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We present a calculation of the rare decay modeD0→gg, in which the long distance contributions are
expected to be dominant. Using the heavy quark chiral Lagrangian with a strongg coupling as recently
determined by CLEO from theD* →Dp width, we consider both the anomaly contribution that relates to the
annihilation part of the weak Lagrangian and the one-loopp,K diagrams. The loop contributions, which are
proportional tog and contain thea1 Wilson coefficient, are found to dominate the decay amplitude, which turns
out to be mainly parity violating. The branching ratio is then calculated to be (1.060.5)31028. The obser-
vation of an order of magnitude larger branching ratio could be indicative of new physics.
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I. INTRODUCTION

With the new data coming and expected from theB fac-
tories, there is very strong emphasis and activity in the fi
of B physics in all its aspects. This includes the rare dec
of B mesons, which are considered as an attractive sourc
possible signals of new physics. In contrast to the grow
efforts to understand the mechanisms of rareB decays, rare
D decays have received less attention in recent years. P
this is because theoretical investigations ofD weak decays
are rather difficult, due to the presence of many resonan
close to this energy region. The penguin effects on the o
hand, which are very important inB and also inK decays,
are usually suppressed in the case of charm mesons d
the presence ofd, s, and b quarks in the loop with the re
spective values of Cabibbo-Kobayashi-Maskawa~CKM! el-
ements.

Nevertheless,D meson physics has produced some int
esting results in the past year. Experimental results on t
dependent decay rates ofD0→K1p2 by CLEO @1# and
D0→K1K2 and D0→K2p1 by FOCUS @2# have stimu-
lated several studies on theD0-D̄0 oscillations@3#. The D*
decay width recently measured by CLEO@4# has provided
the long expected information on the value ofD* Dp cou-
pling. Among the rareD decays, the decaysD→Vg andD
→V(P) l 1l 2 are the subjects of CLEO and Fermila
searches@5#. On the theoretical side, these rare decays
charm mesons into a light vector meson and a photon
lepton pair have been considered recently by several aut
~see, e.g.,@6–11#, and for radiative leptonicD meson decay
see@12#!. The investigations ofD→Vg showed that certain
branching ratios can be as large as 1025, as for D0

→K̄* 0g, Ds
1→r1g @6,11#. However, the decays that are
0556-2821/2001/64~7!/074008~11!/$20.00 64 0740
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some relevance to theD0→2g mode studied here, such a
D0→r0g, D0→vg, are expected to have branching ratios
the 1026 range @13#. Thus, it is hard to believe that th
branching ratio of theD0→2g decay mode can be as high a
1025 in the standard model~SM!, as found by@14#. Apart
from this estimate, there is no other detailed work onD0

→2g in the literature, to the best of our knowledge.
On the other hand, in theB and K meson systems ther

are numerous studies of the decays to two photons. For
ample, theBs→gg decay has been studied using vario
approaches within the SM and beyond. In the SM, the sh
distance~SD! contribution @15# leads to a branching ratio
B(Bs→gg).3.831027. The QCD corrections enhance th
rate to 531027 @16#. On the other hand, in some of the S
extensions the branching ratio can be considerably lar
The two-Higgs-doublet scenario, for example, could enha
this branching ratio by an order of magnitude@17#. Such
‘‘new physics’’ effects could at least in principle be dwarfe
by long distance~LD! effects. However, existing calculation
show that these are not larger than the SD contribution@18#,
which is typical of the situation in radiativeB decays@19#. In
the K0 system the situation is rather different. Here, the S
contribution is too small to account for the observed rates
KS→2g, KL→2g by factors of ;325 @20#, although it
could be of relevance in the mechanism ofCP violation.
Many detailed calculations of these processes have been
formed over the years~see recent Refs.@20–23# and refer-
ences therein!, especially using the chiral approach to a
count for the pole diagrams and the loops. These
contributions lead to rates that are compatible with exist
measurements.

Motivated by the experimental efforts to observe rareD
meson decays, as well as by the lack of detailed theore
treatments, we undertook an investigation of theD0→gg
©2001 The American Physical Society08-1
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decay. The short distance contribution is expected to
rather small, as already encountered in the one-photon
cays @6,7#; hence the main contribution should come fro
long distance interactions. In order to treat the long dista
contributions, we use the heavy quark effective theory co
bined with chiral perturbation theory (HQxPT) @24#. This
approach was used before for treatingD* strong and elec-
tromagnetic decays@25–27#. The leptonic and semileptoni
decays ofD mesons were also treated within the same fram
work ~see@25# and references therein!.

The approach of HQxPT introduces several coupling con
stants that have to be determined from experiment. The
cent measurement of theD* decay width@4# has determined
the D* Dp coupling, which is related tog, the basic strong
coupling of the Lagrangian. There is more ambiguity, ho
ever, concerning the value of the anomalous electromagn
coupling, which is responsible for theD* Dg decays@26,27#,
as we shall discuss later.

Let us address now some issues concerning the theore
framework used in our treatment. For the weak vertex
shall use the factorization of weak currents with nonfact
izable contributions coming from chiral loops. The typic
energy of intermediate pseudoscalar mesons is of o
mD/2, so that the chiral expansionp/Lx ~for Lx*1 GeV! is
rather close to unity. Thus, for the decay under study here
extend the possible range of applicability of the chiral exp
sion of HQxPT, compared to previous treatments likeD*
→Dp, D* →Dg @26#, or D* →Dgg @27#, in which a heavy
meson appears in the final state, making the use of ch
perturbation theory rather natural. The suitability of our u
dertaking here must be confronted with experiment, and p
sibly other theoretical approaches.

At this point we also remark that the contribution of ord
O(p) does not exist in theD0→gg decay, and the amplitud
starts with a contribution of orderO(p3). At this order the
amplitude receives an annihilation type contribution prop
tional to thea2 Wilson coefficient, with the Wess-Zumin
anomalous term coupling light pseudoscalars to two photo
As we will show, the total amplitude is dominated by term
proportional toa1 that contribute only through loops wit
Goldstone bosons. Loop contributions proportional toa2
vanish at this order. We point out that any other model t
does not involve intermediate charged states cannot give
kind of contribution. Therefore, the chiral loops natura
include effects of intermediate meson exchange.

The chiral loops of orderO(p3) are finite, as they are in
the similar case ofK→gg decays@20–23#. The next to lead-
ing terms might be almost of the same order of magnitu
compared to the leadingO(p3) term, the expected suppre
sion being approximatelyp2/Lx

2 . The inclusion of next order
terms in the chiral expansion is not straightforward in t
present approach. We include, however, terms that con
the anomalous electromagnetic coupling, and appear as
to leading order terms in the chiral expansion, in view
their potentially large contribution@as in the B* (D* )
→B(D)gg decays considered in@27##. As it turns out, these
terms are suppressed compared to the leading loop eff
which at least partially justifies the use of HQxPT for the
decay under consideration. Contributions of the same o
07400
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could arise from light resonances liker, andK* , a0(980),
f 0(975). Such resonances are sometimes treated with hid
gauge symmetry~see, e.g.,@25#!, which is not compatible
with chiral perturbation symmetry. Therefore, a consist
calculation of these terms is beyond our scheme and we
regard their possible effect.

Our paper is organized as follows. In Sec. II we pres
the basic features of the model. We give the results and t
discussion in Sec. III and conclude with a summary
Sec. IV.

II. THE THEORETICAL FRAMEWORK

The invariant amplitude forD0→gg decay can be written
using gauge and Lorentz invariance in the following form

M5F iM (2)S gmn2
k2

mk1
n

k1•k2
D 1M (1)emnabk1ak2bGe1me2n ,

~1!

whereM (2) is the parity violating andM (1) the parity con-
serving part of the amplitude, whilek1(2) and e1(2) are re-
spectively the four-momenta and the polarization vectors
the outgoing photons.

In the discussion of weak radiativeq8→qgg or q8→qg
decays, usually the short and long distance contribution
separated. The SD contribution in these transitions is a re
of penguinlike transitions, while the long distance contrib
tion arises in particular pseudoscalar meson decays as
sult of the nonleptonic four-quark weak Lagrangian, wh
the photon is emitted from the quark legs. Here we follo
this classification. In the case ofb→sgg decay@28# it was
noticed that without QCD corrections the rateG(b
→sgg)/G(b→sg) is about 1023. One expects that a simila
effect will show up in the case ofc→ugg decays. That is,
according to the result of@28# the largest contribution to the
c→ugg amplitude would arise from the photon emitte
from eitherc or u quark legs in the case of the penguinlik
transition c→ug. Without QCD corrections the branchin
ratio for c→ug is rather suppressed, being of the order
10217 @7,8#. The QCD corrections@29# enhance it up to the
order of 1028.

In our approach we include thec→ug short distance con-
tribution by using the Lagrangian

L52
Gf

A2
VusVcs* C7g

e f f e

4p2
FmnmcF ūsmn

1

2
~11g5!cG ,

~2!

wheremc is the charm quark mass. In our analysis we follo
@29,30# and we takeC7g

e f f5(20.712i )31022.
The main LD contribution will arise from the effectiv

four-quark nonleptonicDC51 weak Lagrangian given by
8-2
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RARE DECAY D0→gg PHYSICAL REVIEW D 64 074008
L52
Gf

A2
(

q5d,s
VuqVcq* @a1~ q̄Gmc!~ ūGmq!

1a2~ ūGmc!~ q̄Gmq!#, ~3!

whereGm5gm(12g5), ai are effective Wilson coefficients
@31#, andVqiqj

are CKM matrix elements. At this point it is
worth pointing out that long distance interactions will co
tribute only if the SU~3! flavor symmetry is broken, i.e., i
msÞmd . That is, becauseVudVcd* .2VusVcs* , if md5ms the
contributions arising from the weak Lagrangian~3! cancel.

Now, we turn to describing some of the basic features
the HQxPT. This model will serve us as a hadronized cou
terpart of the quark effective weak Lagrangian. One has
usualO(p2) chiral Lagrangian for the light pseudoscalar m
sons,

L str
(2)5

f 2

8
tr~]mS]mS†!1

f 2B0

4
tr~MqS1M qS†!, ~4!

where S5exp(2iP/f) with P5( jl
jp j /A2 containing the

Goldstone bosonsp,K,h, and f” is the pion constant, while
the trace tr runs over flavor indices andMq
5diag(mu ,md ,ms) is the current quark mass matrix. Fro
this Lagrangian, we can deduce the light weak current
orderO(p),

j m
X52 i

f 2

4
tr~S]mS†lX!, ~5!

corresponding to the quark currentj m
X5q̄LgmlXqL . @(lX is

an SU~3! flavor matrix.!#
In the heavy meson sector interacting with light meso

we have the following lowest orderO(p) chiral Lagrangian:

L str
(1)52Tr~H̄aiv•DabHb!1g Tr~H̄aHbgmA ba

m g5!, ~6!

whereDab
m Hb5]mHa2HbV ba

m , while the trace Tr runs ove
Dirac indices. Note that in Eq.~6! and the rest of this sectio
a andb areflavor indices.

The vector and axial vector fieldsVm andAm in Eq. ~6!
are given by

Vm5
1

2
~j]mj†1j†]mj!, Am5

i

2
~j†]mj2j]mj†!, ~7!

where j5exp(iP/f). The heavy meson fieldHa contains a
spin zero and a spin 1 boson,

Ha5P1~Pmagm2P5ag5!, ~8!

H̄a5g0~Ha!†g05@Pma
† gm1P5a

† g5#P1 , ~9!

with P65(16gmvm)/2 being the projection operators. Th
field P5 (P5

†) annihilates~creates! a pseudoscalar meso
with a heavy quark having velocityv, and similarly for spin
1 mesons.

For a decaying heavy quark, the weak current is given
07400
f
-
e

-
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Ja
l5q̄aglLQ, ~10!

whereL5(12g5)/2, Q is the heavy quark field in the ful
theory, in our case ac quark, andq is the light quark field.

On symmetry grounds, the heavy-light weak current
bosonized in the following way@24#:

Ja
l5

ia

2
Tr@gl L Hb jba

† #, ~11!

wherea is related to the physical decay constantf D through
the well known matrix element

^0uūglg5cuD0&522^0uJa
luD0&5 imDvl f D . ~12!

Note that the current~11! is O(p0) in the chiral counting.
In the calculation of the short distance contribution~2!

there appears the operator@ ūsmn
1
2 (11g5)c#. Using heavy

quark symmetry this operator can be translated into an
erator containing meson fields only@32#:

F ūsmn

1

2
~11g5!cG→ ia

2
TrFsmn

1

2
~11g5!Hbjba

† G .
~13!

The photon couplings are obtained by gauging
Lagrangians~4! and ~6! and the light current~5! with the
U~1! photon field Bm . The covariant derivatives are the
D ab

m Hb5]mHa1 ieBm(Q8H2HQ)a2HbV ba
m and Dm5]mj

1 ieBm@Q,j# with Q5diag(2
3 ,2 1

3 ,2 1
3 ) andQ85 2

3 ~for our
case of thec quark!. The vector and axial vector fields~7!
change after gauging and now they readVm51/2(jD mj†

1j†Dmj) and Am5 i /2(j†Dmj2jD mj†). The light weak
current ~5! contains after gauging the covariant derivati
Dm instead of]m . However, the gauging procedure alon
does not introduce a coupling between heavy vector
pseudoscalar meson fields and the photon without emis
or an absorption of additional Goldstone boson, which
needed to account, for example, forD* →Dg. To describe
this electromagnetic interaction we follow@26#, introducing
an additional gauge invariant contact term with an unkno
couplingb of dimension21:

FIG. 1. One-loop diagrams@not containingb-like terms ~14!#
that give vanishing contributions. The dashed line represe
charged Goldstone bosons flowing in the loop (K1,p1), while the
double line represents heavy mesonsD andD* .
8-3
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FIG. 2. One-loop diagrams
not containing beta-like terms
~14!, that give nonvanishing con
tributions to theD0→gg decay
amplitude. Each sum of the ampli
tudes on the diagrams in one ro
Mi5( jM i . j is gauge invariant
and finite. Numerical values are
listed in Table I below.
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Lb52
be

4
Tr H̄aHbsmnFmnQba

j 2
e

4mQ
Q8 Tr H̄asmnHaFmn ,

~14!

where Qj5 1
2 (j†Qj1jQj†) and Fmn5]mBn2]nBm . The

first term concerns the contribution of the light quarks in t
heavy meson and the second term describes emission
photon from the heavy quark. Its coefficient is fixed b
heavy quark symmetry. From this ‘‘anomalous’’ interactio
both H* Hg and H* H* g interaction terms arise. Eve
though the Lagrangian~14! is formally 1/mQ;mq sup-
pressed, we do not neglect it, as it has been found tha
gives a sizable contribution toD* (B* )→D(B)gg decays
@27#. In the case ofD0→gg it gives the largest contribution
to the parity conserving part of the amplitude; however
does not contribute to the decay rate by more than 10%
will be shown later. The Lagrangian~14! in principle re-
ceives a number of other contributions at the order of 1/mQ ;
however, these can be absorbed in the definition ofb for the
processes considered@26#.

III. RESULTS

The decay width for theD0→gg decay can be obtaine
using the amplitude decomposition in Eq.~1!:

GD0→gg5
1

16pmD
~ uM (2)u21 1

4 uM (1)u2mD
4 !. ~15!

The short distance contribution to theD0→gg decay width
is estimated using thec→ug effective Lagrangian~2!, ~13!
with one photon emitted from theD0 leg via theLb term
~14!. The parity violating part of the short distance amplitu
is

MSD
(2)5

mD
3/2

12p2

Gf

A2
VusVcs* C7g

e f fe2~bmc11!a
1

112D* /mD

,

~16!

while the parity conserving part of the amplitude is
07400
f a

it

t
as

MSD
(1)5

AmD

12p2

Gf

A2
VusVcs* C7g

e f fe2~bmc11!a
2

mD12D*
,

~17!

whereD* 5mD0* 2mD0. Turning now to the long distanc
contributions, we depict in Figs. 1 and 2 the loop diagra
arising to leading orderO(p3) by using Eqs.~4!–~6! and
~11!. The circled cross indicates the weak interaction. In F
1 we grouped all diagrams that vanish from symmetry c
siderations. All nonvanishing contributions are assembled
Fig. 2. We denote the gauge invariant sums correspondin
nonvanishing diagrams of Fig. 2 byMi

(6)5( jM i . j
(6) ~the

gauge invariant sums are sums of diagrams in each row
Fig. 2!, where1 ~2! denotes the parity conserving~violat-
ing! part of the amplitude, as in Eq.~15!. The parity violating
sums, which arise from the first term in Eq.~3!, are

M1
(2)52

~mD!3/2

4p2

Gf

A2
a1ae2@VusVcs* M4~mK ,2mD

2 /2!

1VudVcd* M4~mp ,2mD
2 /2!#, ~18!

M2
(2)5AmD

Gf

A2
a1e2ga

1

8p2 FVusVcs* S 1

mD/21Ds*

3I 2~mK ,mD/21Ds* !22G3~mK ,mD1Ds* 2mD/2!D
1VudVcd* S 1

mD/21Dd*
I 2~mp ,mD/21Dd* !

22G3~mp ,mD1Dd* ,2mD/2!D G , ~19!

M3
(2)5AmD

Gf

A2
a1ge2a

1

2p2
@VusVcs* f ~mK ,Ds* ,mD!

1VudVcd* f ~mp ,Dd* ,mD!#, ~20!

with
8-4
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f ~m,D,mD!5
m2

mD
FG0~m,D1mD/2,mD/2!2

1

2
G0~m,D,mD/2!G1

5mD

8
1

D

2
1

~m22D2!

2 F 1

mD
N0~m,mD

2 !1S 1

2
1

D

mD
D

3Ḡ0~m,D1mD/2,mD!1m2M̄0~m,D1mD/2,mD!G1S D2
mD

2 D M2~m,2mD
2 /2!

2
1

4 S mD

2
2D DN0~m,mD

2 !1
~2D1mD!

4mD~D1mD!
I 2~m,D1mD!

2
~3mD

2 /213DmD12D222m2!

2mD
2 ~mD12D!

I 2~m,D1mD/2!1
~mDD22m212D2!

4mD
2 D

I 2~m,D!. ~21!
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The parity conserving parts of the amplitudeMi
(1) vanish for

the diagrams in Fig. 2. We denotedDq
(* )5mD

q
(* )2mD0,

while functions I 2(m,D), G0(m,D,v•k), G3(m,D,v•k),
N0(m,k2), Ḡ0(m,D,v•k), M̄0(m,D,v•k), M2(m,k1•k2),
and M4(m,k1•k2) are presented in the Appendix. Note th
the sums of amplitudes~18!–~20! are gauge invariant an
finite. This is expected, since one cannot generate coun
terms at this order. There is nom dependence apart from th
one hidden ina1; even thoughm appears in the above func
tions it cancels out completely. Note also that the one-lo
chiral corrections vanish in the exact SU~3! limit, i.e., when
mK→mp , as expected. One should note that taking the c
ral limit ~i.e.,ms ,md→0) is not unambiguous. That is, in th
combined heavy quark effective theory and the chiral per
bation theory, as well as chiral logarithms there are a
functions of the formF(mq /D) whose value depends on th
way one takes the limit~see, e.g., Ref.@33#!.

We remark that there exist additional diagrams of
same order in the chiral expansion as the ones given in
2, but proportional to thea2 part of the effective weak La
grangian~3!. In these additional diagrams the chiral loop
attached to the light current in the factorized vertex, wh
the photons are emitted from the pseudoscalars in the l
or they come from the weak vertex. However, the amplitu
of these diagrams vanish due to Lorentz symmetry.

The contribution coming from the anomalous coupli
p0gg, hgg, h8gg ~Fig. 3! is

MAnom.
(1) 52AmD

Gf

A2
a2a

e2

4p2 (
P5p0,h,h8

mD

mD
2 2mP

2
KP ,

Kp05VudVcd* ,

FIG. 3. Anomalous contributions toD0→gg decay. The inter-
mediate pseudoscalar mesons propagating from the weak verte
p0,h,h8.
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Kh5FVudVcd* S sinQ

A3
2

cosQ

A6
D

1VusVcs* S sinQ

A3
1

A2cosQ

A3
D G

3FA2 cosQ

A3
2

4 sinQ

A3
G

Kh85F2VudVcd* S sinQ

A6
1

cosQ

A3
D

1VusVcs* S A2 sinQ

A3
2

cosQ

A3
D G

3FA2 sinQ

A3
1

4 cosQ

A3
G , ~22!

whereu5220°65° is theh-h8 mixing angle and we have
set f p5 f h8

5 f h0
. This choice of parameters reproduces t

experimental results for thep0→gg, h→gg, andh8→gg
decay widths@34#. In the numerical evaluation we use th
values ofa andg obtained within the same framework as
@25,26,32,33,35#. The couplingg is extracted from existing

are

TABLE I. Table of the nonvanishing finite amplitudes. The am
plitudes coming from the anomalous and short distance (C7g

e f f)
Lagrangians are presented. The finite and gauge invariant sum
one-loop amplitudes are listed in the next three lines (Mi

(6)

5( jM i . j
(6)). The numbers 1,2,3 denote the corresponding row

diagrams in Fig. 2. In the last line the sum of all amplitudes
given.

Mi
(2) (10210 GeV) Mi

(1) (10210 GeV21)

Anom. 0 20.53
SD 20.27 20.81i 20.16 20.47i
1 3.55 19.36i 0
2 1.67 0
3 20.54 12.84i 0
( iM i

(6) 4.41 111.39i 20.69 20.47i
8-5
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experimental data onD* →Dp. Recently the CLEO Col-
laboration obtained the first measurement of theD* 1 decay
width G(D* 1)59664622 keV @4# by studying D*
→D0p1. Using this value of the decay width together wi
the branching ratioB(D* 1→D0p1)5(67.760.5)% one
immediately finds at tree level thatg50.5960.08. The chiral
corrections to this coupling were found to contribute ab
10% @25,26#. In order to obtain thea coupling, we use
present experimental data onDs leptonic decays, namely, a
the tree level there is the relationf D5 f Ds

5a/AmD. From
the experimental branching ratioDs→mnm and theDs decay
width @34# one gets f Ds

50.2360.05 GeV anda50.31
60.04 GeV3/2. The SU~3! breaking effects in the form o
chiral loops and the counterterms can change the extra
value ofa. One-chiral-loop corrections can amount to abo
40% when g is taken to be 0.59. This value might b
changed by the finite parts of the counterterms. However,
contributions coming from counterterms are not known a
due to the lack of experimental data they cannot be fixed
In our calculation we takea50.31 GeV3/2, keeping in mind
that the chiral corrections might be important~for instance,
setting counterterms to zero in a one-loop calculation
gets a50.2160.04 GeV3/2 using g50.59; for details see
Appendix B of@36#!. For the Wilson coefficientsa1 we take
1.26 anda2520.47 @31#. We present the numerical resul
for the one loop amplitudes in Table I.

In the determination ofD* →Dgg andB* →Bgg a siz-
able contribution fromb-like electromagnetic terms~14! has
been found@27#. Therefore we have to investigate their effe
in the D0→gg decay amplitude. The considerations of E
~14! give us additional diagrams which are given in Figs
and 5, where theb vertex is indicated byd. The nonzero
parity violating parts of the one-loop diagrams containingb
coupling are~Fig. 5!

Mb.4
(2)5AmD

Gf

A2
a1e2gaS b1

1

mc
D 1

~mD12D* !

1

16p2

mD
2

3

3@VusVcs* G3~mK ,mD1Ds* ,2mD/2!

1VudVcd* G3~mp ,mD1Dd* ,2mD/2!#, ~23!

FIG. 4. The diagrams with oneb-like ~14! coupling ~described
by d), which give vanishing amplitudes.
07400
t

ed
t

e
d
t.

e

Mb.6
(2)5

Gf

A2
a1e2gaS b2

2

mc
D ~mD!3/2

48p2

3$VusVcs* @G3~mK mD/21Ds* ,mD/2!

2G3~mK ,Ds* ,mD/2!#1VudVcd* @G3~mp ,mD/2

1Dd* ,mD/2!2G3~mp ,Dd* ,mD/2!#%, ~24!

while the parity conserving parts of the amplitudes arisin
from the one-loop diagrams withb coupling are

Mb.1
(1)5

Gf

A2mD

a1e2aS b1
1

mc
D 1

mD12D*

1

12p2

3@VusVcs* I 1~mK!1VudVcd* I 1~mp!#, ~25!

Mb.2
(1)52

Gf

A2mD

a1e2aS b1
1

mc
D 1

~mD12D* !

1

12p2

3@VusVcs* I 1~mK!1VudVcd* I 1~mp!#

52Mb.1
(1) , ~26!

Mb.3
(1)52

Gf

A2mD

a1e2gaS b1
1

mc
D 1

mD12D*

1

12p2

3$VusVcs* @ I 2~mK ,mD1Ds!1I 1~mK!#

1VudVcd* @ I 2~mp ,mD1Dd!1I 1~mp!#%, ~27!

Mb.4
(1)5

Gf

A2mD

a1e2gaS b1
1

mc
D 1

mD12D*

1

6p2

3H VusVcs* F1

2
I 1~mK!1~mD1Ds!G3~mK ,mD

1Ds ,2mD/2! G1VudVcd* F1

2
I 1~mp!1~mD1Dd!

3G3~mp ,mD1Dd ,2 mD/2!G J , ~28!
-
FIG. 5. The diagrams that give nonzero am
plitudes with oneb-like coupling.
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Mb.5
(1)5

Gf

A2mD

a1e2gaS 2b1
2

mc
D 1

24p2

3H VusVcs*
1

mD12~Ds2Ds* !
@ I 2~mK ,mD1Ds!

2I 2~mK ,mD/2 1Ds* !#1VudVcd*
1

mD12~Dd2Dd* !

3@ I 2~mp ,mD1Dd!2I 2~mp , mD/2 1Dd* !# J ,

~29!

Mb.6
(1)5

Gf

A2mD

a1e2gaS b2
2

mc
D 1

24p2

3H VusVcs* F2
~mD/21Ds* !

~mD/21Ds2Ds* !

3G3~mK ,mD/2 1Ds* ,2mD/2!

1
~mD1Ds!

~mD/21Ds2Ds* !
G3~mK ,mD1Ds ,2mD/2!G

1VudVcd* F2
~mD/21Dd* !

~mD/21Dd2Dd* !

3G3~mp ,mD/2 1Dd* ,2mD/2!

1
~mD1Dd!

~mD/21Dd2Dd* !
G3~mp ,mD1Dd ,2mD/2!G J .

~30!

The amplitudes withb coupling are not finite and have to b
regularized. We use the modified minimal subtraction (MS)
prescriptionD̄51 as in @26# ~note that in@25# D̄50 was
used!. We takem51 GeV.Lx as in @26#.

In order to obtain the value ofb we use the available
experimental data fromD* 1→D1g and D* 0→D0g de-

TABLE II. Table of nonzero contributions of the amplitude
coming from the diagrams withb coupling~Fig. 5!. In the last line
the sums of the contributions are presented. We useb52.3 GeV21,
mc51.4 GeV.

Diag. Mi
(2)(10210 GeV! Mi

(1)(10210 GeV21)

b.1 0 22.69
b.2 0 2.69
b.3 0 2.11
b.4 0.88 20.007
b.5 0 0.51
b.6 22.88 20.52
( iM i

(6) 22.00 2.09
07400
cays. For instance, one can use the recently determinedD* 1

decay widthG(D* 1)59664622 keV @37# together with
the branching ratioB(D* 1→D1g)5(1.660.4)% @34#. At
tree level one has

G~D* 1→D1g!5
e2

12p S 2

3

1

mc
2

1

3
b D 2

kg
3 , ~31!

with kg5(mD* /2)(12mD
2 /mD*

2 ) the momentum of the out
going photon. Using the experimental data andmc51.4 GeV
one arrives at1 b52.960.4 GeV21, where the errors reflec
the experimental errors.

On the other hand one can also use the ratio of pa
decay widths in theD* 0 system G(D* 0→D0g):G(D* 0

→D0p0)5(38.162.9):(61.962.9), where the experimenta
errors are considerably smaller than in the previous case
tree level one has

G~D* 0→D0g!

G~D* 0→D0p0!
5

e2

12p

kg
3

kp
3

12p f 2

g2 S 2

3
b1

2

3

1

mc
D 2

,

~32!

with kg andkp the momenta of the outgoing photon and t
pion, respectively. Usingmc51.4 GeV, g50.59, f 5 f p

5132 MeV, one arrives at2 b52.360.2 GeV21, where er-
rors quoted again reflect experimental errors only. Theb
couplings coming from fromD* 1 @Eq. ~31!# andD* 0 @Eq.
~32!# are in fair agreement, but not equal. This signals t
other contributions coming from chiral loops and higher o
der terms that would alter our determination ofb might be
important. Since the contribution of chiral loops toG(D* 1

→D1g) is approximately 50%, while forD* 0→D0g it is
about 20%@26#, we use in our numerical calculations th
value ofb52.3 GeV21 obtained fromG(D* 0→D0g). Re-
sults are shown in Table II usingb52.3 GeV21 and mc
51.4 GeV. Inspection of Tables I and II reveals that for t
real parts of the amplitudes the contributions of Figs. 2,3 a
of Fig. 5 are comparable in size. However, the decay rat
dominated by the contribution of the imaginary part of t
parity violating amplitude, which arises from the one-loo
diagrams of Fig. 2. For the parity conserving amplitude,
contributions of SD, anomaly, andb-like terms are compa-
rable in magnitude.

Due to the suppression ofa2 in comparison toa1, we do
not include diagrams proportional toa2 in the calculation of
terms withb.

Using short distance contributions, the finite one-loop d
grams and the anomaly parts of the amplitudes~shown in
Figs. 2 and 3 and with numerical values of the amplitudes
listed in Table I!, one obtains

1There is also a solution of Eq.~31! b50.09604 GeV21 which,
however, does not agree with the determination ofb from D* 0

decay.
2The other solution isb523.660.2 GeV21 which does not

agree withD* 1 data.
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B~D0→gg!51.031028. ~33!

This result is slightly changed when one takes into acco
the terms dependent onb @Eq. ~14!#. The branching ratio
obtained when we sum all contributions is

B~D0→gg!50.9531028. ~34!

By varying b within 1 GeV21<b<5 GeV21 and keep-
ing g50.5960.08, the branching ratio is changed by at m
10%. On the other hand, one has to keep in mind that
loop contributions involving beta are not finite and have
be regulated. We have used theMS scheme, with the diver
gent parts being absorbed by counterterms. The size of t
is not known, so they might influence the error in our p
diction of the branching ratio. Note also that changinga
would affect the predicted branching ratio. For instance
the chiral corrections do decrease the value ofa by 30% this
would decrease the predicted branching ratio down to
31028.

IV. SUMMARY

We have presented here a detailed calculation of the de
amplitudeD0→gg, which includes short distance and lon
distance contributions, by making use of the theoretical t
of the heavy quark chiral perturbation theory Lagrangi
Within this framework, the leading contributions are found
arise from the chargedp andK mesons running in the chira
loops, and are of orderO(p3). These terms are finite an
contribute only to the parity violating part of the amplitud
The inclusion of terms of higher order in the chiral expa
sion is unfortunately plagued by the uncertainty caused
the lack of knowledge of the counterterms. As to the pa
conserving part of the decay, it is given by terms com
from the short distance contribution, the anomaly, and fr
loop terms containing the beta coupling, the latter givi
most of the amplitude. The size of this part of the amplitu
is approximately one order of magnitude smaller than
parity violating amplitude, thus contributing less than 20%
the decay rate. Therefore, our calculation predicts that
D→2g decay is mostly a parity violating transition.

In addition to the uncertainties we have mentioned, th
is the question of the suitability of the chiral expansion
the energy involved in this process; the size of the unc
tainty related to this is difficult to estimate. Altogether, o
estimate is that the total uncertainty is not larger than 50
Accordingly, we conclude that the predicted branching ra
is

B~D0→gg!5~1.060.5!31028. ~35!

That this result is reasonable can be deduced also fro
comparison with the calculated decay rates forD0→r(v)g,
which are found to be expected with a branching ratio
approximately 1026 @6,7,13#.

We look forward to experimental attempts at detect
this decay. Our result suggests that the observation oD
→2g at a rate that is an order of magnitude larger than
07400
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~35! could be a signal for the type of new physics that lea
to sizable enhancement@30# of the short distancec→ug
transition.
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APPENDIX: LIST OF CHIRAL LOOP INTEGRALS

Here we list dimensionally regularized integrals needed
evaluation ofxPT and HQxPT one-loop graphs shown i
Fig. 5:

imeE d42eq

~2p!42e

1

q22m2
5

1

16p2
I 1~m!, ~A1!

imeE d42eq

~2p!42e

1

~q22m2!~q•v2D!
5

1

16p2

1

D
I 2~m,D!,

~A2!

with

I 1~m!5m2 lnS m2

m2D 2m2D̄, ~A3!

I 2~m,D!522D2 lnS m2

m2D 24D2FS m

D D12D2~11D̄ !,

~A4!

where D̄52/e2g1 ln(4p)11 ~in calculationD̄51), while
F(x) is the function calculated by Stewart in@26#, valid for
negative and positive values of the argument

FS 1

xD55 2
A12x2

x Fp

2
2tan21S x

A12x2D G , uxu<1,

Ax221

x
ln~x1Ax221!, uxu>1.

~A5!

The other integrals needed are~for k250)

i E d4q

~2p!4

1

~q22m2!@~q1k!22m2#~q•v2D!

5
1

16p2

1

v•k
G0~m,D,v•k!, ~A6!

G0~m,D,v•k!5h2~m,D!2h2~m,D1v•k!

2p@h~m,D!2h~m,D1v•k!#,
8-8
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where

h~m,D!55 arctanS D

Am22D2D , umu.uDu,

i lnU m

D2AD22m2U1sgn~D!
p

2
, umu,uDu,

~A7!

and

imeE d42eq

~2p!42e

qmqn

~q22m2!@~q1k!22m2#~q•v2D!

5
1

16p2
@gmnG3~m,D,v•k!1~vmkn1kmvn!

3G4~m,D,v•k!1kmknG5~m,D,v•k!

1vmvnG6~m,D,v•k!#, ~A8!

with
07400
G3~m,D,v•k!5
m2

2v•k
G0~m,D,v•k!2

1

4v•k
@ I 2~m,D!

2I 2~m,D1v•k!#1D1
v•k

2
, ~A9a!

G4~m,D,v•k!5
1

v•k F 1

2~D1v•k!
I 2~m,D1v•k!

2G3~m,D,v•k!G , ~A9b!

G5~m,D,v•k!5
1

v•k F2
1

2
N0~m,0!1DG2~m,D,v•k!

2G4~m,D1v•k!G , ~A9c!

G6~m,D,v•k!5
1

2v•k
@ I 2~m,D!2I 2~m,D1v•k!#,

~A9d!

whereI 2(m,D) is defined in Eq.~A2! andN0(m,k2) in Eq.
~A14!.

In calculation we also need several other integrals t
have been calculated for the casek1

m1k2
m5mDvm, k1

25k2
2

50, v•k15v•k25(mD/2):
i E d4q

~2p!4

1

@~q1k1!22m2#@~q2k2!22m2#~q•v2D!
5

1

16p2
Ḡ0~m,D,mD!, ~A10!

i E d4q

~2p!4

1

@~q1k1!22m2#@~q2k2!22m2#~q22m2!~q•v2D!
5

1

16p2
M̄0~m,D,mD!, ~A11!
where

Ḡ0~m,D,mD!

5
2

DmD
H Fp2 2h~m,D2mD/2!GAm22S D2

mD

2 D 2

2 id

2Fp2 2h~m,D1mD/2!GAm22S D1
mD

2 D 2

2 id

22h~m, mD/2!Am22
mD

2

4
2 idJ , ~A12!

M̄0~m,D,mD!

5
1

DmD
2 H 22h2~m,mD/2!22h2~m,D!

1h2~m,D2mD/2!1h2~m,D1mD/2!
1 ip lnF D2mD/22 iAm22~D2mD/2!22 id

2D2mD/22 iAm22~D1mD/2!22 id
G

1 ip lnF D1 iAm22D22 id

2D1 iAm22D22 id
G J , ~A13!

with d.0 an infinitesimal positive parameter.
The chiral loops needed are

imeE d42eq

~2p!42e

1

~q22m2!@~q1k!22m2#
5

1

16p2
N0~m,k2!,

N0~m,k2!52D̄112H~k2/m2!1 lnum2/m2u, ~A14!

where
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H~a!55 2S 12A4/a21 arctanS 1

A4/a21
D D , 0,a,4,

2S 12A124/a
1

2 H lnUA124/a11

A124/a21
U2 ipQ~a24!J D otherwise,

~A15!

and fork1
25k2

250

imeE d42eq

~2p!42e

qmqn

~q22m2!@~q1k1!22m2#@~q1k2!22m2#
52

1

16p2 FgmnM2~m,k1•k2!2
k1

mk1
n1k2

mk2
n

k1•k2

3M3~m,k1•k2!2
k1

mk2
n1k1

nk2
m

k1•k2
M4~m,k1•k2!G , ~A16!

with

M2~m,k1•k2!5
1

2 H 1

2 F D̄2 lnS m2

m2D G1
1

a FLi2S 2

11A D 1Li2S 2

12A D G112A arctanhS 1

A D J , ~A17a!

M3~m,k1•k2!5
1

2 S A arctanhS 1

A D 21D , ~A17b!

M4~m,k1•k2!5
1

4
1

1

2a FLi2S 2

11A D 1Li2S 2

12A D G , ~A17c!

where we have abbreviateda52k1•k2 /m2 andA 5A112m2/k1•k2, while Li2(x) is a polylogarithmic function.
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