the literature(see Table II).
Paver and Riazuddin [48] obtained FR?(0)
=0.74(f /200 MeV). Gattoet al. got FY?(0)=0.57+0.09
[49] using the constituent quark mod€QM). Based on the

same model, Deandreat al. [50] obtained F S'ff’(O)

=0.64"2% assuming a puress state forf,. A value of

0.03
Fosfo(mw)=0.36fgjgg is obtained by Gourdin, Keum and

Pham [51] based on a fit to the old data ob;
—1,(980)7". The B—a, form factor is estimated by
ChernyaK52] to beF¢"(0)~0.46. Using the scaling law, it

leads toF ¢ *(0)~F5%(0)y/mg/mp=0.77. Since the con-

of mterest in the ISGW model ar&D® evaluated atg?
m =(mp—mg)?, the maximum momentum transfer, re-
calling thatF,(0)=F(0). Thereason for considering the
form factor at zero recoil is that the form-factqf depen-
dence in the ISGW model is proportional to {aaerﬁqﬁ1
—g?)]. Hence, the form factor decreases exponentially as
function of (qrzn—qz). Consequently, the form factor is un-
reasonably small afj?=0. This has been improved in the
ISGW2 model in which the form factor has a more realistic
behavior at Iargec(rzn— g°). However, we find that form fac-
tors in the ISGW2 model calculated even at zero recoil are
already small compared to the other model calculations at

a

q°=0. For exampIe,Fi’ao and FlD’SKO at zero recoil are
found to be 0.52 and 0.29, respectively, in the ISGW model

ventional quark model is not applicable to light scalars withand 0.12 as well as 0.09, respectively, in the ISGW2 model.

four-quark content, we shall use the measured decay rates
extract theD — S form factors(except forD—ay) in Sec. V
and the results are summarized in Table IIl.

In the qq description off o(980), it follows from Eq.(3.3)
that

0 1 pOfuu 1 dd
Fg fo 0= —=sindF Do Fg+f0=—srn0FD o
2 V2
D+ fSS
F.s —cos&F Ds (3.19

0

where the superscrimﬁ denotes the quark content &f
involved in the transition. In the limit of S(3) symmetry,
= oppu  _p*edd_ _plfss

0 0 =F, =F,° 0 and hence

0 + 1
FO%o_ D o —EPsfogang,

0 0 \/— 0 (320
In the four-quark picture, one hdsee Fig. 1
F21o(0)= 3 F2(0), (320

where use of thef((980) flavor functionss(uu+dd)/+2
has been made. For 34°, we see that the relation between

G
Fgfo and ng "o is very similar in theqq andg? q pictures,

Tdhese form factors become even much smalleg%t0.
Therefore, the ISGW model and especially the ISGW2 ver-
sion predict much smalleD—S form factors than other
quark models.

For theg? dependence of the — S form factors, we shalll
assume the pole dominance:

F53(0)

DS/ 42\ _
Fo (qz)—m,
*

(3.22
with m, being the mass of the Opole state with the same
quark content of the current under consideration.

In the MS [47] or the Baver-Stech-WirbelBSW) [46]
model, the typicalD—P form factors have the values
FO™ (0)=0.69 andF§"(0)=0.78. In general, it is conceiv-
able that the form factor fob — o transition is comparable
to the D— «% one. The argument goes as follows. If the

scalar meson is made froqu, its distribution amplitude has
the form[45]

bs(X)=6fsx(1—x)| 1+ Zl B, Cﬁ’z(Zx—l)},
(3.23

wherefg is the decay constant of the scalar me$pB,, are
constants, an€C3? is the Gegenbauer polynomial. For the
isosinglet scalar mesomsandf, their decay constants van-
ish, but the combinatiofisB, can be nonzero. Far, fy and
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ag, charge conjugation invariance implies thai(x)=
— ¢(1—Xx); that is, the distribution amplitude vanishesxat
=1/2. Using|fsB1|~75 MeV obtained if45], we have
bo(X)~6B1X(1—x)(3—6x), (3.24
whereB,=—fgB;. It is clear that ther distribution ampli-

tude peaks ak=0.25 and 0.75. Now th® meson wave
function is peaked ak~ A/mp~1/3 [55]. Recall that the

asymptotic pion distribution amplitude has the familiar ex-

pression

¢7T(X):6fwx(1_x)v (325
which has a peak at=1/2. ThoughB, is smaller tharf _, it

is anticipated that th® — ¢ transition form factor is similar
to that ofD— 7° one because the peak ¢f, is close to that
of the D distribution amplitude. However, it is not clear if

this argument still holds for the scalar mesons which are

bound states o%g?.
For K§(1430), the distribution amplitude reads

bicr (0 ~Brx(1-X)[1+B1(3-6x)].  (3.26

It is easy to check thaﬁKg has a large peak at=0.25 and

PHYSICAL REVIEW D 67, 034024 (2003

(7 (ud)|0)(K5 ~(50) D)= o mh ~miga ) Fg O (m),

(3.30
it follows that
DK* gK6‘771"*'EOfD+ m%
Fo O(mi):\/z 2 2 - 2 : 2
D_mKS mp — Mz
fD;

This is consistent with the value of 1.2M.07 extracted di-
rectly fromD " — K7 (see Sec. VA

IV. QUARK DIAGRAM SCHEME AND FINAL-STATE
INTERACTIONS

It has been established sometime ago that a least model-
independent analysis of heavy meson decays can be carried
out in the so-called quark-diagram approach. In this diagram-
matic scenario, all two-body nonleptonic weak decays of
heavy mesons can be expressed in terms of six distinct quark
diagrams[2,6,7]: T, the color-allowed externalV-emission

a small peak ax=0.75. Consequently, it is natural to have ayee diagram:C, the color-suppressed intern@-emission

large D—KG transition form factor as shown in Table IIl.
Another argument favoring a large— K§ form factor is as
follows (see[56]). Consider the decap®—K% 7% and
apply PCAC(partial conservation of axial vector currgmd

evaluate the matrix eIemeqt“(K’g|§yﬂ(1—75)c|D°). As-

diagram;E, the W-exchange diagranm?, the W-annihilation
diagram;P, the horizontaM/-loop diagram; and/, the verti-

cal W-loop diagram.(The one-gluon exchange approxima-
tion of the P graph is the so-called “penguin diagram.It
should be stressed that these quark diagrams are classified

suming that this two-body matrix element is saturated by théccording to the topologies of weak interactions with all

DJ pole, we find

(7] (ud)|0)(K3 ~|(sc)|D°)

2
:i\/szfDSQKS*DONZ—Z- (3.27)
sm

Ds

Next apply the S(#) symmetry to relate strong coupling of
Ks D°DJ toKE 7" KO

(3.28

gKg Do/ = gK; ~ 7 tKO-

The couplinggKé—W+@ can be determined from the mea-

sured decay rate df; " K% via

Pc
2

F(K§ ™=K ) =gs - oo (3.29

wherep, is the c.m. momentum in thi€j rest frame. Using
the K§ width given in Table Il, we obtaingKg—w+go
=4.9 GeV. Since

strong interaction effects included and hence they reoe
Feynman graphs. All quark graphs used in this approach are
topological and meant to have all the strong interactions in-
cluded, i.e. gluon lines are included in all possible ways.
Therefore, topological graphs can provide information on
final-state interaction&FSls.

Based on the S(@) flavor symmetry, this model-
independent analysis enables us to extract the topological
quark-graph amplitudes and see the relative importance of
different underlying decay mechanisms. The quark-diagram
scheme, in addition to being helpful in organizing the theo-
retical calculations, can be used to analyze the experimental
data directly. When enough measurements are made with
sufficient accuracy, we can find out the values of each quark-
diagram amplitude from experiment and compare to theoret-
ical results, especially checking whether there are any final-
state interactions or whether the weak annihilations can be
ignored as often asserted in the literature.

For charmed meson decays, the penguin contributions are
negligible owing to the good approximatioW qVy,~
—V,sVss and the smallness o¥/,,Vg,. Hence, for D
—PP,VP,VV decays, onlyT, C, E and A contribute. The
reduced quark-graph amplitudésC,E,A have been ex-
tracted from Cabibbo-allowe® — PP decays by Rosner
[8,57] with the results:
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TABLE IV. Quark-diagram amplitudes and branching ratios for vari@us:SP decays with and without the long-distance weak
annihilation terms induced from final-state interactions. Light scalar mesprs a(980) andf,(980) are described by tha#q? states,
while K§ is assigned byjqg. Experimental results are taken from Table I.

Decay Amplitude Bhaive Bes) Bexpt

Df—fqm VegVE(T+C/ +2A)/ 2+ V Vi 2C! 3.5x10°* see text (431.1)x10°*
—foK* VegVi(T+3A)/\2 2.2x10°° 2.2x10°° (2.0+0.5)x 10° 4
—agK° V  Vi(T' +C) 1.7x1072 1.7x10 2
—adm" VegVi(—T—C)I2 1.7x10°3 1.7x10°3 (3.2+0.6)%
—om’ VegVig(T+C'+2A) input (2.1+0.5)x 1073
—xmt VeVig(T+C') input (6.5:1.9)%

—KE Ot Ve VE(T+C') input (1.8-0.3)%

DO f,K° VeVi,(C+3E)/\2 8.2x1074 input for E (6.3+1.2)x 1073
—agK~ V V(T +E) 2.8x10°© 1.1x10°3 (2.2-0.5)%
—adK® VeVi(C—E)/\2 3.5x10°° 3.6x10°° (7.9:1.7)%
—agK* CdVUS(T+E) 8.1x107° 7.9x107° (2.1+1.3)x10°3
—ajm VVi(T +E) 1.7x10°7 6.5x10°° (3.4+2.8)x 103
—agm" Ve Vi(T+E) 1.3x10°3 1.3x10°3 (9.5-7.9)x10 4
—K§ mt Ve Vi(T+E) 1.3x10°? 1.1x 102 (1.18+0.25)%

(7.0'3)x10°3
—KEO7O VeVE(C/+E) /2 3.9x10°* 3.7x10° 8 (8.6"59x102

DS —fom™ VeVEy(2T+2A)/\2 input (1.8:0.3)%
—foK* VeVi(2T+3A)/\2 1.2x10°3 1.2x10°3 (1.8+0.8)x 103
S KEOKT VeoVE((C/+A) 4.0x10°4 1.5x10°3 (7+£4)x10°3
— KOt VegVig T+ VeVE A 1.3x10°3 1.1x10°3 (2.3+1.3)x10° 3

T=(2.67-0.20x10 ¢ GeV, evaluated by considering thechannel chiral-loop contribu-

ion or by applying the Regge pole me r details, see

t b I the R I thdfdr detail
: o [5D.
= - —+

orv— ecays, there are several new freatures. irs,
C=(2.03+0.15exd —i(151+4)°] ForD_SPd th | foat First

x 1078 GevV, one can have two different externdtemission and internal

W-emission diagrams, depending on whether the emission

_ i . o particle is a scalar meson or a pseudoscalar one. We thus

E=(1.67=0.13ex 1(11555)°] denote the prime amplitudds andC' for the case when the
x10°% GeV, scalar meson is an emitted particle. The quark-diagram am-

plitudes for variousD —SP decays are listed in Table IV.

B . o Second, because of the smallness of the decay constant of the

A=(1.05-0.52exy ~1(65=30)°] scalar meson as discussed before, it is expected|THat

X108 GeV. (4.)  <|T| and|C’|<|C]|. A noticeable example is the dec®y
Hence, the weak annihilation W-exchange E or + a
W-annihilationA) amplitude has a sizable magnitude com-
parable to the color-suppressed interkiékemission ampli-
tudeC with a large phase relative to the tree amplitddé\s
discussed in5], it receives long-distance contributions from
nearby resonance via inelastic final-state interactions from
the leading tree or color-suppressed amplitude. The effects o
resonance-induced FSls can be described in a model indeD’
pendent manner and are governed by the masses and dec
widths of the nearby resonances. Weak annihilation topolo-
gies inD— PP decays are dominated by nearby scalar reso-
nances via final-state resacttering. The relative phase be- FIG. 2. Contributions taD®—K#%7° from the color-allowed
tween the tree and color-suppressed amplitudes arises froweak decayp®— K ~#* followed by a resonant-like rescattering.
the final-state rescattering via quark exchange. This can behis has the same topology as teexchange graph.

=%
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—K™ay . Its branching ratio is naively predicted to be of

order 10°%, which is strongly suppressed compared to thecan be used to fix the form factor fdd—Kg

counterpart decap®—K ~ 7" in the PP sector. Experimen-
tally, K~a5 has a branching ratio comparable ko 7.
This implies the importance of thétexchange term iD°
—K~ag . Third, sinceK} and the light scalars, «, fo, ag
fall into two different SU3) flavor nonets, one cannot apply
SU(3) symmetry to relate the topological amplitudesDri
—fom™ to, for example, those iD " —K3 %7 . Note that in
the flavor SUW3) limit, the primed amplitudesI’” and C’

PHYSICAL REVIEW D 67, 034024 (2003

the first one does not involve weak annihilation and hence it
transition.
More precisely,

— Ge 2 DK}
AD " —K5 ) =—=VeVid ayf o(m —mie ) Fy 0 (m?)

V2

+af s (M —m2)FE7(my,)]. (5.3

From a fit to the E791 result3(D*—K3%7*)=(1.8

diminish in the factorization approach due to the vanishing+ o 3)9 (see Table), we obtain

decay constants of scalar mesons.
Just as inD— PP decays, the topological weak annihila-
tion amplitudesE and A, which are naively expected to be

helicity suppressed, can receive large long-distance final

state interaction contributions. For example there is a co

tribution to the W-exchange amplltudE of D°—>K*0 0
from the color-allowed decap®—Kg ™ #* followed by a
resonant-like rescattering. As discussed5h Fig. 2 mani-
fested at the hadron level receives-ehannel resonant con-
tribution from, for example, the D resonancé& (1830) and a
t-channel contribution with one-particle exchange. Likewise
the W-exchange term ilD°—a, 7~ receives ther(1800)
resonance contribution.

n-

Fo 0(0)=1.20+0.07. (5.4)

As explamed in Sec. Il, the E791 analysis fd@"
K™ 7" a* has included the scalar contribution from the
resonance and found a better improved fit. If the PDG value

of (3.7+0.4)% for the branching ratio dd " —K3%7" is
employed[14], we will get a too large form factor of order
.60.
Under the factorization approximation, the factorizable
amplitudes of otheb —K§ 7 decays read

DK}
A(DO 7T+) \/EV V*d[al ﬂ'(mD mK*)F 0( 2)
V. GENERALIZED FACTORIZATION AND ANALYSIS
- oy ey DO
We will study D— SP decays within the framework of +ap(Kg 7 [(sd)|0)(0](uc)|D)],
generalized factorization in which the hadronic decay ampli- Ge
tude is expressed in terms of factorizable contributions mul- 0_,K*0.0 EO7(m2
- i . ; _ A(D"—Kg = V \Y, frx «
tiplied by theuniversal (i.e. process independertffective ( )= esViigBal Ko (mD m ) 0 (mKo)

parameters; that are renormalization scale and scheme in-

dependent. More precisely, the weak Hamiltonian has the +(Kj~ " |(sd)[0)(0](uc)[ D],
form
Ge
i - - A(DI —KEO07t)= ﬁal[vcdv * (M3 — mK*)FDKO(me)
Heff:Echlvﬁqz[al(u%)(%c)+az(Q1Q2)(UC)]+H-C-,
(5.2 +VcsV35<KSO7T+|(Ud)|O>
X(0|(sc)|DJ)]. (5.5

with (0:02)=0d17,(1— vs)d,. For hadronic charm decays,
we shall usea;=1.15 anda,=—0.55. The parameters,

: o ! The factorizabléor short-distanceweak annihilation contri-
anda, are related to the Wilson coefficients via

bution is conventionally argued to be helicity suppressed.
We see from Table IV that the predictions fd°
—K: 7" andD; —KE%7* are in agreement with experi-

ment, wherea®°— K{;Owo andD; —K3°K* are too small

by an order of magnitude. The latter implies the importance
of long-distance weak annihilation contributions induced
from FSls. If we assume that the relative phase and magni-
tude of theW-exchange amplitud& and theW-annihilation
amplitudeA relative to the externalV-emission amplitudd

are the same as in the casel»f> P P decays, namely,

a;=Cy(um)+Co(p)

1
N_c"‘Xl(M)),

1
ap= Cz(M)+Cl(M)( +X2(M)> (5.2

where the nonfactorizable terms(x) will compensate the
scale and scheme dependence of Wilson coeffice(ite) to

rendera; physical.

E/T~0.63e'11%, A/T~0.39e %%, (5.6)

A. D—KZ (14 : — —
—Ko (1430 @ we find thatD®— K% 7% andDS — K °K ™ are enhanced by

an order of magnitude, whileD°—K} 7" and DJ
—K§ O7" are affected only slightly.

measuredD — K& modes: D
*, only

Among the four
—>K307T+, DO—K: 7T, Ka‘oﬂ'o and D;——>K67T
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B.D"—kat

As noticed in passing, although the ded®y — 7" has
very similar topological quark amplitudes &' — K%z
(see Table IV, they cannot be related to each other via®U
symmetry asc andK§ belong to two different S(B) flavor
nonets. Using the decay constdnt=65 MeV as estimated
in Sec. IlIB, we find thath"(O)=0.85i0.10 from the
measured " — « 7 rate. If the decay constant is negligible,
then the form factor will become smaIIeF,B"‘(O):O.64
+0.10, due to the absence of a destructive contribution from ®
C'.

C.Dt»omt

NeglectingW-annihilation and takingn,=500 MeV, the
form factorFQ“ extracted fromD " — o7 " reads

F5“(0)=0.42+0.05. (5.7)

This is quite different from the fit value 0:80.2 obtained in D" ‘Q
[58] using the E791 data fob " —#"#"#~ [9] and the W, .
Breit-Wigner description of ther resonance. Note that in the d el s
conventional quark model, the flavor wave function is 0
given by uu+dd)/\2, while it is uudd in the four-quark
picture. Therefore, in the SB) symmetry limit, the ratio of FIG. 3. (a8 Long-distance contributions to the amplitude
|ADT"—om")IA(DT—k7)|?is|Vey/Ved? if ois made VcaViaC' of D*—fom" from the color-allowed weak decdy*

= + L
of four quarks, while it will be two times smallerif is aqq o7 _followed by a rescattering via quark exchange, @dhf’
long-distance contribution to the amplitudé vV .C' of D

state. ad —
—fom" from the color-allowed weak decdy™ — K% "K®, KTK%°
followed by a rescattering via quark exchange.
D. D—fy(980 ar, fo(980 K
Since theW-annihilation contribution is smaller than the Fg’s f0(0)20_52i 0.04 (5.10

W-exchange one ilD— PP decaygsee Eq.4.1)], we will
neglect thew-annihilation amplitudeA as a first approxima- 4 henceFDfO(O)=O.26i 0.02 from Eq.(3.22.
tion and determine thB — f, form factor from experiment. 0
We will chooseD_ —fom* or DS —foK™* rather thanD*

—foK" to extracthfO(O). Thereason is as follows. In the

Since we have neglected tig-annihilation contribution
+
in the process of extracting the form factEE s f°(0), we

SU(3) limit, it is expected thatsee Table IV will consistently ignore this contribution in allQ,D)
—fqom, oK decays listed in Table IV. It is clear from this
B(D;'Hfoﬂ-*') Vid 2 table that one needs a sizabldexchange to account for
B(D —f,K*) IV (5.8 DO £yKP. One can utilize this mode to fix the amplitutie
s 10 ! to be
It is easily seen that this relation is borne out by experiment. E/T~0.40e'19%", (5.11)

In contrast, the relation
where we have assumed a phase of 100° oMhexchange

term relative to the tree amplitude.
+ + 2
MZE Ved (5.9 As for the decayD " —fon", the factorizable internal
[(Dg—foK™)  4|Ves W-emission amplitude is absent owing to a vanishiggle-

cay constant. Nevertheless, it does receive a long-distance

is different from the experimental ratio which is close to contribution via final-state rescattering, see Fig. 3. Since
|Vea/Ved? This implies that the decay rate 8ff —foK*™  VesVis~—VedVig and the amplitudeC’ is governed
inferred from FOCUS11] is probably too large by a factor by a, the amplitude V oV} C'/\2+V, Vi \/2C ~

of 4. Indeed, since this mode is Cabibbo doubly suppressed; V qV*,C'/\/2 will give a constructive contribution and

it is unlikely that its branching ratio is of the same order asenhance slightly the decay rate Bf* —fyr*. At any rate,

the Cabibbo singly suppressed dbé —f,7*. At any rate, the agreement between theory and experiment for this mode
it is important to check this mode soon. From the decayimplies that the form factor foD* —f is indeed smaller

DJ —fom™, we obtain than the one foD ] — f,.

034024-11
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If f,(980) is made frontq, the ratio ofD*—foK* to
DS —foK* will be

Vcd 2
r?ev— :

Cs|

(DT —foK™)
T(Df —foK™)

1
=sta

5 (5.12

For 6~34° (see Sec. lll A, it is easily seen that the two-
quark relation(5.12) is similar to Eq.(5.9) for the four-quark
case. However, fof~140° as favored by hadronild ¢ de-
cays and the radiative decays— f,(980)y, f,(980)— vy,

the nn and ss components in thegq wave function of

f(980) have opposite signs. This means that the interference

between the tree amplitudeand theW-annihilation ampli-
tudeA in the decay, for exampld); — f,(980)7 " is oppo-

PHYSICAL REVIEW D 67, 034024 (2003

notice that the neutral stamgKO is not color suppressed
relative to the charged modsg K ~, contrary to the case of
DO—x"K™, #%K° It is also anticipated thata, 7"
>aq 7, arelation that cannot be tested by the present pre-
liminary data as they do not have enough statistical signifi-
cance.

Just as th® decays tar, «, fo(980) andK{ (1430), one
may use the chann® " —ad=" to fix the form factor for
D—a, transition. However, in the S@3) limit, one has the
relations(see Table IV

site in the 2-quark and 4-quark models. That is, if the inter-

ference is constructive in one of the quark models, it will be

destructive in the other model, unless the relative phase be-

tweenT and A is 90°. Iherefog, whether or not one can
distinguish between thgq andq?q? pictures forf ,(980) via
nonleptonicD decays depends on tHg— o mixing angle
and the magnitude and the phase of Wtannihilation term.
Finally we comment on the decayB®— fq(1370)K°,
D*—fy(1370)7* andDJ —fo(1370)7" which have been
measured by ARGU$17], E687[16] and CLEO[10], by
FOCUS[11] and by E7919], respectively, with the results

B[D°— f,(1370K°]B[fo(1370 — 7" 7]
(4.7+£1.4x10° 3% ARGUS,E687
(59738 %1073, CLEO

B[D"—fy(1370 7" B[ fo(1370 =K TK ]
=(6.2+1.1)x10"* FOCUS

BID{ —fo(1370 7" 1B fo(1370 — 7t 7]

=(3.3+1.2x10°% E791 (5.13
Since the branching fractions df(1370)— 7" 7~ K"K~
are unknown, the individual branching ratio@fdecays into

fy(1370) cannot be determined at present. Nevertheless,

fo(1370) is a nn state in nature, the decap.
—f,(1370)7" can only proceed through the topological
W-annihilation diagram. Hence, this will be the first direct
evidence for a nonvanishing’-annihilation amplitudeA in

D—SP decays. The other modeB®— f,(1370K° and
D" —f,(1370)7™ proceed via the internal-emission dia-
gramC and the externalV-emission diagrant, respectively.
Taking into account the phase-space correction and notin
that D™ — f,(1370)7" is Cabibbo singly suppressed while
the other two are Cabibbo allowed, it is obvious thaf
>|C|>|A|, as it should be.

E. D—a,(980) m, a,(980K

Because the primed amplitudds and C’ are largely
suppressed relative to the unprimed ofieand C owing to
the smallness of the, decay constant, it is interesting to

B(D*—adm") 1|V 4?
Ri=———————=2|+ ,

BDT—km") 2|Ves

B(DT—ajnr") 1
R=—————~= (5.14

- B(Dt—ont) 2

Experimentally,R,~3 and R,~15. This indicates that the
preliminary data oﬂ3+—>a87-r+ is too large by at least an
order of magnitude. Therefore, we will instead use the value
of 0.77 for FgaO(O) (see Sec. Il ¢ For the W-exchange
amplitude we can apply Edq5.11).

The results of calculations are shown in Table V. Obvi-
ously all the predicted branching ratios for—agm, agK
(except forD°—>ag «*) are too small by one to two orders
of magnitude when compared with experiment. Note that
D%—-a, K™ is Cabibbo doubly suppressed and it appears to
be very unlikely that it has a large branching ratio of order

1073, From Table IV we also see th&t™ —ag K° has the
largest branching ratio among the two-body decdys
—apm(K).

If we fit the D—a, form factor toD " —ad7", we will
gethao(O):3.4 and the large discrepancy between theory
and experiment will be greatly improved. However, in the

meantime we also predict th&D * —agj K% =0.35 which

is obviously too large. Moreover, it is impossible to achieve
this abnormally larg® — a, form factor in the quark model.

if It is possible that one has to apply the Breit-Wigner ap-
proximation forag(980) to derive the branching ratios for
D—agm, agK from the three-body decays of charmed me-
sons. Furthermore, the fraction af(980)— KK should be
pinned down. It will be interesting to compare the experi-
mental results with the predictions exhibited in Table IV.

VI. CONCLUSIONS

9 The nonleptonic weak decays of charmed mesons into a
scalar meson and a pseudoscalar meson are studied. The sca-
lar mesons under consideration ase [or fy(600)], «,
f0(980), ag(980) andK{ (1430). The main conclusions are:

(1) Studies of the mass spectrum of scalar mesons and
their strong as well as electromagnetic decays suggest that
the light scalars below or near 1 GeV form an (S)Uflavor
nonet and are predominately thég? states, while the scalar

mesons above 1 GeV can be described qﬁaonet with a

034024-12
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possible mixing with 0 qq and glueball states. Therefore, interactions are crucial for understanding the data. For ex-

we designate’g? to o, «, ay(980), f4(980) andqq to K .
(2) The topological quark-diagram scheme for—SP

decays is more complicated than the cas®efPP. One

can have two different external-emission and internal

ample, the importance of th&-exchange term is implied by
the decay®°— foK°, K3 °#° and thew-annihilation one by
DJ —KE°K*. Without W-exchange oi-annihilation con-
tributions, the decay rates of these modes will be too small

W-emission diagrams, depending on whether the emissioby one order of magnitude. The branching ratio Df
particle is a scalar meson or a pseudoscalar one. The quark-f,K* is predicted to be of order 18 and should be tested
diagram amplitude for the case when the emitted particle is aoon.

scalar meson is largely suppressed relative to the one when (5) The predictedD —agm, apK rates are too small by
the pseudoscalar meson is emitted. Moreover, the former anone to two orders of magnitude when compared with the

plitude vanishes in the limit of S(@3) symmetry.

(3) The charmed meson te andKj transition form fac-
tors are extracted from the Cabibbo-allowed dec&ys
—xkmt, KEOm™, respectively, whileD*— o andD} —f,
ones are inferred fro® " — o7t andDJ —fom", respec-
tively, based on the assumption of negligibéannihilation.
We show that a large form factor f@—K§g is expected.

.
The reIatioan’ fo—

for f,(980) leads to a prediction fdd * —fy7" in agree-

.
ng "/2 obtained in the 4-quark picture

preliminary measurements. It is pointed out thBt"
—»agio should have the largest branching ratio among the
decaysD —agm, agK.

(6) If £5(980) is aqastate in nature, it must contain not
only ss but alsouu and dd content. Thef,—o mixing
angles inferred from the hadronic decays/— fy¢/w, the
radiative decayp— f,y followed by f,— yvy, and the strong
coupling off, to KK andz are not quite compatible with
each other. 119~ 140°, then it will be possible to distinguish

ment with experiment. Note that the value of the form factorbetween the two-quark and four-quark pictures fig{980)
F27(0)=0.42+0.05 obtained in this work is very different in the decay, for exampl®¢ —fom". In the SU3) symme-
from the one, 0.8 0.2, quoted in the literature. It is pointed try limit, the ratio of [A(D* — o7 )/A(D* — k7 ™)|* can
out that the ISGW model and its improved version thebe different by a factor of 2 in these two different pictures.

ISGW2 model predict too smald — S form factors even at
zero recoil.

(4) Except for the Cabibbo doubly suppressed deDdy
—foK™, the data oD —om, fom, foK, K& can be ac-
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