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The weak radiative Cabibbo allowed decay§*>i077+‘y and D°—K ™~ 7"y with nonresonanK = are
investigated by relying on the factorization approximation for the nonleptonic weak transitions and the model
which combines the heavy quark effective theory and the chiral Lagrangian approach. The dominant contri-
butions to the amplitudes come from the long-distance effects. The decay amplitude has both parity violating
and parity conserving parts. The parity violating part also includes a bremsstrahlung contribution. The branch-
ing ratio obtained for the parity conserving part is of the order“for the D°—K ™~ 7y decay and 10° for
D+~>KO7T+’)/, when the effect of light vector mesons is included, and smaller otherwise. The branching ratio
for the parity violating part with a photon energy cut of 50 MeV is close to*for the D° decay and 4
X 10 * for theD™ decay. We present Dalitz plots and energy spectra for both transitions as derived from our
model and we probe the role of the light vector mesons in these decays.
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I. INTRODUCTION to be the most likely candidates for early detection. These
decays are the charm sector counterpart of Khe wmy
The investigation of radiative and dilepton weak decayq11-13 decays, which have provided a wealth of informa-
of pseudoscalar charm mesons has been pursued rather vigsn on meson dynamics. In the strange sector, ke
orously in recent years, both theoretically and experimen-— 7%y and K, — =" 7~y are singled out as the most
tally. To a certain extent, this activity has been fueled by thesuitable ones for the investigation of the radiative decay
ongoing search for physics beyond the standard modemechanism; this, since the relative suppresion of the corre-
which might be of measurable consequence in certain chargpondingK * — 7" 7% andK, — 7+ 7~ amplitudes leads to a
radiative and dilepton decay%—4]. To date, no radiative or situation where the direct radiative transition is not over-
dilepton weak decay db has been detected. However, upperwhelmed by the bremsstrahlung part.
bounds have been established for a sizable number of these In the K— 7y decays, the long-distance contribution is
decays. The radiative decap®— p°, «°, ¢, K*04 y were  dominant[13]. In the charm radiative decays, the theoretical
recently bounded5] to branching ratios in the 10 range,  studies show that likewise, the long-distance is the dominant
which is approaching the standard model expectatisas, feature of the decayg?,4,6,7,9. The short-distance contri-
e.g., Refs[6,7] where additional previous works are men- bution realized by the penguin diagram—uy [14-16
tioned. The dilepton decay® —P171~, D—VI*I~ are the might play a role in certain Cabibbo suppressed decays,
subject of intensive searches at CLEO and Ferm[i@p  which are not discussed in the present paper.
Here again, with upper bounds of 10~ 10 * for branching Our problem belongs to the sector of nonleptonic charm
ratios of the various modes one approaches the expectatioggcays, which is known to represent a continuing theoretical
of the standard modéR—4,9. The situation should improve challenge(see, e.g.[17,18, and references ther@inThe
in the future, due to new possibilities for observation ofshort distance effects are considered well understood but the
charm meson decays at BELLE, BABAR, and Tevatron. Repertyrbative techniques required for the evaluation of certain
cently, upper limits in the 10°—10"* range werd10] als0  matrix elements are based on approximate models. Usually
established forD® dilepton decays with two nonresonant the factorization approximation is use@ee, e.g., Ref.
pseudoscalar mesons in the final  stateD® [17,19), although the experimental data indicate the appar-

—(mm K 7" ,K'K™) u'u”, though no comparable ent need for the inclusion of nonfactorizable amplitudes in
results are available yet for similar photonic decays. certain channels.

In the present work, we go beyond the existing treatments | this first treatment oD — Ky decays we use the fac-
which deal withD—Vy only and we consider the three- torization approximation for the calculation of weak transi-
bodyD radiative decays of typ — Ky, with nonresonant - tjon elements. We consider the use of this approach to be
K — . We undertake here the Study of the Cabibbo alIOWequstified by the “near” success of the approach for the non-

decaysD " —K%7*y andD®—K ™7y, which we consider leptonic amplitudes. This will involve its use in the
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D(D*)K vertices as well as iD(D*)—V and D(D*) Since our problem of describing tiiz— K 7y decays in-
— P transitions, all of which required for the calculations of volves transitions between heavy mesons and light pseudos-
the D— Ky amplitudes within our model. For the evalua- calars, we adopt the effective Lagrang[&d,22 which con-
tion of the O©,D*)—(P,V) transitions, we use the informa- tains both the heavy flavor and ti$4J(3),_ X SU(3)g chiral
tion obtained for these matrix elements from semileptonicsymmetry as the theoretical framework for our calculation.
decays(see, e.g., Refl.20]). The general theoretical frame- From the experience witk — 777y decays, one knowd 1—
work for our calculation is that of the heavy quark chiral 13] that the decay amplitude is largely determined by contri-
Lagrangian[21,22. In the K— way decays, it has been butions from virtual vector mesons. Considering the possi-
shown that intermediate light vector mesons play an imporbilty that vector mesons would play a role in tBe— Ky
tant role in the decay amplitud&1]. We shall investigate the decays as weljlwe remind the reader that we consider here
role of intermediate light vector mesons also in tBe nonresonanKw, the decaydD —K* y having been treated
— Ky amplitude. In order to accomplish this, we use theseparately{16,27]), we should complement the Lagrangian
extension of the formalism of Ref§21,22 to include also by introducing light vector mesons. For this we choose the
the light vector mesong23,24]. generalization of the original Lagrangi§f1,22 by Casal-
The present study ob*—K%z*y and D°—~K m*y  buonietal. [23] in which the original symmetry is broken
shows that the direct part of the radiative amplitude is no§Pontaneously to diagon&lU(3)y [28] with the introduction
much smaller in strength than the bremsstrahlung part, rathé¥f the light vector mesons. We present this formalism here in
similarly to the inhibitedk decays mentioned above. If con- some detailfor more details see Reff27]) and use it as the
firmed by experimentsl it p|aces these decays in the status main tool of our calculation. We shall also perform the cal-
a most suitable ground for the investigation of the mechaculations without vector mesons in the Lagrangian in which
nisms involved in such nonleptoni decays. Moreover, our C¢ase the original heavy quark chiral Lagrang[@1,22 is
calculation shows that the nonreson#nty final states are Used, in order to clarify their role in these decays.
dominant, having a partial width which is larger than the The light degrees of freedom are described by the33

resonantK* y one by at least an order of magnitude. This Hermitian matrices
outcome is mainly due to the contribution of the light vector

mesons in the crossed channels. ™ N Mo n K+
In Sec. Il we present the theoretical framework for our EJF %Jr ﬁ &
calculation. In Sec. Il we display the explicit expressions of
all the calculated decay amplitudes. Section IV contains the _ —7°  ng o 0
discussion and the summary. = m f + % +ﬁ K
Il. THE THEORETICAL FRAMEWORK K~ KO — 2_\/77_8.4_ %
6 3

The nonradiative two-bodyp decays, from which the
bremsstrahlung part of the radiative decays originates, are )
D°—K 7" andD*—K°%r*. The weakAl=1 transiton and
leads to two independent isospin amplitudes in the final state,

A1, andAg, and the relations to the physical decay$1i8] 0
Put @y + K*+
Pu m
_ 2 1 V2
A(DT =K )=Agp; AD—K ™ 7")= A0+ =Agp. 0
3 3 Pu= — _p,u,+w,u K*O (3)
1) Pu 2
From the determined branching ratid@5] of BR(D* KE KO @,

—K%7*)=(2.89+0.26)% and BRD°—-K 7)=(3.83

+0.09)% one learns that the relative size of the absolutéor the pseudoscalar and vector mesons, respectively. They
values of the amplitudes |A(D°—K™#")|/|[A(D"  are usually expressed through the combinations

— K%z )| is 1.84. Using also the information from the third

decayA(D°— K°70) = (2/3)A1,— (V2/3)Aq)0, the isospin e eXF]( E) @
analysis shows thatA;,|/|As,=2.7, and their relative f )

phase is 90926]. Despite this knowledge, there is still no

complete interpretation for the mechanisms leading to thgvheref=f_=132 MeV is the pion pseudoscalar decay con-
decayq 26], although it is clear that the situation is different stant and

from theK— 7 channels, wherdl =1/2 enhancement in-

troduces a large disparity between the final state isospin am-

plitudes. The relevance of the above picture to the radiative pL=I &p , (5)
decays will be discussed in the last section. B2t
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whereg,=5.9 was fixed in the case of exact flavor Symme'whereD#ﬁa:(aﬂJr Vﬂ—ieQ’BM)ﬁa, with Q’ =2/3 for the
try [28]. In the following we will also use the gauge field ¢ quark.

tensorFW(f)) The couplingg can be fixed31] by using the datg32] on
. . . o the D* - D decay width. These data givg=0.59. The
Fup)=3d,p,—duputpu Pl (6)  plus sign is taken to be in agreement with the quark model

) ) ) Lot studies. The parameté is less known, but it seems that it
It is co?venlent tollnt[roduce two (J?urrenﬂs#:g(g D,U  can be safely neglectdd7].
+uD,u’) and A, =3(u'D,u—uD,u’). The covariant de-  The electromagnetic field can couple to the mesons also
rivative of u and u’ is defined asb ,u=(d,+B,)u and through the anomalous interaction; i.e., through the odd par-
D, u'=(9,+B,)u’, with B,=ieB,Q, Q=diag(2/3; 1/3 ity Lagrangian. The contributions to this Lagrangian arise
)2 1 2 ' 2 e ' ! . . . .
—1/3), B, being the photon field. from terms of the Wess-Zumino-Witten kind, given by
The light meson part of the strong Lagrangian can bd29,33

written as[28]

C
2 Lt()%i)d: _4VTVH EMW'BTr( o'?MpV&apﬁH)- (13)

f R
Elight: - E{tr(A/.LA ,u) + atr[(v,u_ P#)Z]}
L The couplingCy;; can be determined in the case of the
A exactSU(3) flavor symmetry following the hidden symme-
+279vtr[FM,,(p)F“ (p)]. @) try approach of Refs[28,29 and it is found to beCyyy
=3g?/327r°=0.33. In the actual calculation, we allowed for
The constant in Eq. (7) is in principle a free parameter. In  SU(3) symmetry breaking and we used W€+ coupling as
the case of exact vector meson dominate®M) a=2 determined from experimefi25]. We will also need the odd-
[28,29. However, the photoproduction and decays data indiparity Lagrangian in the heavy sector. Such terms are re-

cate[30] that theSU(3) breaking modifies the VDM in quired by theD* —D vy transition, which cannot be gener-
ated from Eq(12). There are two contributiorj24,34] in it,
B 2 o 1 u V2 u characterized by coupling strengthsand A’. The first is
Ev,y——egvf B/L P +§w —?(I) . (8) given by
Instead of the exacsU(3) limit (g,=my/f), we shall use £1=i)\Tr[HaaWF“"(,B)abﬁb]. (14

the measured values, defining
In this term the interactions of light vector mesons with
(V(ey ,q)|VM|O> =i e;(q)gv(qz). 9 heavy pseudoscalar or heavy vector mesons is described. The
light vector meson can then couple to the photon by the
The couplingsyy(m?) are obtained from the leptonic decays standard VDM prescription. This term is of the ordek 1/
of these mesons. In our calculation we Lg;eémi):gp(O) with X\, being the chiral perturbation theory sc4B5].

=0.17 GeV, g,(m2)=g,(0)=0.15 GeV¥, and go(m3) The second term gives the direct heavy quark-photon in-
=0s(0)=0.24 GeV. teraction and is generated by the Lagrangian
Both the heavy pseudoscalar and the heavy vector mesons o
are incorporated in aX4 matrix Lo=—=N'Tr[Hao,,F*"(B)H,]. (15
1 . The parametex’ is given in heavy quark symmetry limit by
Ha:i(lﬂé)(Paﬂ“_ Pavs), 10\~ —1/(6m,) [22] and it should be considered as a higher
order term in Iy expansior36].
wherea=1,2,3 is theSU(3), index of the light flavors, and In order to gain information on these couplings one has to

. . . icti *0 0 * + +
PZ.. Pa, annihilate a spin 1 and spin 0 heavy mepq, ~ US€ theD+eX|zt|ng datl? o _>tDII%thD :D_lz, ;Péi
of velocity v, respectively. They have a mass dimension 3/2Ps o os ¥ decays. xperimentatly, Ihe fa "Bﬁ— ( .
instead of the usual 1, so that the Lagrangian is in the heavy>D"7)/I'(D*"—D"x") and R, =I(D*

quark limit mg—co explicitly mass independent. Defining —D*y)/T(D**—D*x°% are known[25]. These data de-
moreover termine two possibilities[27]. One of them is|\/g]

=0.839 GeV'!, |\'/g|=0.175 GeV'!. The second one
— 0t 0 et ;1 does not agree with present data. Wik 0.59 we obtain
Ha=y"Hay"=(PLv* +Pays)5 (144), (1) \=+0.49 Gev'! and)’=+0.102 GeV .
The \"=—1/(6m.) would give with the mass of charm
we can write the strong Lagrangian Eﬂ.] quarkmc=1.4 GeV that\'=—-0.12 Ge\fl, in good agree-
ment with the above value. The simple quark model analysis
Lever= Liight+i Tr(Hav ,D*H) +ig T Hyy, v5(A#)paHo] indicates th_aI\’ andk_ are both negativ_[a36]. In our numeri-
- cal calculations we give the results using these parameters. In
+i73Tr[Hbvﬂ(V“—E)M)baHa], (12)  the literature(e.g., Refs[31,36,37) instead of\ the 8 pa-
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rameter is often used. The vale=2.3 GeV ! corresponds
to A=-0.49GeV' since 2A(g,/\2) [g,/m
+9,/(3mZ) 1=~ (2/3).
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and Az(0)=Ay(0). We take the following expressions for
the form factors ag?,, [23] (we differ slightly from Ref.
[23] which does not includex,, but includes also heavy

In addition to strong and electromagnetic interactions, wescalars as intermediate terms
have to specify the weak one. The nonleptonic weak La-

grangian on the quark level for the Cabibbo allowed decays

can be written as usu@l9]

G
£ (Ac=As=1)=— T;vudvzg[aloﬁazoz], (16)
where
01=(ud)§_A(SC)y_n 4
and

O,=(UC)y_a ,(sd)E_4,

V;; are the CKM matrix element& is the Fermi constant,

and (¥, V,)“=V,y*(1—°)¥,. In our calculation we use
a,;=1.26 anda,= —0.55 as found in Ref.19].

At the hadronic level, the weak current transforms as

(§L,1R) under chiral SU(3), XSU(3)g, is linear in the
heavy meson field®? and D;a and is taken ag20]

1 .
Joh=51aTr[y*(1= ys)Hpubal + as Tr[ ysHp(p*

—VH)pld ]+ @ Tr[ Y ysHpv o(p4— V) peuls]

.., (17)
where a=fyVmy [21], a4 was first introduced by Casal-
buoniet al.[23], while a, was introduced in Ref20]. It has
to be included, since it is of the same order in thed/and
chiral expansion as the term proportionald@ [20].

5 1 M+m
V(Omax) = E)\g”fDm’ (20
2 - \/Ealgv \/M
Allmad =~ em (21
and
) 29, M+m
Ax(dnax) =~ NEG (22

whereA stands for théd* andD mass difference. Assuming
the pole dominance one can connect the value of form fac-
tors atqfnax and 0 momentum transfer By(0)=F (qma[1
—(M—m)Z/Mf,], whereF stands folV, Ay, or A,, M is theD
meson mass; anah is the light vector meson mas&or a
discussion of a different approach which makes little numeri-
cal difference in our case, see Chargsl.[39].) Using the

experimental datd25] [VPK*(0)|=1.02+0.12, |APK" (0)|
=0.55+0.03, and/AY¥"(0)|=0.40=0.07, we find for the
couplings \=—0.56 GeV'!, |a;|=0.156 GeV? |a,|
=0.052 GeV2 The value of\ is in good agreement with
results obtained fronD* — D y data.

The light weak current is derived to pa4]

=ifHu[A*—a(V —pu'}; . (23)

The photon emission is obtained by gauging the weak
sector too. The important consequence of this procedure is
that thereby the gauge invariance of the whole amplitude is
achieved. This turns out to be equivalent to the usual proce-
dure of achieving gauge invariance in bremsstrahlung pro-
cesses with a momentum dependent strong vertex, as pointed

The relevant matrix element is parametrized usually ing [40] for the somewhat similar process— PP’ y. Actu-

D—Vly, semileptonic decay g46,19,20,38

(V(py,en)|(V=A)*|D(p))

2V(g?) S 2my
= "' P ey P Pyp T e§q7qM

Cmp+my
X[A3(g%) —Ao(q?)]+i(mp+my)
€y q
XL AT~ [P Py) Aol @),
(18
whereq=p—py -

be finite atq®=0, the form factors satisfy the relati¢t9]

My
2

my+my
—VAl(q2)+

A3(q2)— om

—My 2y _
my Ay(g%)=0, (19

ally by gauging the weak sector we produce the same graphs,
which were necessary to induce to satisfy the gauge invari-
ance[40].

Ill. THE DECAY AMPLITUDES
The general Lorentz decomposition of thB(P)

—K(p)7(q) y(k,e) decay amplitude is given by

ge p-e
ﬁ_ﬁ +F28Maﬁy8#l)akﬁqy .

(24)

G; .=
M=—-—=Vy V¢4 F1

V2

In order that these matrix elements shouldte hart of the amplitude containing tiig form factor is

parity violating (PV), while the one withF, is parity con-
serving(PC). Both of them are functions of scalar products
of momenta ak-p, k-q. Note thatF,; contains contribu-
tions which arise from bremsstrahlung part of the amplitude
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D+ D+ K° D+ K at
. .rww'v D*i K
Lt + 24
A 7 A, 7 At
p+ p+ D p+ Df*D}F p+ D p+ DX v
éy i ; i 3 §Ys T : 8 T y : 8 ;
0 ! > ' 0 "™ o0 !
Af, KOt At 1K it A, KO it A, KOt
D+ D+ D+*! p+ D} D;"*! p+ D+ D} p+ Df* D}
1 ) | 1 [} 1 | 1
VRO Lt "ogy et ! Vg0 Lt "og \rt
A:-;l ;7 WK A;'_g 1K g A;_ﬁ Y K am A;.A KPSy
Dt Dy gt FIG. 1. Feynman diagrams contributing to the
7 form factor F, of the D* —K%x# "y decay. Dia-
(.
Aty R° grams denoted by’ (C{;) come from the op-
eratorO, (O,). Sum of the contributions of each
Dt pt_ =t D*, __r row is gauge invariant. In diagranss; ,, A3,
' o C+,, andC7, the photon couples to the heavy
g i b e
cH Ct, mesons with strength’.
D+ D+ D* x+ D+ D™ R0
b D+ D™ __k° P
+ 10 +
ch T K Ch 14 Chy T
D+ D+* DOt D+ D+* DO‘ D+ DO“ DO* D+ DO* DO*
T T '
[} } [} ] | ] | ]
| ~ | -~ | . | —
ct, é‘f wt K? ct, !’)’ wt 1RO Ct it 7 ct mt &7 R°
D+ D™ o
- K
Y
CIl T

as well as a direct electric transition. On the other hand,
corresponds to the magnetic transition.

—K™ 7"y decay amplitude are presented in Figs. 3 and 4.
Note that we denote heavy mesons by one full line, light

In order to determiné&,, F, we use the model described Pseudoscalar mesons by dashed lines, light vector mesons by
in the previous section. The diagrams contributing to theséwo full lines, and photons by wavy lines. The weak vertex is
form factors are given in Figs. 1-4. In Figs. 1 and 2 aredenoted by a square box.

given Feynman diagrams contributing to tbe —K°%z*y
decay amplitude while the contributions to thB°

Before proceeding to the actual calculation, we note the
following complication. As well known, the leading terms of
the expansion of the radiative amplitude in the photon mo-
mentum (k) are determined41] by the original amplitude

D+ D" Dy D* Dt _K° D* p*Di (D—K in our cas¢ However, the nonleptoni®— K
i 70 § g g iy g l 70 bt amplitude cannot be calculated accurately in the factorization
Bf, " Bi " Bis e approximation from the diagrams provided by our model.
D+ DD D+ D+ Di KO D+ D+ Dy Such a calculation gives a rather good result for Bhé
|20 !,, . !7 o y,, o b — K% channel but is less successful for B8—K a7t
B, Bf B decay. In order to overcome this problem and to be able to
D+ K Dt o ___K° D*Dt present accurately the bremsstrahlung component of the ra-
L. e 7 o diative transition, we shall use an alternative approach for its
B, " B " B, K derivation. This approach then is to use the values of the
experimental amplitude® — K 7r, assumed to have no inter-
Dt D+ DO D+ D™ D° Dt Dt __nt nal structure, for the calculation of the bremsstrahlung com-
; g R S N Voo ponent. In order to accommodate this we rewrite the decay
D+ it K Dt T 1K D+ 1K I
11 12 13 amplitude(24) as
D+ DD Dt D% D° Dt Dt gt
n J Tk Go e
pi, & Wik pf, "™ K po @K M=—deuV§s<Fo{_ +F4[(g-&)(p-k)
D+ Tt Dt ___at DtD»™  RKY \/§ q-k p-k
{0 ! -
oy, ¥ oy, K Dy " —(p-&e)(q- k)]+F28”“’378Mvakﬁqy), (25

FIG. 2. Feynman diagrams contributing to the form fa¢tgrof

whereF, is the experimentally determindd— K ampli-

the D" —K%x*y decay. Diagrams denoted " (D;}) come
tude andF,, F, are the form factors of the electric and

from the operato©O; (O,).
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D° K- + D° K-
0 'rvvvv’Y 0 D oy K 0 ,
A7, it Al g'y Al rt
Do D+* D+t DO D+t DO D+* ¥ D° D+* + K-
0 1 N T 0 i ; T AP ; | 0 ! ” v " D+ \D+* 7t .
A k- b Adg - A - in+ Ay 7T pr ,y FIG. 3. Feynman diagrams

2.5 contributing to the form factoF

D° p* D" Do D" D;* D° p* Di* p°® D Dy of the D>—K 7"y decay. Dia-

Vo ! i [ ! i grams denoted b)9\,+1 (Cifj) come
45 g K- it Al :K—g it Ala g’r K-t ASa K- 97 it from the operatoO; (O,). Sum
7t

" of the contributions of each row is
D* D} o : 0
-- gauge invariant. In diagramas ;
A0 - 7 andAgzthe photon couples to the
4.1 WK ! .
heavy mesons with strengiti.

0 + 0 0 + 0
T s oL AR - S
o K-@ oy ! ; Ot :K% Ol +-§7

1
it 1T

magnetic direct transitions which we calculate with oursum of the amplitudes presented by the corresponding dia-
model. At this point, it is worth remarking that our procedure grams in theth row in Figs. 1—4. EacA." (or B;", etc) is
introduces a certain inequality between the treatments for thgauge invariant. For the electric parity - violating transition,

bremsstrahlu_ng and the direct emission. By using the experiye define both the total amplitude provided by the mcb?dlel
mental amplitude oD — K we employ the result of the 55 \ye|l as the direct part onlf,,, obtained after deleting the

“full theory” for this part, while the direct emission is a first bremsstrahlung diagrams. Then the amplitudes Eof
order calculation. Nevertheless, our procedure ensures thggo ., are
satisfaction of the Low theorem and we believe it to be op- Y

timal at this stage of our model-dependent calculational abil- 4
ity. When |n'germ_ed|ate states appear to be on the mass sh@hl([ﬁ_)@q_ﬁ 7):_2 (AT +C), (26)
we use Breit-Wigner formula. However, we remark at this i=1

point that since we are interested in tBe— (K ) onesy
transitions, we delete the region of t& resonance appear- . 1
ing in diagramD$, and we retain only the region inp(  Fy(D"—K°7 " y)=—"""-
+q)2 which is beyondmnx + '«

In Appendix A we present explicitly expressions for the 3
foim fa+ctors for the dec.aD+jK071+y using the r]otat|ons FZ(D+—>KO’IT+ 7)22 (B +D;). (29)
A", B, etc. The amplitudé\;" , B;", etc., is obtained as a i=1

4
CHICHIE R R

D° D% K- p® D}* D} D* p' Df
] ' 1 ' 1
B, ,5 it B, :K‘;Y it Bls ? K-t
DY D% K- Db Di*D} D® p% D}
BY H BY : H B? : :
2.1 Y ot 2.2 WK%Y wt 2.3 Y (K- unt
DY Dt gt Do K-

D K-
T % ’ % u ¥ . I
BY, EK_ B3, E,r+ BY, s FIG. 4. Feynman diagrams contributing to the

formfactor F, of the D°—~K™ =y decay. Dia-

. . N . Do grams denoted b@?; (D?;) come from the op-
DY p» g D'D™ g D D Do 77 eratorO; (O,).

_ D! __wt
] )
D?.l ;; :K— D[1).2 ? K D(1].1 g"/ :K— D(1].2
D° D° 7t
1 1
Dy, ‘it gy D, :K‘EY
0 0 e

D D

'
_:
K~
— -- K- .- -
] % |
Dg.l :7r+ Dg? :K

]
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In the case 0D~ K~ 7"y we have pressions for amplitudes given in Appendixes, all the indi-
cated masses are taken at their physical values.
o 4 Turning now to the presentation of the results we have to
Fi (DK 7" y)=2 Ai°+ c?, (29 start with a discussion of the bremsstrahlung contribution
i=1

(IB). In our model IB is given by diagrams (IB%Ei(A(l)’i

AJ;+C2)) for theD°—K ™~ 7" y decay(the first two rows

- 1 ‘ and the fifth row of Fig. 3 and by diagrams (IB)
Fi(D—K ”+7):W ;3 A, =3j(A};+Az;+C{;+Cy)), ie., the first two rows and
(300  rows 5 and 6 of Fig. 1 for th® " —K°%z* y decay. Now, in
the limit of vanishing photon energy, the first two terms in
3 the expansion of the IB amplitude in terms of the photon
Fo(DO—K 7t y)=> (BY+DY), (31  energy, obey the Low theorep1]. Although this is satisfied
=1 theoretically, the question arises wheather Ehe: K7 am-
plitude, as derived from our model, describes correctly the
whereA?, B?, etc., are gauge invariant sums of the ampli-gpservedd * K7+, DOK 7" decays. We calculated

tudes arising from the graphs in tmg row._lnf\ppendices B the amplitudes of these decays using our model and we find
we present th+e0forn1 foactors.for.tme —K w7y decay. We  hat the branching ratios obtained with the factorization ap-
denoted byA;"", B; " contributions which are created by proyimation are 4.1 and 17 %, respectively, compared with

+0 +.0 -
O, operator and by;" ™, D"~ contributions caused b9,.  ghserved branching ratios of 2.9 and 3.996]. It appears
As we mentioned, in the calculation we used the experi-

; KO, _+
mental value ofA(D—K) to calculate the bremsstrahlung that although the model is reasonable Bf —K°a" (the

— i it i i 0 -+
part. The differential cross section of the decays is given b | =3/2 amplitudg, it misses the amp"‘?’de@ —Kom .
y a factor of 2. On the one hand, this gives us a certain

reassurance on the suitabilty of the model we use for calcu-
1 lating the radiative amplitudes. On the other hand, we shall
|M|3d mizdmgg, (32 perform also an alternative calculation, whereby the brems-
strahlung amplitudes of the model are deleted from the total
radiative amplitude and replaced by the “experimental am-
where M is the decay amplitude, given by EQ4) or (25),  plitude.” This procedure is undertaken in order to enforce the
mf,=(P—k)2, and m3,=(P—p)?, whereP, k, p are, re- fulfilment of the Low theorem for our radiative amplitudes.
spectively, the four-momenta of tii2 meson, photon, and  Thus, we assume constait— K amplitude of correct
meson. The total decay width is written 8s=I'pct ey, magnitude to reproduce the observed rate©df— Koz
wherel'p¢ contains the contribution df, andI'py contains 5 DK~ #", from which we calculate the bremsstrah-
tnhoet i(i]c'zg:?ebrgtlicr,]nti:It:ootévatiéE;eBEf% rgng(:vﬁ\g/] ﬁg‘rﬁgtﬁgssrg_o lung (IB) amplitudes. These have the form of the first term in
) Eq. (25) with constant. To this we add th& , terms of the

sults, we make a few comments. magnetic transition, which is not affected by this procedure
The expressions for the amplitudes given in the Appendi- 9 ' y P '

ces contain several constants. A few are well determined 35 vgell as thf parity-violatingr, terms not belonging to
use values given in Ref25]) and require no further expla- (/B)” and (IB)" diagrams. ThesE, terms then represent the
nation; as to the rest fof, we use the lattice resulfp direct electric transition of the radlatlye amplitude. We
=207 MeV[42] and forfp«=1.13p. The couplingsy, A, ~ Present results for both these alternative procedures. Al-
A’ are determined as previously explained and we gise though, the procedure based on the experimeDtaiKm
=0.59, A\=—0.49 GeV'!, and \’=-0.102 GeV'l. The amplitudes is apparently more reliable, we consider the
masses oD and D mesons are denoted by and Mg, Mmodel” calculation to be of intrinsic value, setting out the
respectively. ground for future calculations. ' .

Some of the amplitudes, such A8, A%,, A%, all A, ~ There is one more item to be explained. We are interested
etc., contain the weak transitid* to . TheD* meson is " the role played by the vector mesons in these decays;
off-shell, though heavy quark effective theofylQET) re- obviously not in the direcKa channel, which belongs to
quires it not to be too much off. This feature is reflected in itsD°—K*°y and was treated separatel§,7,16, rather as
propagator as well. Since there is a delta function of mothey appear as intermediate particles in VI#/Ag., diagrams
menta at the weak vertex, this requires the pion to have ez 4, C34, D23, A3, and othersor in the crossed channels
sentially a momentum of ordeMu, i.e., the mass of the (e.g., diagramsA;,, D3,, D3, C35, B3, and others
heavy meson. When applying thig* propagator function, This is the main reason for our using an effective Lagrangian
one finds that such graphs vanish in the heavy quark limitwhich contains the light vector mesof3]. However, we
thus giving a very small contribution. calculate the radiative transitions also without including vec-

Concerning the masses of light mesos §) we keep  tor mesons in the Lagrangian, i.e., we drop all diagrams con-
the physical values in phase space and we approximate thetaining a double line in Figs. 1-@auge invariance is main-
by zero in the heavy quark propagators. In the explicit extained, which allows to elucidate their role in these decays.

F:
(2m)% 32M3
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[107°Gav2] [10-°Gev2]

10¢

1
B

0.8
6.

0.6
0.4 4
0.2 2t
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FIG. 5. (11 g) (dT'/dmy,) for the decayD " —K 7y (left) andD°—K ™~ 7" y (right). Above: direct parity-conservinfdashed ling
and parity-violating(putting Fo=0) (full line) terms. Middle: (1F ) (dI'/dmy,) with T containing the full decay amplitudes, for model
(dashed lingand modet-exp. (full line). For the latter, maximaF,, F, interference is exhibited. Below: (1{,:4) (dT"/dmy,) with T for
the radiative decay calculated from modelxp. (full line) compared to pure bremsstrahlung emisgidashed ling

For the parity conserving part of the decays, representing=400 MeV. Thus, this is the region in which the effect of

the magnetic transition, we obtain the direct transition has best chance for detection.
_ Turning to the parity-violating transitions we start with
BR(D"—K%r" y)pc=2.0x10"5, (33)  the procedure whereby we enforce the Low theorem by using
Eqg. (25). Here we face the question of unknown phase be-
BR(D°—K™ 7" y)pc=1.4x10"4. (34  tweenF, andF;. We give therfore the results in terms of a

range, limited by minimal and maximal interference between
If we disregard the contribution of vector mesons, the rate§ andF.
are reduced to BRY K" )™= 3.0x10°° and _t_Thus, V\tlﬁ Ig:et ;ortthe _bra(;lchmg _ratlo? cl)lf the electric tran-
BR(D°—~K 7" y)leM= 6.6x10 /. The decrease is SIlONS, Wi |Fo| determined experimentally,

sharper for theD® decay, since in this case the light vector
mesons gave the dominant contribution to the rate, this is not
the case foD ™ where such a contribution is doubly Cabibbo
suppressed. The differential distribution for these transitions, ~ BR(D*— K%z y)K 100 MeV= (2 32 5)x 107*.

as a function ofm3,=(P—k)?, is given as the dashed line ' (36)
distribution in Figs. %), 5(b), for these two decays. The

distribution is mainly symmetrical, with the peak occuring atFor theD° radiative decay we get

BR(D " — K%z )9 MV=(3.6-3.8 X104, (35
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[x10-%] [x107%
3 15 ~,'.

|

0.2 0.4 0.5 0.8
Photon energy cut [GeV]

0.2 0.4 0.5 0.8
Photon energy cut [GeV]

FIG. 6. Branching ratio of radiative decays. Left: de@y— K%z "y, right: decayD®—K ~ 7" v, full line: bremsstrahlung only. Long
dashed line: all contributions included and positivg, F, interference; short dashed line: negative interference.

BR(D*— K™ 7t y)k B M=(5.0-15x107% (37)  BR(D°—K 7" )k oder = 1.5% 102, (42)
BR(DO—K ™7 y)k 100 MV (2 6-11) x 1074 In Figs. §c), 5(d), we compare the rate of the decayb
' (38) =dI'pct+dI'py for the two alternative calculations concern-

ing the PV part. In Fig. &), 5(f) we compare the rate of

The uncertainty in thé/F; phase is less of a problem in decay, dI"=dI'pc+dI'py calculated from Eq.(25) to the
D" —K%r "y than inD°—K ™ 7" y. If we take the brems- bremsstrahlung rate, to emphasize the feasibilty of detecting
strahlung amplitude alone as determined from the knowledgthe direct emission. Finally, in Fig. 7 we present Dalitz plots
of |Fo|, disregarding the direct electrie; term, the above for these decays.
numbers are replaced by X@0 4 and 2.3x10 % for D* In concluding this section, we wish to reemphasize that in
decay and 8.810 * and 5.5<10™* for the D° decay. In  all the figures presented we include the contribution of non-
Fig. 6 we also show the dependence of the branching ratio ofirtual vector mesons only in the crossed chanriets, p
the bremsstrahlung amplitude on the lower energy bound, for- 7y, K*—Kvy, etc). Such contributions are visible in the
both decays. The contribution of the direct parity violating Dalitz plots. On the other hand, we do not include the direct
term (putting Fo=0), is BRO*—K°7"y)4 py=1.0 Cchannel contribution oK* —Kr, since what we calculate
% 107% and BRO?—K ™ 7" y) gy py=1.64x 10" 4. ’ here is the nonresonab— Ky mode. Nor do we include

We also checked the effect of the vector mesons for th&ny other form of final stat& 7 interaction. In a comparison
PV transition. Using again the formalism presented in Secwith data, a possibl& 7 peak arising fromK* should be
II, we found that in the PV transition the effect of vector deleted. We add that we have calculated the contribution of

mesons is rather negligible; there is practically no change ii* to the partial width in the direct channel and we find it to
Egs.(35), (36) and only a a narrowing of the range in Egs. be more than ten times smaller than the nonresonant rate
(37) and (38), to bring it essentially to the values of pure (which includes the vector mesons only in crossed chapnels

bremsstrahlung we indicated after £§8). _ in agreement with previous estimaf@s10] for theD—Vy
We have calculated the decay rates also by using ounodes.

model, for the whole radiative amplitudes i.e., using all
graphs of Figs. 1-4. Comparing these results with those of

. T . B IV. DISCUSSION AND SUMMARY
Egs.(35)—(38) gives an indication of the possible uncertainty

of our model. We obtain The calculation we presented is the first attempt to formu-
o late a theoretical framework for decays of type— Ky,
BR(D " — K% 9)K 00e’=3.0x 10" 4, (39  with nonresonanK . The calculational framework is the
strong Lagrangiait12)—(15) used in the tree approximation,
BR(D*— K07 " 5)k; 100 MeV= 5 5 1074, (400  and factorization for the weak matrix elements. In the present
’ article we treat the Cabibbo allowed decays and among
For theD? radiative decay we get these, only channels which have both inner bremsstrahlung
0 L ke50Mev L, and direct radiation component®*—K°%z*y and D°
BR(D"—K™ 7" ¥)py mogel = 2-3X10", (4) K x'y, ie., those which are the most likely ones for
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FIG. 7. Dalitz plot of the parity conservingbové and parity violating partbelow) of theD°—K ™7y (left) andD " —K°# " y decay
(right). With gray levels on contour pldteft) and onz axis on the 3D plotright) we present (Z5-)dI'/(dmy,dmyy) in the logarithmic scale.
Invariant massm;,=(P—k)? is plotted on thex axis andm,s;=+(P—p)Z on they axis of contour plot. Thex andy axes of the
three-dimensional plot are labeled.

early detection. There is a third channel in this clad8, rather large direct amplitudes, we consider it to be the out-
—K°7%y, which has only a direct component in the radia-come of the various constants appearing in the model used,
tive decay and will be discussed separately. especially the rather large value [gff =0.59 as recently de-
Our results show that the relative expected strengths dermined.
the direct and bremsstrahlung components are of a magni- We have checked the sensitivity of our results to various
tude which would permit the experimental determination ofParameters we used. The uncertainty in the strong coupling
both, in next generation of experiments. This is importantg=0.59+0.07, may change our results for direct branching
since the direct amplitude provides information on the decayatios by at most 15%. On the other hand, the uncertainty in
mechanism. In the radiative decay Bf*, the magnetic di- A and\’, and changing of sign at; , is comparably negli-
rect component amounts to about 6% of the total fate  gible. As to the values ofp, if we vary it by a reasonable
Egs.(33), (35)] and together with direct electric component @mount we can induce changes in the direct amplitudes by a
which is of comparable magnitudeee Fig. %a)], dominate few tens of percent.
the decay spectrum in the region of high photon energies, say As we explained in the text, the result85—(38) are
abovek=250 MeV[see Fig. &)]. A similar situation occurs obtained by using the experimental—K = amplitudes to
in the D°—K ™~ 7"y transition, where the direct radiative calculate the inner bremsstrahlung. If we use the model for
decay containing both electric and magnetic parts which aréloing it, we get the result exhibited in EQ9)—(42), which
of nearly equal magnitude, amounts to over 30% of the totatlo not differ from Egs.(35), (36), i.e., theD"—K%7 'y
radiative decay ratgsee Eqs(34) and (37)]. The numbers decay, but are larger by a factor of about 2 in the amplitude
we mentioned are fok>50 MeV, but as we stressed the in the case oD°—K ™ 7"y decay. This is apparently related
region of high photon momenta beyond 200 MeV is whereto the known difficulty of calculating th®°—K~ 7% am-
the direct transition even dominates. As to the reasons for thelitude in the factorization approximation; therefore, we con-
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sider the results given in Eq$37), (38) to be on a safer emerges that the nonresonant channel is the more frequent

ground. o one. The direct decap " —K%=* y is expected to have a
If we disregard the contribution of vector mesons to thegr of =3x10~% in our model. To this one should add the

direct part of the radiative decays, the parity-conserving parfg component, which brings its BR to about4.0™* for k

of the amplitude is consideratﬁ/ decreased, by one order 0;50 MeV. The radiative decal;)o—>f*°y is expected with
magnitude in the rate iD*—K°%7"y decay and by two BR of 0.5< 10~ The nonresonant dire@°—K 7"y de-
orders of magnitude iD°—K~7"y. On the other hand, cay we investigated here, has a BR-68x 10~ and includ-
their contribution is not felt in a significant way in in the ing the 1B component will occur with a rate>810~* for k
parity-violating part of the amplitudes. In any case, the de— 50 MeV. The experimental verification of this systematics
tection of the direct part of these decays at the predicteqi provide a check for the suitabilty of the theoretical
rates, will constitute a proof of the important role of the light nethods employed. We should remark, however, at this point
vector mesons. The contribution of the vector mesons in the,at we did not address the possibility of the decBys R
crossed channels is evident in the Dalitz plots of Fig. 7. We,. y , whereR is a higherK = or K= resonance. To our
point out that the contribution of the vector meson&in as  knowledge, there is no calculation available on this topic.
ewdenc?d from the relevant graphs, is wholy determined by,; expectation is that such modes are at most comparable
the A, A" couplings. in strength to theD—>E*y decay; preliminary data from

Figures %a), 5(b) give the expected spectra for the direct BELLE [43] indicate that this is the case B decays. We

component, which would be detectable in the region of high . . ;
photon energies. For the* decay, the direct electric and conclude by expressing the hope that the interesting features

magnetic transitions are of comparable strength. This predi which these decays provide and were analyzed in this paper,
tion of the model should be testable, as it shiffts the peak o ill bring to an experimental search in the near future.

the spectrum t& ., =480 MeV, while if the magnetic transi-
tion is dominant it should peak,=400 MeV. In theD?
—K~ 7"y decay the magnetic and electric components are We thank our colleagues Y. Rozen, S. Tarem, and P.
likewise of nearly equal size, again testable in the spectrunKrizan for stimulating discussions on experimental aspects
It is worthwhile to point out that the relative values of the of this investigation. The research of S.F. and A.P. was sup-
parity-conserving amplitudes is rather larg¢A(D®  ported in part by the Ministry of Education, Science and
K w7t ’)’)|2/|A(D+*>EO7T+ ¥)|? =7. The main reason for Sport of th_e Republic of Slovenia. Th_e research of P.S. was
it are certain contributiongsuch asD$ ;), which appear in  Supported in part by Fund for Promotion of Research at the
D° decay but are doubly Cabibbo forbidded in hé decay. ~ Technion.
Also, as we pointed out, thel =1/2 amplitude is larger than
the Al =3/2 one in theD — K 7+ channels. APPENDIX A: THE DECAY AMPLITUDES

Finally, we wish to emphasize a most interesting implica- FOR D*—K°m*y

tion of our calculation. When one compares the results ob- 06 \ye give the expressions for the sum of amplitudes in
tained here for the radiative decays to nonresolant with  each row presented in Fig. 1. The contributions which arise
those previously obtained for thB—K*y [4,6,7,1G it  due toO, operator are

ACKNOWLEDGMENTS
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AZ=ieg Msfosf - (v-K)(g-K)(p-K) 2A,_£Agv do Gy ZA,+£Aqu_¢ |
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The contributions coming fror®, operator are
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Next we give the expressions for the sum of amplitudes in The operatolO, gives the following contributions:
each row presented in Fig. 2. The contributions arising from

the O, operator
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APPENDIX B: THE DECAY AMPLITUDES FOR D°—K™ 7t

The expressions for the sum of amplitudése O, operatoy in each row exhibited in Fig. 3 are

fo
A =—iMe (v q+v-k),

Mg-k—Mp-g+M(v-q)(v-p)—(v-q)(g-Kk)

o fosfr [P-k(w-p—M)  p-kip-q—(v-p)(v-q)]
Az=1eVMMs — Mo-prA) M ptd)o-prokid)

M(v-p+uv-k+A) ’
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\/E CI¢ ' \/E Jo qp
foof . (0-K)(p-K)(q-K) B R R P
- . bk (q- 2 2t e
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Ag: [ \/EfDSf a9K* K‘ygv)\e Vv MSM

(v-(P+K)+A)((P+K)2—mZ, +iT e Myx)

The sum of amplitudes coming from opera®@jy, shown in Fig. 3 a<?, is vanishing.
Next we present the expressions for the sums of amplitudes in each row shown in Fig. 4. The results for the@perator
are

Bo_zerDfﬂ')\’ 1 N fDS\/Ms v-q 1 + 1
1= fk v k+a 9 foyM v-ptuv-kiv-k+A v-p+A
1 do G ( W o )
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D
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(p+k)2—mZ, +iT cxMyx (k+@)2=mZ+il’,m,

Finally, the sums of amplitudes in each row due to the oper@gor
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