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The weak radiative Cabibbo allowed decaysD1→K̄0p1g and D0→K2p1g with nonresonantKp 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 1024 for theD0→K2p1g decay and 1025 for

D1→K̄0p1g, 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 1023 for the D0 decay and 4
31024 for the D1 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

The investigation of radiative and dilepton weak deca
of pseudoscalar charm mesons has been pursued rathe
orously in recent years, both theoretically and experim
tally. To a certain extent, this activity has been fueled by
ongoing search for physics beyond the standard mo
which might be of measurable consequence in certain ch
radiative and dilepton decays@1–4#. To date, no radiative o
dilepton weak decay ofD has been detected. However, upp
bounds have been established for a sizable number of t

decays. The radiative decaysD0→r0, v0, f, K̄* 01g were
recently bounded@5# to branching ratios in the 1024 range,
which is approaching the standard model expectations~see,
e.g., Refs.@6,7# where additional previous works are me
tioned!. The dilepton decaysD→Pl1l 2, D→Vl1l 2 are the
subject of intensive searches at CLEO and Fermilab@8#.
Here again, with upper bounds of 102521024 for branching
ratios of the various modes one approaches the expecta
of the standard model@2–4,9#. The situation should improve
in the future, due to new possibilities for observation
charm meson decays at BELLE, BABAR, and Tevatron. R
cently, upper limits in the 102521024 range were@10# also
established forD0 dilepton decays with two nonresona
pseudoscalar mesons in the final stateD0

→(p1p2,K2p1,K1K2) m1m2, though no comparable
results are available yet for similar photonic decays.

In the present work, we go beyond the existing treatme
which deal withD→Vg only and we consider the three
bodyD radiative decays of typeD→Kpg, with nonresonant
K2p. We undertake here the study of the Cabibbo allow
decaysD1→K̄0p1g andD0→K2p1g, which we consider
0556-2821/2002/66~7!/074002~14!/$20.00 66 0740
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to be the most likely candidates for early detection. The
decays are the charm sector counterpart of theK→ppg
@11–13# decays, which have provided a wealth of inform
tion on meson dynamics. In the strange sector, theK1

→p1p0g and KL→p1p2g are singled out as the mos
suitable ones for the investigation of the radiative dec
mechanism; this, since the relative suppresion of the co
spondingK1→p1p0 andKL→p1p2 amplitudes leads to a
situation where the direct radiative transition is not ov
whelmed by the bremsstrahlung part.

In the K→ppg decays, the long-distance contribution
dominant@13#. In the charm radiative decays, the theoretic
studies show that likewise, the long-distance is the domin
feature of the decays@2,4,6,7,9#. The short-distance contri
bution realized by the penguin diagramc→ug @14–16#
might play a role in certain Cabibbo suppressed deca
which are not discussed in the present paper.

Our problem belongs to the sector of nonleptonic cha
decays, which is known to represent a continuing theoret
challenge~see, e.g.,@17,18#, and references therein!. The
short distance effects are considered well understood bu
perturbative techniques required for the evaluation of cer
matrix elements are based on approximate models. Usu
the factorization approximation is used~see, e.g., Ref.
@17,19#!, although the experimental data indicate the app
ent need for the inclusion of nonfactorizable amplitudes
certain channels.

In this first treatment ofD→Kpg decays we use the fac
torization approximation for the calculation of weak tran
tion elements. We consider the use of this approach to
justified by the ‘‘near’’ success of the approach for the no
leptonic amplitudes. This will involve its use in th
©2002 The American Physical Society02-1
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D(D* )Kp vertices as well as inD(D* )→V and D(D* )
→P transitions, all of which required for the calculations
the D→Kpg amplitudes within our model. For the evalu
tion of the (D,D* )→(P,V) transitions, we use the informa
tion obtained for these matrix elements from semilepto
decays~see, e.g., Ref.@20#!. The general theoretical frame
work for our calculation is that of the heavy quark chir
Lagrangian@21,22#. In the K→ppg decays, it has been
shown that intermediate light vector mesons play an imp
tant role in the decay amplitude@11#. We shall investigate the
role of intermediate light vector mesons also in theD
→Kpg amplitude. In order to accomplish this, we use t
extension of the formalism of Refs.@21,22# to include also
the light vector mesons@23,24#.

The present study ofD1→K̄0p1g and D0→K2p1g
shows that the direct part of the radiative amplitude is
much smaller in strength than the bremsstrahlung part, ra
similarly to the inhibitedK decays mentioned above. If con
firmed by experiments, it places these decays in the statu
a most suitable ground for the investigation of the mec
nisms involved in such nonleptonicD decays. Moreover, ou
calculation shows that the nonresonantKpg final states are
dominant, having a partial width which is larger than t
resonantK̄* g one by at least an order of magnitude. Th
outcome is mainly due to the contribution of the light vec
mesons in the crossed channels.

In Sec. II we present the theoretical framework for o
calculation. In Sec. III we display the explicit expressions
all the calculated decay amplitudes. Section IV contains
discussion and the summary.

II. THE THEORETICAL FRAMEWORK

The nonradiative two-bodyD decays, from which the
bremsstrahlung part of the radiative decays originates,
D0→K2p1 and D1→K̄0p1. The weakDI 51 transition
leads to two independent isospin amplitudes in the final st
A1/2 andA3/2 and the relations to the physical decays is@18#

A~D1→K̄0p1!5A3/2; A~D0→K2p1!5
2

3
A1/21

1

3
A3/2.

~1!

From the determined branching ratios@25# of BR(D1

→K̄0p1)5(2.8960.26)% and BR(D0→K2p1)5(3.83
60.09)% one learns that the relative size of the abso
values of the amplitudes uA(D0→K2p1)u/uA(D1

→K̄0p1)u is 1.84. Using also the information from the thir
decay,A(D0→K̄0p0)5(A2/3)A1/22(A2/3)A3/2, the isospin
analysis shows thatuA1/2u/uA3/2u.2.7, and their relative
phase is 90°@26#. Despite this knowledge, there is still n
complete interpretation for the mechanisms leading to
decays@26#, although it is clear that the situation is differe
from theK→pp channels, whereDI 51/2 enhancement in
troduces a large disparity between the final state isospin
plitudes. The relevance of the above picture to the radia
decays will be discussed in the last section.
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Since our problem of describing theD→Kpg decays in-
volves transitions between heavy mesons and light pseu
calars, we adopt the effective Lagrangian@21,22# which con-
tains both the heavy flavor and theSU(3)L3SU(3)R chiral
symmetry as the theoretical framework for our calculatio
From the experience withK→ppg decays, one knows@11–
13# that the decay amplitude is largely determined by con
butions from virtual vector mesons. Considering the pos
bilty that vector mesons would play a role in theD→Kpg
decays as well~we remind the reader that we consider he
nonresonantKp, the decaysD→K* g having been treated
separately@16,27#!, we should complement the Lagrangia
by introducing light vector mesons. For this we choose
generalization of the original Lagrangian@21,22# by Casal-
buoni et al. @23# in which the original symmetry is broken
spontaneously to diagonalSU(3)V @28# with the introduction
of the light vector mesons. We present this formalism here
some detail~for more details see Ref.@27#! and use it as the
main tool of our calculation. We shall also perform the c
culations without vector mesons in the Lagrangian in wh
case the original heavy quark chiral Lagrangian@21,22# is
used, in order to clarify their role in these decays.

The light degrees of freedom are described by the 333
Hermitian matrices

P5S p0

A2
1

h8

A6
1

h0

A3
p1 K1

p2 2p0

A2
1

h8

A6
1

h0

A3
K0

K2 K 0̄ 2
2h8

A6
1

h0

A3

D
~2!

and

rm5S rm
0 1vm

A2
rm

1 Km*
1

rm
2 2rm

0 1vm

A2
Km*

0

Km*
2 K̄m*

0 Fm

D ~3!

for the pseudoscalar and vector mesons, respectively. T
are usually expressed through the combinations

u5expS iP

f D , ~4!

wheref . f p5132 MeV is the pion pseudoscalar decay co
stant and

r̂m5 i
gv

A2
rm , ~5!
2-2
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wheregv55.9 was fixed in the case of exact flavor symm
try @28#. In the following we will also use the gauge fiel
tensorFmn( r̂)

Fmn~ r̂ !5]mr̂n2]nr̂m1@ r̂m ,r̂n#. ~6!

It is convenient to introduce two currentsVm5 1
2 (u†Dmu

1uDmu†) andAm5 1
2 (u†Dmu2uDmu†). The covariant de-

rivative of u and u† is defined asDmu5(]m1B̂m)u and
Dmu†5(]m1B̂m)u†, with B̂m5 ieBmQ, Q5diag(2/3,21/3,
21/3), Bm being the photon field.

The light meson part of the strong Lagrangian can
written as@28#

Llight52
f 2

2
$tr~AmA m!1a tr@~Vm2 r̂m!2#%

1
1

2gv
2tr@Fmn~ r̂ !Fmn~ r̂ !#. ~7!

The constanta in Eq. ~7! is in principle a free parameter. I
the case of exact vector meson dominance~VDM ! a52
@28,29#. However, the photoproduction and decays data in
cate@30# that theSU(3) breaking modifies the VDM in

LV2g52egv f 2BmS r0m1
1

3
vm2

A2

3
FmD . ~8!

Instead of the exactSU(3) limit (gv5mV / f ), we shall use
the measured values, defining

^V~eV ,q!uVmu0&5 i em* ~q!gV~q2!. ~9!

The couplingsgV(mV
2) are obtained from the leptonic deca

of these mesons. In our calculation we usegr(mr
2).gr(0)

50.17 GeV2, gv(mv
2 ).gv(0)50.15 GeV2, and gF(mF

2 )
.gF(0)50.24 GeV2.

Both the heavy pseudoscalar and the heavy vector me
are incorporated in a 434 matrix

Ha5
1

2
~11v” !~Pam* gm2Pag5!, ~10!

wherea51,2,3 is theSU(3)V index of the light flavors, and
Pam* , Pa , annihilate a spin 1 and spin 0 heavy mesonQq̄a

of velocity v, respectively. They have a mass dimension
instead of the usual 1, so that the Lagrangian is in the he
quark limit mQ→` explicitly mass independent. Definin
moreover

H̄a5g0Ha
†g05~Pam*

†gm1Pa
†g5!

1

2
~11v” !, ~11!

we can write the strong Lagrangian as@24#

Leven5Llight1 iTr~HavmDmH̄a!1 igTr@Hbgmg5~A m!baH̄a#

1 i b̃Tr@Hbvm~V m2 r̂m!baH̄a#, ~12!
07400
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whereDmH̄a5(]m1Vm2 ieQ8Bm)H̄a , with Q852/3 for the
c quark.

The couplingg can be fixed@31# by using the data@32# on
the D* →Dp decay width. These data giveg50.59. The
plus sign is taken to be in agreement with the quark mo
studies. The parameterb̃ is less known, but it seems that
can be safely neglected@17#.

The electromagnetic field can couple to the mesons a
through the anomalous interaction; i.e., through the odd p
ity Lagrangian. The contributions to this Lagrangian ar
from terms of the Wess-Zumino-Witten kind, given b
@29,33#

L odd
(1)524

CVVP

f
emnabTr~]mrn]arbP!. ~13!

The couplingCVVP can be determined in the case of th
exactSU(3) flavor symmetry following the hidden symme
try approach of Refs.@28,29# and it is found to beCVVP

53gv
2/32p250.33. In the actual calculation, we allowed fo

SU(3) symmetry breaking and we used theVPg coupling as
determined from experiment@25#. We will also need the odd-
parity Lagrangian in the heavy sector. Such terms are
quired by theD* →Dg transition, which cannot be gene
ated from Eq.~12!. There are two contributions@24,34# in it,
characterized by coupling strengthsl and l8. The first is
given by

L15 ilTr@HasmnFmn~ r̂ !abH̄b#. ~14!

In this term the interactions of light vector mesons w
heavy pseudoscalar or heavy vector mesons is described
light vector meson can then couple to the photon by
standard VDM prescription. This term is of the order 1/lx

with lx being the chiral perturbation theory scale@35#.
The second term gives the direct heavy quark-photon

teraction and is generated by the Lagrangian

L252l8Tr@HasmnFmn~B!H̄a#. ~15!

The parameterl8 is given in heavy quark symmetry limit by
l8.21/(6mc) @22# and it should be considered as a high
order term in 1/mQ expansion@36#.

In order to gain information on these couplings one has
use the existing data onD* 0→D0g, D* 1→D1g, and
Ds*

1→Ds
1g decays. Experimentally, the ratiosRg

05G(D* 0

→D0g)/G(D* 0→D0p0) and Rg
15G(D* 1

→D1g)/G(D* 1→D1p0) are known@25#. These data de-
termine two possibilities@27#. One of them is ul/gu
50.839 GeV21, ul8/gu50.175 GeV21. The second one
does not agree with present data. Withg50.59 we obtain
l560.49 GeV21 andl8560.102 GeV21.

The l8.21/(6mc) would give with the mass of charm
quarkmc51.4 GeV thatl8520.12 GeV21, in good agree-
ment with the above value. The simple quark model analy
indicates thatl8 andl are both negative@36#. In our numeri-
cal calculations we give the results using these parameter
the literature~e.g., Refs.@31,36,37#! instead ofl the b pa-
2-3
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rameter is often used. The valueb52.3 GeV21 corresponds
to l520.49 GeV21, since 2l(gv /A2) @gr /mr

2

1gv /(3mv
2 )#52(2/3)b.

In addition to strong and electromagnetic interactions,
have to specify the weak one. The nonleptonic weak
grangian on the quark level for the Cabibbo allowed dec
can be written as usual@19#

LNL
eff ~Dc5Ds51!52

GF

A2
VudVcs* @a1O11a2O2#, ~16!

where

O15~ ūd!V2A
m ~ s̄c!V2A,m

and

O25~ ūc!V2A,m~ s̄d!V2A
m ,

Vi j are the CKM matrix elements,GF is the Fermi constant
and (C̄1C2)m[C̄1gm(12g5)C2. In our calculation we use
a151.26 anda2520.55 as found in Ref.@19#.

At the hadronic level, the weak current transforms
(3̄L,1R) under chiral SU(3)L3SU(3)R , is linear in the
heavy meson fieldsDa andDm*

a and is taken as@20#

JQa
m5

1

2
iaTr@gm~12g5!Hbuba

† #1a1Tr@g5Hb~ r̂m

2V m!bcuca
† #1a2Tr@gmg5Hbva~ r̂a2V a!bcuca

† #

1•••, ~17!

where a5 f HAmH @21#, a1 was first introduced by Casa
buoniet al. @23#, while a2 was introduced in Ref.@20#. It has
to be included, since it is of the same order in the 1/mQ and
chiral expansion as the term proportional toa1 @20#.

The relevant matrix element is parametrized usually
D→Vln l semileptonic decay as@16,19,20,38#

^V~pV ,eV!u~V2A!muD~p!&

5
2V~q2!

mD1mV
emnabeVn* papVb1 i eV* q

2mV

q2 qm

3@A3~q2!2A0~q2!#1 i ~mD1mV!

3@eVm* A1~q2!#2
eV* q

mD1mV
@~p1pV!mA2~q2!#,

~18!

whereq5p2pV . In order that these matrix elements shou
be finite atq250, the form factors satisfy the relation@19#

A3~q2!2
mH1mV

2mV
A1~q2!1

mH2mV

2mV
A2~q2!50, ~19!
07400
e
-
s
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and A3(0)5A0(0). We take the following expressions fo
the form factors atqmax

2 @23# ~we differ slightly from Ref.
@23# which does not includea2, but includes also heavy
scalars as intermediate terms!

V~qmax
2 !5

1

A2
lgv f D

M1m

M1D
, ~20!

A1~qmax
2 !5

2A2a1gvAM

M1m
, ~21!

and

A2~qmax
2 !52

2gv

A2

M1m

M3/2
a2 , ~22!

whereD stands for theD* andD mass difference. Assuming
the pole dominance one can connect the value of form
tors atqmax

2 and 0 momentum transfer byF(0)5F(qmax)@1
2(M2m)2/Mp

2#, whereF stands forV, A1, or A2 , M is theD
meson mass; andm is the light vector meson mass.~For a
discussion of a different approach which makes little nume
cal difference in our case, see Charleset al. @39#.! Using the

experimental data@25# uVDK* (0)u51.0260.12, uA1
DK* (0)u

50.5560.03, anduA2
DK* (0)u50.4060.07, we find for the

couplings l520.56 GeV21, ua1u50.156 GeV1/2, ua2u
50.052 GeV1/2. The value ofl is in good agreement with
results obtained fromD* →Dg data.

The light weak current is derived to be@24#

Ji j
m5 i f 2$u@A m2a~V m2 r̂m#u†% j i . ~23!

The photon emission is obtained by gauging the we
sector too. The important consequence of this procedur
that thereby the gauge invariance of the whole amplitud
achieved. This turns out to be equivalent to the usual pro
dure of achieving gauge invariance in bremsstrahlung p
cesses with a momentum dependent strong vertex, as po
out @40# for the somewhat similar processV→PP8g. Actu-
ally by gauging the weak sector we produce the same gra
which were necessary to induce to satisfy the gauge inv
ance@40#.

III. THE DECAY AMPLITUDES

The general Lorentz decomposition of theD(P)
→K(p)p(q)g(k,e) decay amplitude is given by

M52
Gf

A2
VduVcs* S F̄1Fq•«

q•k
2

p•«

p•kG1F2«mabg«mvakbqgD .

~24!

The part of the amplitude containing theF̄1 form factor is
parity violating ~PV!, while the one withF2 is parity con-
serving~PC!. Both of them are functions of scalar produc
of momenta ask•p, k•q. Note thatF̄1 contains contribu-
tions which arise from bremsstrahlung part of the amplitu
2-4
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FIG. 1. Feynman diagrams contributing to th

form factor F̄1 of the D1→K̄0p1g decay. Dia-
grams denoted byAi , j

1 (Ci , j
1 ) come from the op-

eratorO1 (O2). Sum of the contributions of each
row is gauge invariant. In diagramsA3,1

1 , A3,2
1 ,

C3,1
1 , and C3,3

1 the photon couples to the heav
mesons with strengthl8.
d
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as well as a direct electric transition. On the other hand,F2
corresponds to the magnetic transition.

In order to determineF̄1 , F2 we use the model describe
in the previous section. The diagrams contributing to th
form factors are given in Figs. 1–4. In Figs. 1 and 2 a
given Feynman diagrams contributing to theD1→K̄0p1g
decay amplitude while the contributions to theD0

FIG. 2. Feynman diagrams contributing to the form factorF2 of

the D1→K̄0p1g decay. Diagrams denoted byBi , j
1 (Di , j

1 ) come
from the operatorO1 (O2).
07400
e
e

→K2p1g decay amplitude are presented in Figs. 3 and
Note that we denote heavy mesons by one full line, lig
pseudoscalar mesons by dashed lines, light vector meson
two full lines, and photons by wavy lines. The weak vertex
denoted by a square box.

Before proceeding to the actual calculation, we note
following complication. As well known, the leading terms o
the expansion of the radiative amplitude in the photon m
mentum ~k! are determined@41# by the original amplitude
(D→Kp in our case!. However, the nonleptonicD→Kp
amplitude cannot be calculated accurately in the factoriza
approximation from the diagrams provided by our mod
Such a calculation gives a rather good result for theD1

→K̄0p1 channel but is less successful for theD0→K2p1

decay. In order to overcome this problem and to be able
present accurately the bremsstrahlung component of the
diative transition, we shall use an alternative approach for
derivation. This approach then is to use the values of
experimental amplitudesD→Kp, assumed to have no inte
nal structure, for the calculation of the bremsstrahlung co
ponent. In order to accommodate this we rewrite the de
amplitude~24! as

M52
Gf

A2
VduVcs* S F0Fq•«

q•k
2

p•«

p•kG1F1@~q•«!~p•k!

2~p•«!~q•k!#1F2«mabg«mvakbqgD , ~25!

whereF0 is the experimentally determinedD→Kp ampli-
tude andF1 , F2 are the form factors of the electric an
2-5
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FIG. 3. Feynman diagrams

contributing to the form factorF̄1

of the D0→K2p1g decay. Dia-
grams denoted byAi , j

1 (Ci , j
1 ) come

from the operatorO1 (O2). Sum
of the contributions of each row is
gauge invariant. In diagramsA3,1

0

andA3,2
0 the photon couples to the

heavy mesons with strengthl8.
u
re
th
e

t
t
p
bi
h
is

-

e

dia-

n,
magnetic direct transitions which we calculate with o
model. At this point, it is worth remarking that our procedu
introduces a certain inequality between the treatments for
bremsstrahlung and the direct emission. By using the exp
mental amplitude ofD→Kp we employ the result of the
‘‘full theory’’ for this part, while the direct emission is a firs
order calculation. Nevertheless, our procedure ensures
satisfaction of the Low theorem and we believe it to be o
timal at this stage of our model-dependent calculational a
ity. When intermediate states appear to be on the mass s
we use Breit-Wigner formula. However, we remark at th
point that since we are interested in theD→(Kp)nonresg
transitions, we delete the region of theK* resonance appear
ing in diagramD1,2

0 and we retain only the region in (p
1q)2 which is beyondmK* 6GK* .

In Appendix A we present explicitly expressions for th
form factors for the decayD1→K̄0p1g using the notations
Ai

1 , Bi
1 , etc. The amplitudeAi

1 , Bi
1 , etc., is obtained as a
07400
r

e
ri-

he
-
l-
ell,

sum of the amplitudes presented by the corresponding
grams in thei th row in Figs. 1–4. EachAi

1 ~or Bi
1 , etc.! is

gauge invariant. For the electric parity - violating transitio
we define both the total amplitude provided by the modelF̄1,
as well as the direct part only,F1, obtained after deleting the
bremsstrahlung diagrams. Then the amplitudes forD1

→K̄0p1g are

F̄1~D1→K̄0p1g!5(
i 51

4

~Ai
11Ci

1!, ~26!

F1~D1→K̄0p1g!5
1

~p•k!~q•k! (
i 53

4

~Ai
11Ci

1!, ~27!

F2~D1→K̄0p1g!5(
i 51

3

~Bi
11Di

1!. ~28!
e
FIG. 4. Feynman diagrams contributing to th
formfactor F2 of the D0→K2p1g decay. Dia-
grams denoted byBi , j

0 (Di , j
0 ) come from the op-

eratorO1 (O2).
2-6
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In the case ofD0→K2p1g we have

F̄1~D0→K2p1g!5(
i 51

4

Ai
01C1

0, ~29!

F1~D0→K2p1g!5
1

~p•k!~q•k! (
i 53

4

Ai
0 ,

~30!

F2~D0→K2p1g!5(
i 51

3

~Bi
01Di

0!, ~31!

whereAi
0 , Bi

0 , etc., are gauge invariant sums of the amp
tudes arising from the graphs in thei th row. In Appendices B
we present the form factors for theD0→K2p1g decay. We
denoted byAi

1,0 , Bi
1,0 contributions which are created b

O1 operator and byCi
1,0 , Di

1,0 contributions caused byO2.
As we mentioned, in the calculation we used the exp

mental value ofA(D→Kp) to calculate the bremsstrahlun
part. The differential cross section of the decays is given

dG5
1

~2p!3

1

32M3
uMu2dm12

2 dm23
2 , ~32!

whereM is the decay amplitude, given by Eq.~24! or ~25!,
m12

2 5(P2k)2, and m23
2 5(P2p)2, where P, k, p are, re-

spectively, the four-momenta of theD meson, photon, andK
meson. The total decay width is written asG5GPC1GPV,
whereGPC contains the contribution ofF2 andGPV contains
the contributions ofF0 , F1 ~the PC and PV amplitudes d
not interfere in the total width!. Before giving numerical re-
sults, we make a few comments.

The expressions for the amplitudes given in the Appen
ces contain several constants. A few are well determined~we
use values given in Ref.@25#! and require no further expla
nation; as to the rest forf D we use the lattice result,f D
5207 MeV @42# and for f D* 51.13f D . The couplingsg, l,
l8 are determined as previously explained and we usg
50.59, l520.49 GeV21, and l8520.102 GeV21. The
masses ofD and Ds mesons are denoted byM and Ms ,
respectively.

Some of the amplitudes, such asA2,1
0 , A2,4

0 , A2,5
0 , all A3,i

0

etc., contain the weak transitionD* to p. TheD* meson is
off-shell, though heavy quark effective theory~HQET! re-
quires it not to be too much off. This feature is reflected in
propagator as well. Since there is a delta function of m
menta at the weak vertex, this requires the pion to have
sentially a momentum of orderMv, i.e., the mass of the
heavy meson. When applying theD* propagator function,
one finds that such graphs vanish in the heavy quark lim
thus giving a very small contribution.

Concerning the masses of light mesons (K,p) we keep
the physical values in phase space and we approximate
by zero in the heavy quark propagators. In the explicit
07400
-

i-

y

i-

s
-
s-

it,

em
-

pressions for amplitudes given in Appendixes, all the in
cated masses are taken at their physical values.

Turning now to the presentation of the results we have
start with a discussion of the bremsstrahlung contribut
~IB!. In our model IB is given by diagrams (IB)05( i(A1,i

0

1A2,i
0 1C1,i

0 ) for theD0→K2p1g decay~the first two rows
and the fifth row of Fig. 3! and by diagrams (IB)1

5( j (A1,j
1 1A2,j

1 1C1,j
1 1C2,j

1 ), i.e., the first two rows and

rows 5 and 6 of Fig. 1 for theD1→K̄0p1g decay. Now, in
the limit of vanishing photon energy, the first two terms
the expansion of the IB amplitude in terms of the phot
energy, obey the Low theorem@41#. Although this is satisfied
theoretically, the question arises wheather theD→Kp am-
plitude, as derived from our model, describes correctly

observedD1→K̄0p1, D0→K2p1 decays. We calculated
the amplitudes of these decays using our model and we
that the branching ratios obtained with the factorization
proximation are 4.1 and 17 %, respectively, compared w
observed branching ratios of 2.9 and 3.9 %@25#. It appears

that although the model is reasonable forD1→K̄0p1 ~the
DI 53/2 amplitude!, it misses the amplitude ofD0→K2p1

by a factor of 2. On the one hand, this gives us a cert
reassurance on the suitabilty of the model we use for ca
lating the radiative amplitudes. On the other hand, we s
perform also an alternative calculation, whereby the brem
strahlung amplitudes of the model are deleted from the t
radiative amplitude and replaced by the ‘‘experimental a
plitude.’’ This procedure is undertaken in order to enforce
fulfilment of the Low theorem for our radiative amplitude
Thus, we assume constantD→Kp amplitude of correct

magnitude to reproduce the observed rates ofD1→K̄0p1

and D0→K2p1, from which we calculate the bremsstra
lung ~IB! amplitudes. These have the form of the first term
Eq. ~25! with constantF0. To this we add theF2 terms of the
magnetic transition, which is not affected by this procedu
as well as the parity-violatingF1 terms not belonging to
(IB) 0 and (IB)1 diagrams. TheseF1 terms then represent th
direct electric transition of the radiative amplitude. W
present results for both these alternative procedures.
though, the procedure based on the experimentalD→Kp
amplitudes is apparently more reliable, we consider
‘‘model’’ calculation to be of intrinsic value, setting out th
ground for future calculations.

There is one more item to be explained. We are interes
in the role played by the vector mesons in these deca
obviously not in the directKp channel, which belongs to
D0→K̄* 0g and was treated separately@6,7,16#, rather as
they appear as intermediate particles in VDM~e.g., diagrams
A3,4

1 , C3,4
1 , D2,3

1 , A3,3
1 , and others! or in the crossed channel

~e.g., diagramsA4,1
1 , D3,1

1 , D3,2
1 , C1,3

0 , B3,2
1 , and others!.

This is the main reason for our using an effective Lagrang
which contains the light vector mesons@23#. However, we
calculate the radiative transitions also without including ve
tor mesons in the Lagrangian, i.e., we drop all diagrams c
taining a double line in Figs. 1–4~gauge invariance is main
tained!, which allows to elucidate their role in these deca
2-7
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FIG. 5. (1/G total)(dG/dm12) for the decayD1→K̄0p1g ~left! andD0→K2p1g ~right!. Above: direct parity-conserving~dashed line!
and parity-violating~putting F050) ~full line! terms. Middle: (1/G total)(dG/dm12) with G containing the full decay amplitudes, for mod
~dashed line! and model1exp. ~full line!. For the latter, maximalF0 , F1 interference is exhibited. Below: (1/G total)(dG/dm12) with G for
the radiative decay calculated from model1exp. ~full line! compared to pure bremsstrahlung emission~dashed line!.
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For the parity conserving part of the decays, represen
the magnetic transition, we obtain

BR~D1→K̄0p1g!PC52.031025, ~33!

BR~D0→K2p1g!PC51.431024. ~34!

If we disregard the contribution of vector mesons, the ra
are reduced to BR(D1→K̄0p1g)PC

no VM5 3.031026 and
BR(D0→K2p1g)PC

no VM5 6.631027. The decrease is
sharper for theD0 decay, since in this case the light vect
mesons gave the dominant contribution to the rate, this is
the case forD1 where such a contribution is doubly Cabibb
suppressed. The differential distribution for these transitio
as a function ofm12

2 5(P2k)2, is given as the dashed lin
distribution in Figs. 5~a!, 5~b!, for these two decays. Th
distribution is mainly symmetrical, with the peak occuring
07400
g

s

ot

s,

t

k.400 MeV. Thus, this is the region in which the effect
the direct transition has best chance for detection.

Turning to the parity-violating transitions we start wit
the procedure whereby we enforce the Low theorem by us
Eq. ~25!. Here we face the question of unknown phase
tweenF0 andF1. We give therfore the results in terms of
range, limited by minimal and maximal interference betwe
F0 andF1.

Thus, we get for the branching ratios of the electric tra
sitions, withuF0u determined experimentally,

BR~D1→K̄0p1g!PV,ex
k.50 MeV5~3.623.8!31024, ~35!

BR~D1→K̄0p1g!PV,ex
k.100 MeV5~2.322.5!31024.

~36!

For theD0 radiative decay we get
2-8
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FIG. 6. Branching ratio of radiative decays. Left: decayD1→K̄0p1g, right: decayD0→K2p1g, full line: bremsstrahlung only. Long
dashed line: all contributions included and positiveF0 , F1 interference; short dashed line: negative interference.
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BR~D0→K2p1g!PV,ex
k.50 MeV5~5.0215!31024, ~37!

BR~D0→K2p1g!PV,ex
k.100 MeV5~2.6211!31024.

~38!

The uncertainty in theF0 /F1 phase is less of a problem i
D1→K̄0p1g than inD0→K2p1g. If we take the brems-
strahlung amplitude alone as determined from the knowle
of uF0u, disregarding the direct electricF1 term, the above
numbers are replaced by 3.631024 and 2.331024 for D1

decay and 8.631024 and 5.531024 for the D0 decay. In
Fig. 6 we also show the dependence of the branching rati
the bremsstrahlung amplitude on the lower energy bound
both decays. The contribution of the direct parity violati
term ~putting F050), is BR(D1→K̄0p1g)dir,PV51.0
31025 and BR(D0→K2p1g)dir,PV51.6431024.

We also checked the effect of the vector mesons for
PV transition. Using again the formalism presented in S
II, we found that in the PV transition the effect of vect
mesons is rather negligible; there is practically no chang
Eqs. ~35!, ~36! and only a a narrowing of the range in Eq
~37! and ~38!, to bring it essentially to the values of pur
bremsstrahlung we indicated after Eq.~38!.

We have calculated the decay rates also by using
model, for the whole radiative amplitudes i.e., using
graphs of Figs. 1–4. Comparing these results with those
Eqs.~35!–~38! gives an indication of the possible uncertain
of our model. We obtain

BR~D1→K̄0p1g!PV,model
k.50 MeV53.031024, ~39!

BR~D1→K̄0p1g!PV,model
k.100 MeV52.531024. ~40!

For theD0 radiative decay we get

BR~D0→K2p1g!PV,model
k.50 MeV52.331023, ~41!
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BR~D0→K2p1g!PV,model
k.100 MeV51.531023. ~42!

In Figs. 5~c!, 5~d!, we compare the rate of the decaysdG
5dGPC1dGPV for the two alternative calculations concer
ing the PV part. In Fig. 5~e!, 5~f! we compare the rate o
decay, dG5dGPC1dGPV calculated from Eq.~25! to the
bremsstrahlung rate, to emphasize the feasibilty of detec
the direct emission. Finally, in Fig. 7 we present Dalitz plo
for these decays.

In concluding this section, we wish to reemphasize tha
all the figures presented we include the contribution of n
virtual vector mesons only in the crossed channels~i.e., r
→pg, K* →Kg, etc.!. Such contributions are visible in th
Dalitz plots. On the other hand, we do not include the dir
channel contribution ofK* →Kp, since what we calculate
here is the nonresonantD→Kpg mode. Nor do we include
any other form of final stateKp interaction. In a comparison
with data, a possibleKp peak arising fromK̄* should be
deleted. We add that we have calculated the contribution
K̄* to the partial width in the direct channel and we find it
be more than ten times smaller than the nonresonant
~which includes the vector mesons only in crossed channe!,
in agreement with previous estimates@8,10# for the D→Vg
modes.

IV. DISCUSSION AND SUMMARY

The calculation we presented is the first attempt to form
late a theoretical framework for decays of typeD→Kpg,
with nonresonantKp. The calculational framework is the
strong Lagrangian~12!–~15! used in the tree approximation
and factorization for the weak matrix elements. In the pres
article we treat the Cabibbo allowed decays and am
these, only channels which have both inner bremsstrahl
and direct radiation componentsD1→K̄0p1g and D0

→K2p1g, i.e., those which are the most likely ones f
2-9
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FIG. 7. Dalitz plot of the parity conserving~above! and parity violating part~below! of theD0→K2p1g ~left! andD1→K̄0p1g decay
~right!. With gray levels on contour plot~left! and onz axis on the 3D plot~right! we present (2/GF)dG/(dm12dm23) in the logarithmic scale.
Invariant massm125A(P2k)2 is plotted on thex axis andm235A(P2p)2 on the y axis of contour plot. Thex and y axes of the
three-dimensional plot are labeled.
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early detection. There is a third channel in this class,D0

→K̄0p0g, which has only a direct component in the rad
tive decay and will be discussed separately.

Our results show that the relative expected strengths
the direct and bremsstrahlung components are of a ma
tude which would permit the experimental determination
both, in next generation of experiments. This is importa
since the direct amplitude provides information on the de
mechanism. In the radiative decay ofD1, the magnetic di-
rect component amounts to about 6% of the total rate@see
Eqs.~33!, ~35!# and together with direct electric compone
which is of comparable magnitude@see Fig. 5~a!#, dominate
the decay spectrum in the region of high photon energies,
abovek.250 MeV @see Fig. 5~f!#. A similar situation occurs
in the D0→K2p1g transition, where the direct radiativ
decay containing both electric and magnetic parts which
of nearly equal magnitude, amounts to over 30% of the to
radiative decay rate@see Eqs.~34! and ~37!#. The numbers
we mentioned are fork.50 MeV, but as we stressed th
region of high photon momenta beyond 200 MeV is whe
the direct transition even dominates. As to the reasons for
07400
-
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ni-
f
t,
y

ay

re
al

e
he

rather large direct amplitudes, we consider it to be the o
come of the various constants appearing in the model u
especially the rather large value ofugu50.59 as recently de-
termined.

We have checked the sensitivity of our results to vario
parameters we used. The uncertainty in the strong coup
g50.5960.07, may change our results for direct branchi
ratios by at most 15%. On the other hand, the uncertaint
l andl8, and changing of sign ofa1,2 is comparably negli-
gible. As to the values off D , if we vary it by a reasonable
amount we can induce changes in the direct amplitudes b
few tens of percent.

As we explained in the text, the results~35!–~38! are
obtained by using the experimentalD→Kp amplitudes to
calculate the inner bremsstrahlung. If we use the model
doing it, we get the result exhibited in Eq.~39!–~42!, which
do not differ from Eqs.~35!, ~36!, i.e., theD1→K̄0p1g
decay, but are larger by a factor of about 2 in the amplitu
in the case ofD0→K2p1g decay. This is apparently relate
to the known difficulty of calculating theD0→K2p1 am-
plitude in the factorization approximation; therefore, we co
2-10
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sider the results given in Eqs.~37!, ~38! to be on a safer
ground.

If we disregard the contribution of vector mesons to t
direct part of the radiative decays, the parity-conserving p
of the amplitude is considerably decreased, by one orde
magnitude in the rate inD1→K̄0p1g decay and by two
orders of magnitude inD0→K2p1g. On the other hand
their contribution is not felt in a significant way in in th
parity-violating part of the amplitudes. In any case, the
tection of the direct part of these decays at the predic
rates, will constitute a proof of the important role of the lig
vector mesons. The contribution of the vector mesons in
crossed channels is evident in the Dalitz plots of Fig. 7.
point out that the contribution of the vector mesons inF1, as
evidenced from the relevant graphs, is wholy determined
the l, l8 couplings.

Figures 5~a!, 5~b! give the expected spectra for the dire
component, which would be detectable in the region of h
photon energies. For theD1 decay, the direct electric an
magnetic transitions are of comparable strength. This pre
tion of the model should be testable, as it shiffts the peak
the spectrum toEg5480 MeV, while if the magnetic transi
tion is dominant it should peakEg5400 MeV. In theD0

→K2p1g decay the magnetic and electric components
likewise of nearly equal size, again testable in the spectr
It is worthwhile to point out that the relative values of th
parity-conserving amplitudes is rather largeuA(D0

→K2p1g)u2/uA(D1→K̄0p1g)u2 .7. The main reason fo
it are certain contributions~such asD1,1

0 ), which appear in
D0 decay but are doubly Cabibbo forbidded in theD1 decay.
Also, as we pointed out, theDI 51/2 amplitude is larger than
the DI 53/2 one in theD→Kp channels.

Finally, we wish to emphasize a most interesting implic
tion of our calculation. When one compares the results
tained here for the radiative decays to nonresonantK̄p, with
those previously obtained for theD→K̄* g @4,6,7,16# it
07400
rt
of
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d

e
e

y

h

c-
f

e
.

-
-

emerges that the nonresonant channel is the more freq
one. The direct decayD1→K̄0p1g is expected to have a
BR of .331025 in our model. To this one should add th
IB component, which brings its BR to about 431024 for k

.50 MeV. The radiative decayD0→K̄* 0g is expected with
BR of 0.531024. The nonresonant directD0→K2p1g de-
cay we investigated here, has a BR of.331024 and includ-
ing the IB component will occur with a rate 831024 for k
.50 MeV. The experimental verification of this systemati
will provide a check for the suitabilty of the theoretic
methods employed. We should remark, however, at this p
that we did not address the possibility of the decaysD→R
1g , whereR is a higherKp or Kpp resonance. To our
knowledge, there is no calculation available on this top
Our expectation is that such modes are at most compar
in strength to theD→K̄* g decay; preliminary data from
BELLE @43# indicate that this is the case inB decays. We
conclude by expressing the hope that the interesting feat
which these decays provide and were analyzed in this pa
will bring to an experimental search in the near future.
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APPENDIX A: THE DECAY AMPLITUDES
FOR D¿\K̄0p¿g

Here we give the expressions for the sum of amplitude
each row presented in Fig. 1. The contributions which ar
due toO1 operator are
A1
152 ie

f D f p

f K

~v•q1v•k!p•k

v•k
,

A2
152 ieAMs

M

f Dsf p

f K
g

p•q2~v•q!~v•p!1v•k~M2v•p!

v•p1D

p•k

v•k
,

A3
15 iegAMs

M

f Dsf p

f K

~v•k!~q•k!~p•k!

v•k1v•p1D H 21

v•k1D F2l82
A2

2
lgvS qv

3mv
2

2
qr

mr
2D G1

1

v•p1D S 2l81
A2

3
lgv

qf

mf
2 D J ,

A4
15 iA2 f Dsf pgK0* K 0ggvleAMsM

~v•k!~q•k!2

@v•~p1k!1D#@~p1k!22mK*
2

1 iGK* mK* #
.

The contributions coming fromO2 operator are
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C1
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f D f K

f p

~v•p!~p•k!

v•k
8,

C2
15 ie

f D f K

f p
g

p•q2~v•p!~v•q!1v•k~M2v•p!

v•q1v•k1D

p•k

v•k
,

C3
152 ieg

f D f K

f p
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v•k1v•q1D H 21
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1
qr

mr
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C4
152 iA2 f D f KgrpggvleM

~v•k!~p•k!2

@v•~q1k!1D#@~q1k!22mr
21 iGrmr#
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Next we give the expressions for the sum of amplitudes
each row presented in Fig. 2. The contributions arising fr
the O1 operator

B1
152eM

f Df p

f K
l ,F 1

v•k1D

1g
f DsAMs

f DAM

v•q

v•p1v•k S 1

v•k1D
1

1

v•p1D D G ,

B2
152

1

A2
e

f p

f K
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3mv
2

2
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2D 1
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n The operatorO2 gives the following contributions:
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APPENDIX B: THE DECAY AMPLITUDES FOR D0\KÀp¿g

The expressions for the sum of amplitudes~the O1 operator! in each row exhibited in Fig. 3 are

A1
052 iMe

f D f p

f K
~v•q1v•k!,
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05 ieAMMs

f Dsf p

f K
gS p•k~v•p2M !
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The sum of amplitudes coming from operatorO2, shown in Fig. 3 asC1
0, is vanishing.

Next we present the expressions for the sums of amplitudes in each row shown in Fig. 4. The results for the opeO1
are
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Finally, the sums of amplitudes in each row due to the operatorO2:
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