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We present a calculation of the rare decay m@fe-yy, in which the long distance contributions are
expected to be dominant. Using the heavy quark chiral Lagrangian with a sgraogpling as recently
determined by CLEO from thB* — D 7 width, we consider both the anomaly contribution that relates to the
annihilation part of the weak Lagrangian and the one-lagl diagrams. The loop contributions, which are
proportional tog and contain the; 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-(@®)x 10 8. The obser-
vation of an order of magnitude larger branching ratio could be indicative of new physics.
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I. INTRODUCTION some relevance to the°—2y mode studied here, such as

D%—p%y, D%— wy, are expected to have branching ratios in

With the new data coming and expected from Biéac-  the 10°° range[13]. Thus, it is hard to believe that the
tories, there is very strong emphasis and activity in the fieldoranching ratio of thé®°— 2y decay mode can be as high as
of B physics in all its aspects. This includes the rare decayd0 > in the standard modeiSM), as found by{14]. Apart
of B mesons, which are considered as an attractive source féfiom this estimate, there is no other detailed work Df
possible signals of new physics. In contrast to the growing—27 in the literature, to the best of our knowledge.
efforts to understand the mechanisms of rBréecays, rare On the other hand, in thB andK meson systems there
D decays have received less attention in recent years. Part@f€ numerous studies of the decays to two photons. For ex-
this is because theoretical investigationsDofveak decays ample, theBs— yy decay has been studied using various
are rather difficult, due to the presence of many resonanceéPProaches within the SM and beyond. In the SM, the short
close to this energy region. The penguin effects on the othefiStance(Sb) contr|b97t|on [15] leads to a branching ratio
hand, which are very important iB and also inK decays, B(Bs—7y7)=3.8x10"". The QCD corrections enhance this

_7 .
are usually suppressed in the case of charm mesons due 'Re t0.5< 107 [18]. On_ the ot_her hand, in some of the SM
the presence ofl, s, andb quarks in the loop with the re- extensions the branching ratio can be considerably larger.

. : : The two-Higgs-doublet scenario, for example, could enhance
erf;:]'t\;e values of Cabibbo-Kobayashi-Maskel@&M) el- this branching ratio by an order of magnitufte7]. Such

NeverthelessD meson physics has produced some 'nter-“new physics” effects could at least in principle be dwarfed
NEv , physi proau Nt by long distancéLD) effects. However, existing calculations
esting results in the past year. Experimental results on tim

dependent decay rates &f°—K* 7~ by CLEO [1] and gr;](_)v;t.hatt thesle ?;ﬁ no.ttlartger -thandt.h?-\;% Conm?%mﬁ?]"
DO_K*K- and D°—K =" by FOCUS[2] have stimu- whic 0|s ypical of the situation in radiati ecayq19]. In

] oy e the K” system the situation is rather different. Here, the SD
lated several studies on tfR-D° oscillations[3]. TheD*  ¢ontribution is too small to account for the observed rates of
decay width recently measured by CLE®] has provided Ks—2y, K .—2y by factors of ~3—5 [20], although it
the long expected information on the valuef D cou-  ¢ould be of relevance in the mechanism @P violation.
pling. Among the raré decays, the decay8—Vy andD  Many detailed calculations of these processes have been per-
—V(P)I"I” are the subjects of CLEO and Fermilab formed over the yearésee recent Ref§20—23 and refer-
SearCheiS]. On the theoretical side, these rare decayS OEnceS therein especia”y using the chiral approach to ac-
charm mesons into a light vector meson and a photon ogount for the pole diagrams and the loops. These LD
lepton pair have been considered recently by several authogpntributions lead to rates that are compatible with existing
(see, e.g.[6—11], and for radiative leptoni® meson decay measurements.
see[12]). The investigations ob—Vy showed that certain  Motivated by the experimental efforts to observe rBre
branching ratios can be as large as 10as for D°  meson decays, as well as by the lack of detailed theoretical
—K*%y, DS —p*y[6,11]. However, the decays that are of treatments, we undertook an investigation of D& yy
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decay. The short distance contribution is expected to beould arise from light resonances like andK*, a,(980),
rather small, as already encountered in the one-photon d¢;(975). Such resonances are sometimes treated with hidden
cays[6,7]; hence the main contribution should come from gauge symmetrysee, e.g.[25]), which is not compatible
long distance interactions. In order to treat the long distanceith chiral perturbation symmetry. Therefore, a consistent
contributions, we use the heavy quark effective theory comggaculation of these terms is beyond our scheme and we dis-
bined with chiral perturbation theory (H@T) [24]. This regard their possible effect.

approach was used before for treatiDg strong and elec- Our paper is organized as follows. In Sec. Il we present

tromagnetic decayf25-27. The leptonic and semileptonic the basic features of the model. We give the results and their
decays oD mesons were also treated within the same framediscussion in Sec. Ill and conclude with a summary in

work (see[25] and references thergin Sec. V.
The approach of HQPT introduces several coupling con-
stants that have to be determined from experiment. The re-
cent measureme_nt of tr[_e* d_ecay width[4] has def[ermined Il. THE THEORETICAL FRAMEWORK
the D* D # coupling, which is related tg, the basic strong
coupling of the Lagrangian. There is more ambiguity, how- The invariant amplitude fob°— yy decay can be written
ever, concerning the value of the anomalous electromagnetigsing gauge and Lorentz invariance in the following form:
coupling, which is responsible for ti&* D y decayd26,27),
as we shall discuss later.
Let us address now some issues concerning the theoretical

"
. LY
framework used in our treatment. For the weak vertex we M :['M( )(g“ Tk

+M(+)e””“3k1ak2,3 €1,€2,,

shall use the factorization of weak currents with nonfactor- v (1)
izable contributions coming from chiral loops. The typical
energy of intermediate pseudoscalar mesons is of order
mp/2, so that the chiral expansigiA , (for A,=1 GeV)is  \hereM() is the parity violating andvl(*) the parity con-
rather close to unity. Thus, for the decay under study here Wggrying part of the amplitude, whille; 5, and e; ) are re-
extend the possible range of applicability of the chiral expanypectively the four-momenta and the polarization vectors of
sion of HQyPT, compared to previous treatments iR  he outgoing photons.
—Dm, D*—Dy[26], orD* —Dyy [27], in which aheavy | the discussion of weak radiativg —qyy or q'—qy
meson appears in the final state, making the use of chirglecays, usually the short and long distance contribution are
perturbation theory rather natural. The suitability of our un-separated. The SD contribution in these transitions is a result
dertaking here must be confronted with experiment, and possf penguinlike transitions, while the long distance contribu-
sibly other theoretical approaches. L tion arises in particular pseudoscalar meson decays as a re-

At this point we also remark that the contribution of order gt of the nonleptonic four-quark weak Lagrangian, when
O(p) does not exist in th®°— yy decay, and the amplitude the photon is emitted from the quark legs. Here we follow
starts with a contribution of orde®(p?). At this order the  this classification. In the case bf-syy decay[28] it was
amplitude receives an annihilation type contribution proporygticed that without QCD corrections the ratE(b
tional to thea, Wilson coefficient, with the Wess-Zumino _, 5, +)/T"(b—sy) is about 103. One expects that a similar
anomalous term coupling light pseudoscalars to two photongstect will show up in the case af—uyy decays. That is,
As we will show, the total amplitude is dominated by termsaccording to the result 48] the largest contribution to the
proportional toa, that contribute only through loops with ¢_. ., amplitude would arise from the photon emitted
Goldstone bosons. Loop contributions proportionald@0  from eitherc or u quark legs in the case of the penguinlike
vanish at this order. We point out that any other model thagransition c— uy. Without QCD corrections the branching
does not involve intermediate charged states cannot give thigtio for c—uy is rather suppressed, being of the order of
kind of contribution. Therefore, the chiral loops naturally 1-17 [7,8]. The QCD correction§29] enhance it up to the
include effects of intermediate meson exchange. order of 10°8.

The chiral loops of ordeO(p®) are finite, as they are in -y gy approach we include the—uy short distance con-
the similar case oK — yy decayd20-23. The nextto lead- tipytion by using the Lagrangian
ing terms might be almost of the same order of magnitude
compared to the leadin@(p?) term, the expected suppres-
sion being approximatelpzlAf(. The inclusion of next order

: . X ) : — 1
terms in the chiral expansion is not straightforward in the ,—=_— &Vusvzscgfyfipwmc uo’ = (1+ ys)c/,
present approach. We include, however, terms that contain \/5 A2 2
the anomalous electromagnetic coupling, and appear as next 2

to leading order terms in the chiral expansion, in view of

their potentially large contributiofas in the B*(D*)

—B(D)yy decays considered [7]]. As it turns out, these Wherem, is the charm quark mass. In our analysis we follow
terms are suppressed compared to the leading loop effec{®9,30 and we takd:?;f=(—0.7+ 2i)x10°2.

which at least partially justifies the use of R8T for the The main LD contribution will arise from the effective
decay under consideration. Contributions of the same orddpur-quark nonleptonia C=1 weak Lagrangian given by
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Gy _
L=——F q; . VugVeqar(al#e)(url ,q) %

V2

+a,(ul'“c)(al’,q)], ®) D=®? DE g ¢ = 3 ?

wherel'#=y*(1—vys), §; are effective Wilson coefficients
[31], anquiqj are CKM matrix elements. At this point it is FIG. 1. One-loop diagram@not containings-like terms(14)]

worth pointing out that long distance interactions will con- that give vanishing contributions. The dashed line represents
tribute only if the SU3) flavor symmetry is broken, i.e., if charged Goldstone bosons flowing in the lo¢p'( =), while the
H *

ms#my. That is, because V¥ = —V, V2., if my=m; the double line represents heavy mes@sndD*.
contributions arising from the weak Lagrangi&) cancel.

Now, we turn to describing some of the basic features of Jg:aathQ, (10)
the HQyPT. This model will serve us as a hadronized coun-
terpart of the quark effective weak Lagrangian. One has the

usual®(p?) chiral Lagrangian for the light pseudoscalar me-WhereL=(1-yz)/2, Q is the heavy quark field in the full
sons, theory, in our case a quark, andq is the light quark field.

On symmetry grounds, the heavy-light weak current is

-------

f2 2B bosonized in the following waj24]:
L= (@50, 3N+ 7 u(MIS+ M, (@)
. ia
where 3 =exp(AI/f) with H=2j)\'ﬂ"/\/§ containing the J§=7Tr[ Y LH, &L, (11)

Goldstone bosons,K, 7, andf is the pion constant, while

the trace tr runs over flavor indices and\,

=diag(m,,my,mg) is the current quark mass matrix. From wherea is related to the physical decay constégtthrough
this Lagrangian, we can deduce the light weak current othe well known matrix element

orderO(p),

f2 0luy* ysc| DO = — 2(0| DD =impvfy.  (12)
jﬁ=—iztr(EaMET)\X), ) (0]uy"ysc|D®) (0]35/D%) oV 'p

_ L — « « . Note that the currentll) is O(p°) in the chiral counting.
corresponding to the quark currejjf=q, v, A g, . [(\* is In the calculation of the short distance contributit®)

an SU3) flavor matrix)] uo L(1+ i
In the heavy meson sector interacting with light mesonsthere appears the operafaro,,z(1+ys)cl. Using heavy

; . .~ “guark symmetry this operator can be translated into an op-
we have the following lowest ordé€p(p) chiral Lagrangian: erator containing meson fields or$2];
L§)==Tr(Haiv-DapHp) +9 Tr(HaHp v, Ao v5), (6) ) | )
_ i«

+
whereD¥ Hp=d*H,— HyVE,, while the trace Tr runs over U0y, 5 (14 ¥5)C = 5T 04,5 (14 ¥5) Hpbpa| -
Dirac indices. Note that in E¢6) and the rest of this section (13
a andb areflavor indices.

The vector and axial vector fieldg, and A, in Eq. (6)
are given by

The photon couplings are obtained by gauging the
Lagrangians(4) and (6) and the light current5) with the
1 i U(1) photon fieldB, . The covariant derivatives are then
V=5(80,6'+€9,8), A=5(£9,6-€0,6"), () DEH,="H,+ieB4Q H—HQ),—HyV, and D, =7,¢
+ieB,[Q,&] with Q=diag(3,—35,—3) andQ'=3 (for our
where é=exp(ll/f). The heavy meson fieltl, contains a case of thec quark. The vector and axial vector field3)

spin zero and a spin 1 boson, change after gauging and now they reg= 1/2(§DM§’r
+&'D,¢) and A,=i/2(¢'D,£~¢D &), The light weak
Ha=P(P.a¥"~Psa¥s), ®) current (5) contains after gauging the covariant derivative
o D, instead ofd,. However, the gauging procedure alone
H.,= yO(Ha)Ty‘):[PLay“vL P;ays]P+, 9 does not introduce a coupling between heavy vector and

pseudoscalar meson fields and the photon without emission
with P..= (1= y*v,)/2 being the projection operators. The or an absorption of additional Goldstone boson, which is
field Py (Pg) annihilates(createy a pseudoscalar meson needed to account, for example, ©* —Dy. To describe
with a heavy quark having velocity, and similarly for spin  this electromagnetic interaction we folloj&6], introducing
1 mesons. an additional gauge invariant contact term with an unknown
For a decaying heavy quark, the weak current is given byoupling 8 of dimension— 1:
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FIG. 2. One-loop diagrams,
not containing beta-like terms
(14), that give nonvanishing con-
tributions to theD°— yy decay
amplitude. Each sum of the ampli-
tudes on the diagrams in one row
M;=Z;M;; is gauge invariant

and finite. Numerical values are

My Lo . Mz <., o My 1l My e . listed in Table | below.
o/ N po / N po i N o N
4 g ?® 4 ®§ 4 L3 4 D
pe_ — e — Vmp G
-_ - & _ T D “f
Lp= 4 TrHaHb0""F ., Qba 4m Q" TrHao™ HaF ., M(SB):_z _VusV:sC%fez(ﬁchf 1)a—*,
Q 1272 \2 mp+ 2A

{19 a7
where Q= 3(¢'Qé+¢Q¢" and F,,=d,B,—d,B,. The whereA* =mpo« —mpo. Turning now to the long distance
first term concerns the contribution of the light quarks in thecontributions, we depict in Figs. 1 and 2 the loop diagrams
heavy meson and the second term describes emission ofaising to leading orde®(p®) by using Egs.(4)—(6) and
photon from the heavy quark. Its coefficient is fixed by (11). The circled cross indicates the weak interaction. In Fig.
heavy quark symmetry. From this “anomalous” interaction, 1 we grouped all diagrams that vanish from symmetry con-
both H*Hy and H*H* y interaction terms arise. Even siderations. All nonvanishing contributions are assembled in
though the Lagrangiar(14) is formally 1mg~m, sup-  Fig. 2. We denote the gauge invariant sums corresponding to
pressed, we do not neglect it, as it has been found that itonvanishing diagrams of Fig. 2 bM{*'=3;M{}) (the
gives a sizable contribution tB* (B*)—D(B)yy decays gauge invariant sums are sums of diagrams in each row of
[27]. In the case 0D°— yy it gives the largest contribution Fig. 2), where+ (—) denotes the parity conservirgiolat-

to the parity conserving part of the amplitude; however, iting) part of the amplitude, as in E(L5). The parity violating
does not contribute to the decay rate by more than 10%, asums, which arise from the first term in E®), are

will be shown later. The Lagrangiafl4) in principle re-
ceives a number of other contributions at the order ofgl/
however, these can be absorbed in the definitiog &r the
processes consider¢ao].

)3/2 Gf

2

+VygVigMa(m,, —ma/2)],

): _ (mD
472

M a1ae?[VyViMa(my , —m3/2)

(18
Ill. RESULTS

*
USVCS

- - (o Gt o L
The decay width for thé&°— yy decay can be obtained Mj ’'= mD7a1e ga_— |V
using the amplitude decomposition in E@): 2 8w

( mp/2+ A%

I'p

(15) Xlz(mK,mD/2+A§)_263(mK,mD+A:_mD/2))

O yy™ m(|M(i)|2+%|M(+)|2m‘[‘))-

The short distance contribution to tiE¥’— yy decay width

+VudV:d<
is estimated using the— uvy effective Lagrangiari2), (13)

1
—————1,(m, ,mp/2+ A}
mp/2+ A} 2l b @)

with one photon emitted from thB° leg via the L, term
_(14). The parity violating part of the short distance amplitude —2G3(m, ,mp+Aj,— mD/2)> , (19
is
312 G 1
.y Mp” Gy M{) = Vmp—a,gea—— [V, V* f A¥
MO =—"_ "Iy v*ceffa2igm +1 a—, 3 p=a10€« 2[ usVesf (Mg, A5 ,mMp)
SD 12772\/5 usVcs~7y (,3 c ) 1+2A*/mD \/E 21T
(16) +VgVEF(m, A% mp)], (20

while the parity conserving part of the amplitude is with
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f(m,A —sz At mo/2me/2)— = Gy(m.A.mo/2)| + 22 4 2 (m—A% L 2,1
(m, 1mD)_m_D o(MA+mp/2Mp/2) = 5Go(MA,Mp/2) |+ —a=+ 5+ ——F—— Mo o(m,mg) + §+m—D
_ — m
X Go(M, A +Mp/2,mp) + M?Mo(m, A +mp/2,mp) +(A—7D)M2(m,—m%/2)
1/mp ) (2A+mp)
- Z(T—A) No(m,mD)+ m|2(m,A+mD)
(3m3/2+3Amp+2A%2—2m?) (MpA —2m?+2A?)
- 2 Iz(m,A+mD/2)+ 2 Iz(m,A) (21)
2mg(mp+24A) 4mgA
|
The parity conserving parts of the amplitulé ™) vanish for _ [sin® cos®
the diagrams in Fig. 2. We denotatsig*):ng*)—mDo, K,=|VudVeq W—T
while functions 15(m,A), Go(m,A,v-k), Gz(m,A,v-K),
No(m,k?), Go(m,A,v-K), Mg(m,A,v-K), My(m,Kky-ky), , [ sSin® V2cos®
and M ,(m,k; -k,) are presented in the Appendix. Note that +ViusVes 3 + 7
the sums of amplitude&l8)—(20) are gauge invariant and
finite. This.is expected, si_nce one cannot generate counter- J2co®  4sin®
terms at this order. There is no dependence apart from the -
one hidden imaq; even thoughu appears in the above func- 3 V3
tions it cancels out completely. Note also that the one-loop
chiral corrections vanish in the exact &Ylimit, i.e., when , . [Sin® cosO®
mx—m_, as expected. One should note that taking the chi- K%=] ~VudVeq J6 + 3
ral limit (i.e.,mg,my— 0) is not unambiguous. That is, in the
cor_nbined heavy quark effectiye theory.and the chiral pertur- J2sin® cos®
bation theory, as well as chiral logarithms there are also +V,eVis -
functions of the forn(m,/A) whose value depends on the V3 V3
way one takes the limitsee, e.g., Ref33]). .
We remark that there exist additional diagrams of the V25in® + 4 c0sO , (22)
same order in the chiral expansion as the ones given in Fig. J3 J3

2, but proportional to the, part of the effective weak La-
grangian(3). In these additional diagrams the chiral loop is where §= —20°+5° is the -’ mixing angle and we have
attached to the light current in the factorized vertex, Whilesetf7=f,78=f,70. This choice of parameters reproduces the
the photons are emitted from the pseudoscalars in the l00Ryperimental results for the®— yy, 7— yy, and 7’ — yy
or they come from the weak vertex. However, the amplitudegjecay widths[34]. In the numerical evaluation we use the
of these diagrams vanish due to Lorentz symmetry. y5jyes ofa andg obtained within the same framework as in
0The contribution coming from the anomalous coupling[2s5 26,32,33,35 The couplingg is extracted from existing
vy, nyy, 7' vy (Fig. 3 is
TABLE I. Table of the nonvanishing finite amplitudes. The am-
plitudes coming from the anomalous and short distarﬁéfﬂ

(+) G; e? mp Lagrangians are presented. The finite and gauge invariant f,ums of
Manom =~ VMp—=aa— ——— Kp, one-loop amplitudes are listed in the next three lindd{*?
V2 7 4m? el 5, mE—m3 '

=3;M{})). The numbers 1,2,3 denote the corresponding row of
diagrams in Fig. 2. In the last line the sum of all amplitudes is

given.
Kz0=VydVeq,
M) (10720 GeV) M{") (10720 GeVY)
Do Anom. 0 —0.53
—R®-------- SD -0.27 —-0.81 —0.16 —0.47%
1 355 +9.36 0
2 1.67 0
FIG. 3. Anomalous contributions tb°— yy decay. The inter- 3 —-054 +284 0
mediate pseudoscalar mesons propagating from the weak vertex axem i(i) 441 +11.39 —-0.69 —0.47%

770,77,7]’.
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------- (m )3/2

4872

\ i e? _
sl s T o B
X{VysVid Ga(myg mp/2+ A% ,mp/2)
FIG. 4. The diagrams with ong-like (14) coupling (described
by @), which give vanishing amplitudes. —Ga(my , A5 ,mp/2) ]+ VqVed Gs(m, ,mp/2

experimental data o* —D. Recently the CLEO Col- +A§ ,mp/2) = Gz(m,, A ,mp/2)]}, (24)
laboration obtained the first measurement of EHe" decay

width ['(D**)=96+4+22 keV [4] by studying D*

—D%*. Using this value of the decay width together with while the parity conserving parts of the amplitudes arising
the branching ratioB(D* *—D%#")=(67.7-0.5)% one from the one-loop diagrams with coupling are

immediately finds at tree level thgt=0.59+ 0.08. The chiral

corrections to this coupling were found to contribute about

10% [25,26. In order to obtain thex coupling, we use N G;

present experimental data @n, leptonic decays, namely, at Mz 1= \/2—319 a
the tree level there is the relatidip=fp = a/\mp. From Mo

the experimental branching ratiz— wv,, and theD decay X[VyeVid 1(my) +VgVigli(m,)], (25)
width [34] one getsfp =0.23-0.05 GeV anda 0.31

+0.04 GeV?2 The SL(B) breaking effects in the form of

chiral loops and the counterterms can change the extracted Gy

value of «. One-chiral-loop corrections can amount to aboutMﬁz) - aleza( B+ H)
40% wheng is taken to be 0.59. This value might be V2mp ¢
changed by the finite parts of the counterterms. However, the * *
contributions coming from counterterms are not known and X[VusVedl 1(Mi) +VuaVegl 1(m)]

due to the lack of experimental data they cannot be fixed yet. =—MmED) (26)
In our calculation we taker=0.31 Ge\??, keeping in mind AL

that the chiral corrections might be importaifr instance,

setting counterterms to zero in a one-loop calculation one

gets a=0.21+0.04 GeV? using g=0.59; for details see MGH = 1
Appendix B of[36]). For the Wilson coefficienta; we take B3 V2mp
1.26 anda,= —0.47[31]. We present the numerical results

1 1
Mp+2A% 1272

1
Bt

me

1 1
(Mp+2A*%) 1272

l) 1 1

2
ae"gJa + —|—
1€ (B Me/ mp+2A% 1272

for the one loop amplitudes in Table I. X{VusVed l2(mg ,mp+Ag) +15(my)]
In the determination ob* —Dyy andB* —Byy a siz- .
able contribution fromg-like electromagnetic termd4) has +ViaVed lo(my ,mp+Ag) +15(my)1}, (27

been found27]. Therefore we have to investigate their effect
in the D°— yy decay amplitude. The considerations of Eq.
(14) give us additional diagrams which are given in Figs. 4 G¢

and 5, where thg3 vertex is indicated by®. The nonzero Mfgf[?: a,e°ga
parity violating parts of the one-loop diagrams containig V2mp
coupling are(Fig. 5

1
Bt

me

1 l
mD+2A* 677

1
X VusV:s[E I1(my) + (Mp+Ag) Gg(my ,mp

1 1 1 m
M =ym —a e ga( ) -
PLt Me/ (mp+2A%) 1672 3 .
+As,— mD/z) +VudVeq El 1(Mz) +(mp+Ag)
X[VysVeGs(my ,mp+AT , —mp/2)
+VudVeGa(my, ,mp+Ag , —mp/2)], (23 X Gg(m,,,Mp+Aq,— Mp/2) ] (29)
Mﬂ 1 ,// ----- \‘ Mﬁ.2 I/ - ~\\‘ Mﬁ 3 -
00 N / 0o N p SN
NP > 2@ 5
§ ? § ; g FIG. 5. The diagrams that give nonzero am-
g plitudes with oneB-like coupling.
Mp.a _g\ Mpss JIUEEN .- Mg IO .
DO /” ) \\| DO l// \\| DO I/I/ \‘
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TABLE Il. Table of nonzero contributions of the amplitudes cays. For instance, one can use the recently deternfified

coming from the diagrams wit3 coupling(Fig. 5. In the last line
the sums of the contributions are presented. Wegis@.3 GeV 1,
m.=1.4 GeV.

Diag. M7 (107 GeV) M{T)(1071° GeVv Y
B.1 0 ~2.69
B.2 0 2.69
B.3 0 2.11
B.4 0.88 -0.007
B.5 0 0.51
B.6 -2.88 -0.52
RIS —2.00 2.09
Gy 2\ 1
MG = a,e’gal — +—)
B8~ Famg 1€ 9 Pt e 2am2
XAV VE—————————[ 1 (mg ,mp+Ag)
[ us cst+2(AS_A§)[ 2( K D S
—la(myg,mp/2 +A%) [+ VugVi -
' S my 4 2(Ag— AY)
X[1o(my mp+Ag)—lp(m,, mp/2 +A§)]],
(29)
Gy 2\ 1
MG = a,e? - —)
N T P o) 222
(Mp/2+A¥)
X Vusvgs - = :
(Mp/2+Ag—A¥)

X Ga( My ,mp/2 + A%, —mp/2)

(mD+As)
(Mp/2+Ag—A¥)

Gg(mK ,mD+AS,_mD/2)

(Mp/2+A%)
(Mp/2+Ag—A%)

+VydVed

X Gg(m,,mp/2 +A% ,—mp/2)

(mp+Ag)
(mp/2+A4— 3)

Gs(m, ,mp+Ay,—mp/2)

|

(30

The amplitudes withB coupling are not finite and have to be

regularized. We use the modified minimal subtractibTSQ
prescriptionA=1 as in[26] (note that in[25] A=0 was
used. We takeu=1 GeV=A, as in[26].

In order to obtain the value o8 we use the available
experimental data fronD**—D"'y and D*°—D%y de-

decay width'(D* *)=96+4~+22 keV [37] together with
the branching rati®d(D* * —D ¥ y)=(1.6+0.4)% [34]. At
tree level one has

F(D*+—>D+’y)_

e (21 1
T 127

2
3
EE_@B) k3, (31

with k, = (mp+/2)(1—m3/mZ,) the momentum of the out-
going photon. Using the experimental data amg=1.4 GeV
one arrives at3=2.9+0.4 GeV !, where the errors reflect
the experimental errors.

On the other hand one can also use the ratio of partial
decay widths in theD*? systemI'(D*°—D%y):T'(D*°
—D%%) =(38.1+2.9):(61.9-2.9), where the experimental
errors are considerably smaller than in the previous case. At
tree level one has

I'(D*°-D%) e k3 12xf2(2 2 12
- = 7 =B+=-—
I(D*°—D%% 12m k3 g2 \37 3my)’

(32

with k,, andk, the momenta of the outgoing photon and the
pion, respectively. Usingn.=1.4 GeV, g=0.59, f=f_
=132 MeV, one arrives at8=2.3+0.2 GeV !, where er-
rors quoted again reflect experimental errors only. The
couplings coming from fronD* * [Eq. (31)] andD*° [Eq.
(32)] are in fair agreement, but not equal. This signals that
other contributions coming from chiral loops and higher or-
der terms that would alter our determination ®fmight be
important. Since the contribution of chiral loops EgD* *
—D"y) is approximately 50%, while fob*°—D°y it is
about 20%]26], we use in our numerical calculations the
value of 3=2.3 GeV ! obtained fromI'(D*°—D%y). Re-
sults are shown in Table Il using=2.3 GeV ! and m,
=1.4 GeV. Inspection of Tables | and Il reveals that for the
real parts of the amplitudes the contributions of Figs. 2,3 and
of Fig. 5 are comparable in size. However, the decay rate is
dominated by the contribution of the imaginary part of the
parity violating amplitude, which arises from the one-loop
diagrams of Fig. 2. For the parity conserving amplitude, the
contributions of SD, anomaly, ang-like terms are compa-
rable in magnitude.

Due to the suppression af, in comparison ta,, we do
not include diagrams proportional & in the calculation of
terms with 3.

Using short distance contributions, the finite one-loop dia-
grams and the anomaly parts of the amplitudgsown in
Figs. 2 and 3 and with numerical values of the amplitudes as
listed in Table ), one obtains

There is also a solution of E¢31) 8=0.09+04 GeV ! which,
however, does not agree with the determinationBofrom D*°
decay.

2The other solution isB=—3.6+0.2 GeV ! which does not
agree withD** data.
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B(D%—yy)=1.0x10"&. (33 (35 could be a signal for the type of new physics that leads
to sizable enhancemef80] of the short distance—uy
This result is slightly changed when one takes into accountransition.
the terms dependent of [Eq. (14)]. The branching ratio
obtained when we sum all contributions is ACKNOWLEDGMENTS

B(D%— yy)=0.95x 10" 8. (34) The research of S.F. and J.Z. was supported in part by the
Ministry of Education, Science and Sport of the Republic of
By varying 8 within 1 GeV < g<5 GeV ! and keep- Slovenia. The regearch of P.S. was supported _in part by the
ing g=0.59+ 0.08, the branching ratio is changed by at most-und for Promotion of Research at.the Technion. P.S. also
10%. On the other hand, one has to keep in mind that th@_c:know!edges a helgful communication from Professor Igna-
loop contributions involving beta are not finite and have to€'© Bediaga on th&®"— 2y decay.

be regulated. We have used thS scheme, with the diver-
gent parts being absorbed by counterterms. The size of these APPENDIX: LIST OF CHIRAL LOOP INTEGRALS

is not known, so they might influence the error in our pre- a6 e list dimensionally regularized integrals needed in

diction of the branching ratio. Note also that changi®g o auation ofvPT and HGPT one-loop araphs shown in
would affect the predicted branching ratio. For instance, ifFig. 5 X & P grap

the chiral corrections do decrease the value dify 30% this
would decrease the predicted branching ratio down to 0.5 d*<q 1
" f

X 10 8. I (M), (A1)

(2m)* € P—m? 1672
q

IV. SUMMARY
d* <q 1 1 1

We have presented here a detailed calculation of the decay, « KIZ(m’A)’

amplitudeD°— yy, which includes short distance and long 2m)4 € (g?-m?)(q-v—A) 1672
distance contributions, by making use of the theoretical tool (A2)
of the heavy quark chiral perturbation theory Lagrangian. .

Within this framework, the leading contributions are found toWith
arise from the charged andK mesons running in the chiral
loops, and are of orde®(p?). These terms are finite and Il(m)=mzln(m—
contribute only to the parity violating part of the amplitude. w?
The inclusion of terms of higher order in the chiral expan-

sion is unfortunately plagued by the uncertainty caused by

the lack of knowledge of the counterterms. As to the parity |,(m,A)=—2A%In
conserving part of the decay, it is given by terms coming

from the short distance contribution, the anomaly, and from

loop terms containing the beta coupling, the latter givin — . e .
P ning Hping am gWhereA=2/e— v+In(4m)+1 (in calculationA=1), while

most of the amplitude. The size of this part of the amplitude X . .
is approximately one order of magnitude smaller than the (X) iS the function calculated by Stewart 6], valid for

parity violating amplitude, thus contributing less than 20% to'€9ative and positive values of the argument
the decay rate. Therefore, our calculation predicts that the

2
—m?A, (A3)

2
m
— | —4A%F
o

m

+2A%(1+A),

(A4)

D— 2y decay is mostly a parity violating transition. V1= T e 2 IX|=1

In addition to the uncertainties we have mentioned, there 1 X 2 J1=x2) ' '
is the question of the suitability of the chiral expansion for ;) =1
the energy involved in this process; the size of the uncer- X In(x+ VX2—1), Ix|=1.
tainty related to this is difficult to estimate. Altogether, our X
estimate is that the total uncertainty is not larger than 50%. (AS5)
gccordlngly, we conclude that the predicted branching ratlo_l_he other integrals needed afer k?=0)

B(D%— yy)=(1.0+0.5x 108, (35) if dq 1
(2m)* (¢°—m?)[(q+k)*~m?](q-v—A)

That this result is reasonable can be deduced also from a
comparison with the calculated decay ratesBd— p(w)y, 1 1
which are found to be expected with a branching ratio of - 1672 v._kGO(m'A'v’k)’ (AB)
approximately 10° [6,7,13.

We look forward to experimental attempts at detecting Go(M,A,v-K)=h?(m,A)—h2(m,A+uv k)
this decay. Our result suggests that the observatiol of o ’ '
— 2y at a rate that is an order of magnitude larger than Eq. —a[h(m,A)—h(m,A+v-k)],
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where m?2

1
Gg(m,A,U~k)=meo(m,A,U'k)—m[lz(m,A)
A SIA v-k
arcta W, |m| | |, —|2(m,A+v'k)]+A+7, (A9a)
h(m,A)=
i m T ml<|A| Gu(mA0 K= | = | (mA+o.k
||nm +sgr{A)E, m ) smAyv- )_U'k 2(A+v-K) o(m, v-k)
(A7)
—Gz(m,A,v-K) |, (A9b)
and 1 1
G5(m,A,u.k)=ﬁ[—ENO(m,O)+AGZ(m,A,v~k)
. f d*"<q g9“q”
| €
M (277)4—5 (q2—m2)[(q+k)2—mz](q-v—A) _G4(m,A+U'k)} (A9C)
= 224 kKY+ (kY + k#*pY K= — — .
16772[9 G3(m,A,v-k)+ (v*K"+k*v") Gg(Mm,A,v-k) 2U_k[lz(m,A) I,(mA+v-k)],
(A9d)
X Gyu(m,A,v-K)+k*k?’Gs(m,A,v - k) ) ) . o
wherel,(m,A) is defined in Eq(A2) andNgy(m,k?) in Eq.
+uH0"Gg(Mm,Av-K)], (A8)  (Al4).
In calculation we also need several other integrals that
have been calculated for the calsf+ks=mpv*, ki=k3
with :0, v~k1=v-k2=(mD/2):
|
[ f d'q ! Go(m,A,mp) (A10)
| = m! 1m ’
(2m)* [(q+ky)2—mI[(q—k)2—m?](q-u—A) 16m2 i
i f d'q ! Mo(m,A,mp) (A11)
I = m,A,Mp),
(2m)* [(q+ky)?— MI[(q—kp)2—MZ)(P—m?)(q-v—A) 1677 i
|
where . A—mp/2—im?—(A—mp/2)?—ié
I 2 iV (A a2 —Te
ao(m,A,mD) mp Ivme—( mp i
A+ivmP—A®—is
2 T ) mp\2 | +iwin - - ], (AL13)
= Amp E_h(maA_mD/Z) m'—|A=-—-| —ié —A+iJym?—AZ=is
T Mp 2 . s e . . e
—|=—h(mA+mp/2) m’—|A+—| —ié with 6>0 an infinitesimal positive parameter.
2 2 The chiral loops needed are
2
mp .
—2h(m, mD/2)\/m2———|5), (A12)
4 d4feq 1 \ ( kz)
€ = m1 1
. (2m)* < (P—mA)[(q+k)>—m?] 1677
Mo(m,A,mp)

No(m,k?) = —A+1—H(K¥m?)+Injm% u?|, (Al14)

= AnE [ —2h?(m,mp/2) —2h*(m,A)
+h?(m,A—mp/2) +h?(m,A+mp/2) where
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1
2(1—\/4/a—1arcta76ﬁ ) 0<a<4,
a_
H(a)= (A15)
Vi—4/a+1
1-Jl1-4/a z{In|——-170(a—4 otherwise,
( [ a1 mo@d
and fork?=k3=
) d* <q a“q” K&KY + k5 kS
IMEJ d—e 22 2_ 2 2_ o1 2 gMVMZ(m’kl'kZ)_%
(2m)" € (q°=m9)[(q+ky)“—m7][(q+ky)“—m?] 16w 1°%2
ki'ky+kiks
><M3(m,k1~k2)—TM4(m,k1-k2) s (A16)
1°R2
with
M kk—llKlm2 1|_ L 1—+ ! Al7
Z(m’l'Z)_EE_nP +5 iy \/_+|2 _\/_+—arctanT, (Al73
1 1
Ma(mky-kz) =5 J arctan T —-1], (A17b)
(m,Ky-ky) = it Li 2 +Li 2 (A170)
m, iy —— i ——] |, C
4 1°R2 4 2a 2 1+\/— 2 1_\/—

where we have abbreviatet= 2k, -k,/m? andy = \1+2m?/k;-k,, while Li,(x) is a polylogarithmic function.
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