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We point out that the decay moda®—K°K® has no factorizable contribution. In chiral perturbation
language, treatin@® as heavy, thed(p) contribution is zero. We calculate the nonfactorizable chiral loop
contributions of orde®(p®). Then, we use a heavy-light type chiral quark model to calculate nonfactorizable
tree level terms, also of orde(p®), proportional to the gluon condensat.priori, chiral loops are not
expected to give good precision because the energy release in this decay is almost 800 MeV. Still, we find that
both the chiral loops and the gluon condensate contributions are of the same order of magnitude as the
experimental amplitude.
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[. INTRODUCTION For example, a naive application of factorization in charm
decays leads to rates for thg’— 7°K®, D°— #%#°% DO
The decay mechanism of the weak nonleptddfcdecays —K*K™, D= a7~ decays which are too strongly sup-
has motivated numerous studies-10]. For nonleptonic de- pressed. Moreover, and this is the important point of this

cays ofD mesons, as well as fd¢’'s andB's, the so-called paper, inD°—KK®, the factorization misses completely,
factorizationhypothesis has been commonly used. For non-

: . : redicting a vanishing branching ratio, in contrast with the
leptonic decays, the effective Lagrangian at the quark leveixperim(gntal situatior? 9
has the form :

To see this, note that at tree level tB8—K°K° decay
might occur due to two annihilation diagrani&] which

'CW:Z CiQi, @ could potentially create th&°K° state. However, they can-
cel each other by the Glashow-lliopoulos-MaiaftIM)
where the coefficient€; contain all the short distance elec- mechanism. Moreover, in the factorization limit, the ampli-
troweak and QCD effects to a certain order in perturbatiorfude is proportional to
theory, and theQ,;’s are quark operators. Typically, these o
quark operators are products (@seuddscalar or vector cur- (KOKO|V,,|0)(0|A¥|D% = (pyxo—pko) . fops=0. (3)
rentsQ=j(1)j(2). Then, for a nonleptonic decayl —M,
+ M,, the factorization hypothesiglso called vacuum satu- In many of the studiese.g.,[2-5,7) this decay has been
ration approximationgives prescriptions of the form understood as a result of final state interacti(fS|). In the
analysis of Ref.[2] the rescattering mechanism included
(MM QIM)—(My4[j(1)[0)(M;j(2)[M). (2 K*K™ and#* = states leading to a branching raBgD°

The factorization hypothesis are known to fail badly for non-_’KOKO)= 2B(D"—K™K"). Ié(perlmental data on the
leptonicK decayg11—13. On the other hand, there are cer- other hand ar¢16] B(D°—K°K% =(6.5+1.8)x 10 * and
tain heavy hadron weak decays where factorization mighB(D°—K*K™)=(4.25+0.16)x10"°. A recent investiga-
apply. Recently, the understanding of factorization for exclution of the D°—K°K® decay mode performed i8] has
sive nonleptonic decays & mesons in terms of QCD in the focused on thes channel and thé channel one particle ex-
heavy quark limit has been considerably improyéd]. In  change contributions. The channel contribution has been
this paper we will discuss nonfactorizable terms Brde-  taken into account through the poorly known scalar meson
cays, in particular for the decay modz®—K°K®. Addi- fo(1710) and was found to be very small, while the one
tional motivation to consider this decay mode comes fromparticle t exchanges yielded higher contributions, with the
the very recent experimental res[d5] for the CP violating ~ Pion exchange being the highest. In the approacf8pthe
asymmetry inD%—K K. D%— KK was realized through the scalar glueball or glue-
Even though the factorization hypothesis might work rea-ich scalar meson.
sonably well if one is interested in an order of magnitude The second instructive case concerning the factorization
estimate, it does not reproduce experimental data completelitypothesis is offered by the analyses of nonleptéhineson
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decays. Namely, it is well known that factorization does notapproaches, which combine heavy quark effective theory and
work in nonleptonick decays. Among many approaches thechiral Lagrangian, the light resonances are treated within
chiral quark model QM) [17] was shown to be able to hidden gauge symmetrisee, e.g.[23]), which is not com-
accommodate the intriguingl = 1/2 rule inK— 77 decays, patible with chiral perturbation theory. Even if the light reso-
as well asCP violating parameters, by systematic involve- Nances were included in the QM Lagrangian, one would
ment of the soft gluon emission forming gluon condensatedace the problem of determining their couplings to the rest of
and chiral loops a®(p*) order[12]. In the yQM [18], the heavy _and light states. The poorly knpwn s_calar resonances
light quarks (1,d,s) couple to the would-be Goldstone octet Would introduce a rather large uncertaifiy. Right now, the
mesons K, , ) in a chiral invariant way, such that all ef- consistent calculation of this or higher order_s does not seem
fects are, in principle, calculable in terms of physical quan-o be possible. Still, the amplitude &°— K°K® calculated
tities and a few model dependent parameters, namely thaithin the framework ofO(p®) turns out to be of the same
quark condensate, the gluon condensate, and the constituentler of magnitude as the experimental result. Note that we
quark masg§12,17,19. Also in “generalized factorization,” have omitted Ihg terms in the framework of HQEFT.
it was shown[13] that the inclusion of gluon condensates is  Our paper is organized as follows: In Sec. Il we write
important in order to understand thel =1/2 rule for K down the basic Lagrangians including the weak Lagrangian
— 2 decays. at quark levelwith special emphasis on the terms giving rise
As the yQM approach successfully indicated the mainto the nonfactorizable gluon condensate contribudioas
mechanisms irK — 77 decays, it seems worthwhile to in- well as the standard strong chiral Lagrangians for the light
vestigate decays of charm mesons within a similar frameand heavy meson sectors. The chiral loop contributions to the
work. In doing this, we should strongly emphasize that onedecay amplitudes are presented in Sec. Ill. The details of the
cannota priori expect chiral perturbation theorwPT) to  heavy-light chiral quark model (HkQM) are presented in
work to a good precision in the proceBs— KK because the S€C- IV, while the bosonization of the weak quark currents is
energy release is almost 800 MeV. However, the leading cordiVen in Sec. V. The results are given in Sec. VI. Appendix A
tributions that we consider in this paper, do turn out to de-contains some details from the chiral loop integrals, Appen-
scribe data reasonably well. Moreover, in the cas®ahe- ~ dix B some details about thi2 meson decay constant, while
son decays one has to extend the ideas ofy@#/ to the Appendix C contains some loop integrals within the
sector involving a heavy quark) using the chiral symmetry HLxQM.
of light degrees of freedom as well as heavy quark symmetry
and heavy quark effective field theofffQEFT). Such ideas Il. BASIC LAGRANGIANS
have already been presented in previous paj#rs22 and
lead to the formulation of heavy-light chiral quark models  The effective weak Lagrangian at quark level relevant for
(HLXxQM). In our formulation of the HlxQM Lagrangian, p_, 7z KK is
an unknown coupling constant appears in the term that
couples t_he heavy meson to.a hegvy ar_1d a Ii.ght quark. Our EW:é[CA(QA_QC)+CB(Q(BS)_Q(Bd))]i (4)
strategy is to relate expressions involving this coupling to
physical quantities, as it is done within th&M [12]. We 2 *
perform the bosonization by integrating out the light and"NereG= 2Y2GeVyVEs, and
heavy quarks and obtain a heavy quark symmetric chiral La-

grangian involving light and heavy mesof3,24. Qa= (s y*c)(uLy,s), Qc=(dy*c)(u y,dp),
Because th&)(p) (factorizablg contribution is zero as @ — _
seen in Eq(3), we will try in this paper to approach to the Qg = (U y“c)(ALy,du), (9=s,d), 5

D%—KO9K® decay systematically t@®(p3). We do this by «
including first the nonfactorizable contributions coming from are quark operators.

the chiral loops. These are based on the weak Lagrangian Using Fierz transformations and the following relation be-
corresponding to the factorizabl®(p) terms for D° tween the generators of SU(3Ji,j,l,n are color indices
— a7 and D°—K*K~. [Note that the velocityy” running from 1 to 3 anéd is an index running over the eight

=pf/mp is considered to b&(p°) in the chiral counting gluon charges

Second, we consider the gluon condensate contributions, also 1

of O(p3) within the yQM and HLyQM framework. As al- 5ij5ln:N—5in5|j+2tﬁ1tf} , (6)
ready pointed out, the energy releaseDin-KK is p=788 ¢
MeV and hencep/A)g(for A,=1 GeV) is close to unity. The
next to leadingO(p>) terms might be almost of the same
order of magnitude compared to ofX p®) terms. However, 1 1
we expect a weak suppression of the org&A2. On the Qp= N—Q(BS)+ RS, Qc:N—Q(Bd)+ RY,

other hand, the inclusion @(p°®) order in this framework is ¢ ¢

not straightforward. Before doing loop calculations at that

order, one has to find a reliable framework to include light QW= iQ +R Q(d):iQ +R 7
resonances likg, K*, a,(980), fo(975), etc. In the present BN AT A RBN e e

one obtains
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where theR'’s correspond to a color exchange between twowhere iD4 H,=id"*H,—HyV§,, the trace (Tr) runs over

currents and is genuinely nonfactorizable,
Ra=2(s_ 717, (U t*y,8),
Re=2(dy y“t%cy) (u t*y,dy),

R =2(u,y*t%c,)(q.t?y,q), (g=s,d). (8)

Dirac indices. Note that in Eq13) and the rest of this sec-
tion a andb areflavor indices.

The vector and axial vector fieldg, and.A, in Eq. (13)
are given by
: to ot _! t_ gt
5(£0,6'+ 60,8, A,=5(60,6"-¢'9,6),

Vi
(14)

The operators can be written in terms of currents: forwhere&é= exp(®/f). The heavy meson field,, contains a

instance,
QP-Qi=3i4. RP-RP=207747, (9
where

Jf=u iy, jit=sittyts —[s—d]. (10)

spin zero and spin one boson,

HvaE P+(Pua‘y#_ip5375)! (15)

Hya=7(Hya) TY0=[P L y*—iPL ys1P.
(16)

with P..= (1= y*v,)/2 being the projection operators. The

The currents without color index are given by the corre-field Ps(Pl) annihilategcreates a pseudoscalar meson with

sponding expressions by removing the color matrix.

a heavy quark having velocity and similar for spin one

The factorization approach amounts to writing the cur-Mesons.

rentsJ;, j in terms of hadror(in our case mesorfields
only, so that the operat@gs)— Q(Bd) in Eq.(9) is equal to the
product of two meson currents. The color currents in @y.

are then zero if hadronize@mesons are color singlet ob-
jects. There is also a replacement of the Wilson coefficient

in the hadronized effective weak Lagrangiegg—ca (1

+1/N.). Combining heavy quark symmetry and chiral sym-
metry of the light sector, we can obtain the weak chiral La-

For a decaying heavy quark, the weak current is given by

JA=0a7'LQ, (17)

whereL =(1-vy5)/2 andQ is the heavy quark field in the

SfuII theory, in our case & quark, andq is the light quark

field. [For flavora=u, this is the currenﬂ; in Eq. (9).]
From symmetry grounds, the heavy-light weak current is
to O(p®) bosonized in the following way24],

grangian for nonleptoni® meson decays due to factorizable
terms. Then we can first use this to calculate nonfactorizable
contributions due to chiral loops. Second, we can calculate

the color currents’ contribution using the gluon condensat(;Nhere a is related to the physical decay constafiaf

within th_e framewqu of the HKQM. through the well known matrix element
Treating the light pseudoscalar mesons as pseudo-

Goldstone bosons one obtains the us@gp?) chiral La-
grangian

I=3anTi Y'LH,pél ], (18)

(0]luy*ysc|D%) = —2(0|J5 D% =impu fp. (19

(2 r2g Note that the currentl8) is O(p°) in the chiral counting.
LE=Ft(#3, 3N+ M+ M3, 11
I1l. CHIRAL LOOP CONTRIBUTIONS

where 3, = exp(Ad/f) with @:zj)\iwi/ﬁ containing the In the factorization limit there are no contributions to
Goldstone bosong,K, 5, while the trace (tr) runs over fla- D°—K°K? at tree level. The observation of a partial decay
vor indices andM,=diag(m,,my.m) is the current quark \yidth B(D—K°K?) =(6.5+1.8)x10"* on the other hand
mass matrix. From this Lagrangian, we can deduce the lighinplies that we can expect sizable contributions at the one
weak current taO(p): loop level. Calculations to one loop in the framework of
combined chiral perturbation theory and HQEFT involves a
construction of the most general effective Lagrangian that
has the correct symmetry properties in order to make the
renormalization work. We discuss constructions of counter-

corresponding to the quark curreft=q, y,A*q, . [\¥isa  terms in the end of Sec. V. 3 o .
SU(3) flavor matrix] We work strictly in the modified minimal subtraction

In the heavy meson sector interacting with light mesondMS) renormalization scheme, where we pivt= 2/e—

f2
Ju=—ig (2, 52M), (12)

we have the following lowest ordeP(p) chiral Lagrangian

L) =—Tr(Hyaiv-DapHyp) —gTr(H,aHyp v, A ﬁay5>(. )
13

+ In(4m)+1 equal to one in the loop calculations. This

choice,A =1, determines the appropriate renormalization of
couplings in theO(p®) effective Lagrangian and is the same
as made by Stewart {i25], while it differs from the one used
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0 \ / 0 / \ 0 \ /
L A = SQ‘/ L 7\ l & 1 = 8®\"
Ve el Ve o) ™ w0y _ _
FIG. 1. Diagrams that give
K+(n*) K+(n%) RN PN zero contribution since the rel-
P L, it ] it i evant vertices appearing in the
p* AY DY/ N Do . A DY\ S heavy meson chiral Lagrangian
=% i P i =30 9% (13) are zero. The double line rep-
!_ . Y Y_ . Y Y_ Y Zo( 50 Y_ Y - resents heavy mesoB or D*,
KK KYK%  KY%K9) KYK% KYK?) K(KT) KK KYK) while dashed lines denote pseudo
Goldstone bosons.
D/ N 0/ D/ X
' g0 ‘oY (KO ' Y ¢0 Y ! 0

by authors of Ref[23], who useA=0. We consider only wherep is theK°(K?) three-momentum in thB° rest frame

contributions coming from the, part of the weak Lagrang-

ian ascg is suppressed comparedag [26]. p=3 \/m2D—4mﬁ. (22
Writing down the most general one loop graphs with two

outgoing Goldstone boson&? and KO) one arrives at 26 1he nonzero amplitudes corresponding to the graphs in Fig.

Feynman diagrams. A number of these give zero contribu? '€
tions and are shown on Figs. 1-3, while the graphs that do 13

o
contribute toD°—K°K® decay are shown on Fig. 4. Note Fi+F,+Fg= 9 2“ Z[Ag‘]l(mvaz;)
that factorizable loops which renormalize vertices are omit-
ted (they do appear, however, in the loop determination of

the oy coupling related tdp. See Appendix B. —Ag5di(me,A9)], (23
To shorten the notation, the common factors in $ma-
trix have been organized such that the amplitude is written ay m
Fa=— 3f2 2 {(mD ZmK)[NO(mW!mD)
- F
M(DOHKOKO)——TCAV VE— o2 VM, (20) —No(my ,m3)1+m3[Ny(m,,m3)

= Na(my ,m5) ]+ [Ng(m,,m3)
whereF=2XF, is the sum of the amplitudes corresponding

2 2 2 2
to the graphs on Figs. 1-4. The partial decay width for the —N3(my ,mp) ] — (M7 —mi)No(m, ,mp)},

decayD®— KK is then (24)
2 2
_ F o |F| aymp 7
I'po_koko=5— %CM us cs|2(8772)2 (21 Fst+Fe= T 2l 1(Ma) = 11(mg)], (25)
ll’ \\ T S
= ; e AN
DO ‘\\ /f’ DO '/ \‘
=ﬁ\®’ =]\®®
0 ,/ \\ 0 I\ _ FIG. 2. Diagrams that give
K K K ' Ko zero contributions since the loop
integrals are zero. The double line
K*(nt) K*(at) Kt(nT) represents heavy mes@nor D*,
o P E P while dashed lines denote pseudo
7 RN i \ i N\ Goldstone bosons.
DO / Y D° ! \ Do ! \
0 = Y 0 > 1 Y Y Y el 0
K°(K?) KO(KO) K9(K%) K_’O(KO) KO(KO) K%K?)
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K% . , KO
Fy) \\ / Fy) Fu)
TN T 7T ~ FIG. 3. Power suppressed dia-
7 N\ o \ 0o / A grams (neglected in the calcula-
—"——QQ D=II\,=®® D$'=.=®)Q tion).
D° AN Y v
K° ' KO KY(K% ' K%K
ay [~ 5 5 preferred by a recent determination B * decay width
F7t+Fg=—4 AglJa(mk,Ag) +Ja(Mi,Ag) ] [27]). The amplitudes corresponding to diagrams on Figs. 1,2
a4f are zero due to symmetry reasdbgcause there are no such
~ ~ ~ couplings in the heavy sector chiral Lagrangias), or be-
—AdJi(mz A9+ Ip(m7 A ] cause of Lorentz covariangevhile the amplitude§q, F1g,
A A andF,; shown on Fig. 3 are power suppressed. An analysis
+ mDrdlz(mK ,Zd)_mD~_5|2(mst) of the loop integrals leads to the conclusion tHas
Aa As ~9(a/mp)?F4, F1o~9(a/Mp)Fy, and Fiy~g(@/mp)Fy,
m m whereq is a typical loop momentum less tham,/2, so the
+fl1(mK) - fll(mw). , (26)  suppression need not be substantial. However, a direct evalu-

d s

where Ag*)=mD((;)—mDo and A,;=mp/2+ A, for q=d,s.

Note thatZq are of the ordemp/2, a consequence of rela-
tively high momenta flowing in the loops of grapks,Fg.
The functions 1(m), I,(m,A), J{(m,A), J,(m,A),
No(m,k?), Np(m,k?), N3(m,k?) appearing in the ampli-
tudes(24—-27 can be found in Appendix A.

It should be noted that in Eq$23)—(26) all the expres-
sions vanish in the exact %8 limit, where m¢—m, and

As—Ay, Ag—Ry. This shows explicitly that theD°
—K°K° decay mode is a manifestation of &Y breaking
effects[as already noted by H. Lipkif¢], if U symmetry is
exact, therl’(D°—K°K°) =0].

ation of the amplitudd~,, shows that it is about 2010)
times smaller thafkr, if one usegy=0.27 (Q=0.57). There-
fore, in our numerical calculation we neglect contributions of
Fgq, F19, andF;. In Fig. 5 we show the graphs férg and

F, with momentum routing.

IV. A HEAVY-LIGHT CHIRAL QUARK MODEL  (HL xyQM)

The nonfactorizable contributions @°—K°K° coming
from the chiral loop correction at the meson level obtained in
the previous section are not the only contribution€{g>?).

In the effective weak Lagrangiaf®) there are, after Fierz
transformations, terms that involve color currefdse Egs.
(9),(10)]. As mesons are color singlet objects, the product of
color currents does not contribute at meson level in the fac-

The amplitudes shown on Figs. 1-3 are either exactlytorization limit. However, at quark level they do contribute

zero or are suppressed by powers ahd/andg (we present
results for the valuegg=0.27 [25] and the valueg=0.57

through the gluon condensate as will be shown in the next
section. In order to estimate this contribution we have to

F) F) F3) K* ()

pTTT ~ LTI 4"4~‘\
Il' \‘ ,/' \‘ l,’ \\\
;—‘——Qlé\ /=.’x\é "=I®t‘@\

DO I, \\ DO I/ \\ DO 0717 I, \\ 7 0
K' RO K9 Ko K(K?) KY(K?)
K . . KO
"%
Fy) e ) .
! 3 / 3 FIG. 4. The nonzero diagrams
[} / [ 1 —
Do\ 7 Do\ ’ in D°—K°K° decay.
=R =‘&®:’
SN
K KO0
K*(m*)
F6) ,,,,, . F7) K+(7I'+) Fs) K+(1T+)
," A e S o AT
v N RN
5N / Do ,'I N p° 7 \“
H\ . Q" =:=Q® =:=®?
o 7 Y \ Y
0 ’ A 0 — 4 — — _
KD © D) KORY) T RUKY) T KYRY) KK
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a) KO | . KO b) K° . . K°
\ / g FIG. 5. The momenta flowing
\N 7 P ~ . .
g-8 _-¥~._ g+ P \\ in the graphs corresponding (a)
/ \ -z ’ }q + B2 power suppressedrq amplitude
/ \ Y . and (b) the leading contribution
D \ D* ‘ F, amplitude
. @@ =®®” 4 p )
g+t

establish the connection between the underlying quark-gluohagrangian(11) can be obtained by integrating out the con-
dynamics and the meson level picture. This is done througltituent quark fieldsy. This is thebosonizationto be dis-

the use of a heavy-light chiral quark model. cussed in more detail in the next section.
Our starting point is the following Lagrangian containing  Similarly, a left-handed current can be written* is a
both quark and meson fields: SU(3) flavor matrix|
EZ‘CHQ+£XQM+‘C|FII ' (27) E_’y’u)\qu:;L'y’quxL y AXE gT)\xf (33)
where

By coupling the fields4,, ,My"*, A* to quark loops, the chi-
ral Lagrangians of the weak sector can be obtained.
In the heavy-light case, the generalization of the meson-

is the Lagrangian for heavy quark effective field thefzg]. ~ duark interactions in the pure light sectpQM is given by
The heavy quark fieldQ, annihilates a heavy quark with the following SU(3), invariant Lagrangiaf20-22,29:
velocityv and massng . D, is the covariant derivative con- B — = —

taining the gluon field. The light quark sector is described by Line=~GulxtH,1Q, + Q,Hyx¢l, (34)
the chiral quark modelxQM),

Lio=Q,iv-DQ,+0O(mg") (28)

where Gy is a coupling constant which is related through
—. — — bosonizations to physical quantities likg, andg appearing
_ _ _ t
Lyom=a(iy*D,— Mg)q—m (dgZ'q + 9 20R), 29 in Egs.(13) and(18), as well asf,, andm, . (See Appendix
C.)
where q=(u,d,s) are the light quark fields. The left- and ~ Within HQEFT the heavy-light weak current in ECL7)
SU(3), and SU(3}, respectivelyMy is the current quark the following way[28]:
mass matrix, and is a 3 by 3matrix containing théwould N — .+ — 4
be) Goldstone octet#,K, 5), appearing already in Eq11). Ja=Co(1) Xpépay ' LQy+C\ (1) Xpépat"LQ, .  (35)
The quantitym is interpreted as thESU(3)-invariani con- - .
stituent quark )Fnass for light quarks, expected to appear du h$re che ?Oeﬁﬁ'emgﬁv are detfermlie/(\j byCQEEl) ren(;)r—
to the chiral symmetry breakdown at a scale~ 1 GeV. malization forp=me. FOWEVEr, Toru=a,, ,=1 an
The yQM has a “rotated version” with flavor rotated C,=0. The bosonization of E435) will lead to Eq.(18) by

quark fieldsy given by using Eq.(34).
xi=&a, xr=£&qr, ££=3. (30) V. BOSONIZATION

In the rotated version, the chiral interactions are rotated into "€ Lagrangiar(27) from the previous section can now

the kinetic term while the interaction terfproportional to P& used for bosonization, i.e., we integrate out the quark
m, in Eq. (29 and responsible for the-quark couplingl fields. This can be done in the path integral formalism, or as

becomes a puré&onstituent mass term we do here, by expanding in terms of Feynman diagrams.
For instance, the lowest ordékinetic) chiral Lagrangian

(11) in the light sector(involving 7,K, 's) can be obtained
(31) by coupling two axial fields to a quark loop using the La-

grangian in Eq(31),
andl\~/lq defines the rotated version of the current mass term

Lom=x[Y“(iD ,+V,+ vsA,)—m Ix— xMgx,

d’p
~ ~ ~ ~ ~ i3 K,n)=—N j_T g
qugTngTRJrgMgngMﬁmM;Lzmg+mgy53,2) 1L (m K, m) °J (2 (7 7sA%)S(P)

, . o X(7,75AP)S(p) ]~ [ A, A¥], (36)
where L=(1-v5)/2 is the left-handed projector in Dirac
space, andR is the corresponding right handed projector. Thewhere S(p) =(y- p—mX)*l, and the trace is both in flavor
Lagrangian(31) is manifestly invariant under the unbroken and Dirac spaces. This is the standard form of the lowest
symmetry SU(3y (if M is formally chosen to transform as order chiral Lagrangiari11), which can easily be seen by
2). In the light sector, the various pieces of the strong chiralusing the relations
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'YuL
Ag

YuLt®

FIG. 6. Feynman diagram for bosonization of the left-handed
current to ordeiO(p).

As

1 1 FIG. 7. Diagram for bosonization of the color current@p?).
A== 5 80,30 E= 560,58 (3D
stant. Moreovera,b are color octet indices. Summing all six
diagrams with permutated vertices compared to the one in

Similarly one obtains the lowest ord€?(p) strong chiral Fig. 7 we obtain in total

Lagrangian(13) in the heavy sector .
Let us now consider the bosonization of the pure light g 1
weak curren)}. The lowest order ten@(p) is obtained when jx,a(Gb,A,Mq)z ﬁ —zGa’K}‘[i%me?'pﬂL(77,“<77px
the vertexA” from Eq. (33) and axial vertex {-.A,) from x 167
Eg. (31) are combined with quark loogsee Fig. ,
q q F( g - 7’/,/,)\ npK)TgvP]’ (41)

dd .
j),i(A)= _iNCJ' 5 p)dTI’[(‘yMLAX)S(p)(‘y,,%A“)S(p)] \[/éhlaa)re(we have used the analytical computer progroRM
v ’

~ [ AXA,]. (39) TP=487-3(S,+S}), Ty =S, — S5 (42
This coincides with Eq(12) when Eq.(37) is used. The S's are chiral Lagrangian terms:
To obtain a nonzero nonfactorizable contribution8 1
—KOK? at tree level, we have to consider the color current S;=tr[AXA,Mg]= EUDX(D[)E)ME],
j’»® to O(p®), involving insertions of the “mass fields¥,
in Eq. (32). From Fig. 7, one obtains the contribution -1

Sp=t[AXMGAP]= 5t Mq(D,31)],
. oo [ d%
j WGP, A, M |Fig. D=i (ZW)dTr[(y,LLAX)S(m

1 o
Sp= ST AXAPMG+MGA?)]
X(75¥sA7)S(PIMS1(p,G")], 1

(39) = (D, 2T M 3!

where[30,12, ~3IME(D,2N)]. 43

g

S~b (b ap B Within the heavy-light sector, the weak current can be
ZGaﬁt [(T (yp+mx)+(7p+mx)a ]

bosonized to lowest ord¢(p°)] by calculating the Feyn-
man diagram shown in Fig. 8, left. The obtained result is Eq.
X(p2—m?2)~2, (40) (18 with ay related toGy (see Appendix €
The bosonization of the color current given by Eg5)
is the light quark propagator in a gluonic backgroutulfirst  with an extra color matrix? inserted and with an extra gluon
order in the gluon fiel[dand g is the strong coupling con- emitted is given by the following loop integréfFig. 8, righd:

Sl(p!Gb): -

yHL yHLt®

G

FIG. 8. Diagrams representing bosonization of heavy-light weak current. The boldface line represents the heavy quark, the solid line the
light quark.
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ddk D*—Dw and D* —Dy decays. The analysis if25] in-
J"(HUGa)fz—f dTr[(—iGHva’r)f(isl(k,Gb)) cludes chiral corrections at one loop order and yiedds
(2m) =0.27"307 5%, leaving the sign undetermined. Recently
X (y7LtY) (A, (k))], (44)  the CLEO Collaboration has announced the first measure-

ment of D** decay widthl'(D* *)=96+4+22 keV [27].
whereA (k)=P. /k-v is the heavy quark propagator. No- Using this value together with the data on branching ratios
tice that emission of a gluon from the heavy quark is supBr(D**—D%")=(67.7+0.5)% andBr(D**—D " #9)
pressed by Mg and omitted. The result can be written =(30.7+0.5)% [16] one immediately finds at tree levgl

. _ " =0.57=0.08. We present results fg=0.27 andg=0.57.
J (HvGa)f_GHgsGiﬁTr{VUL(vaT)f[IGl‘T g The larger value seems to be in better agreement with the
—il gy 0= yPv )1}, (45  results coming from different approaches listed28]. The

one loop chiral corrections also reduce the bare pion decay
wherelg, andlg, are loop integrals given in Appendix C. constant from f_=0.132 GeV to f=0.120 GeV [25],
Keeping only the pseudoscalar fighd representind>®, we  which is the value we use. In order to obtain thg cou-

find pling, we use present experimental datayleptonic de-
cays. Namely, at the tree level there is a relatfey=fp_
Jz,a(PS,Gb): gSG;'(Psz)YGa’aB[iBSSM(mBUU =ay/ymp. This relation receives 10—-20% chiral correc-
1 tions [23,32. From the experimental branching rat®
and theDg decay width[16] one getsfp =0.23
By a5~ M), (4g M s decay widthl16] one getsfp,

+0.05 GeV and taking into account chiral loop contribu-
whereB, 4 are obtained from loop integrals in E@5). Then  tions, we find ay=0.23+0.04 GeV? using g=0.27 or
we find the nonfactorizablégluon condensajecontribution,  a=0.21+0.04 GeV?? usingg=0.57 (for details see Ap-
pendix B. Note that in[23] the A=0 has been used, while
( 9 1 ) we use the stricMS prescriptionA=1 as in[25]. We put
12m, 16472 everywhereu=1 GeV=A,.
X, X, For the Wilson coefficients, g of Eq. (4) we usecy
X(G%v (BT + BTy’ 1(Pse)Y,  _ 1 10+0.05 andeg— —0.06+0.12 [26], calculated at the
(47 scaleu=1 GeV with the number of colorbl,=3. Within
the framework of “new” or “generalized” factorization,
‘where nonfactorizable effects are taken into account in a
phenomenological way, one uses the “effective valueg"
a ~a 1 _ 2 =1.26 andc§ﬁ= —0.47. However, in this paper we calculate
ClurClap 12(Mua g™ Tup M) G- “9 nonfactorizable effects in terms of chiral loops and gluon
In order to make predictions, we have to rel@q in Eq.  condensates and therefore we use the valu¢26)f Due to
(47) and the various loop integrals to physical quantities likethe suppression ofg in comparison withc,, we do not
m,, f,, anday="fp\Vmp. include terms proportional tog.* We present our numerical
It should be noted that there a@epriori other terms than results for the nonzero one chiral loop amplitudes in Table I.
the one in Eq.(47). There is one possible term where the The imaginary part of the amplitude comes from the
field M, occurring in Fig. 7 may instead be attached to thedraPh, when ther’s or theK’s in the loops are on shell. Al
light quark line in the diagram in Fig. &ight). However, Other graphs contribute only to the real part of the amplitude.
this term will not give contributions t®°—K°K°. More- _The Imaginary part Of. the amplltuo_le is scale anq SCheme
over, there isa priori a term where the fieldd, attached in mdep_endent W'th'n chiral per_tur_batlon theory_. This ampli-
Fig. 7 is instead attached to the light quark line in Fig. 8tude Is also obtaln_ed from unitarity, and is valid beyond the
(right). This term is identically zero. chiral loop expansion. We also mention that the rescattering

In the language of chiral perturbation theory, the té4T contribution, considered if2,10] is the same contribution as

: . .the one we calculate from graphs on Fig. 5.
can be interpreted as a counterterm. To be more specific, the .
In order to cancel divergences one has to construct coun-

(divergent part of thecounterterm has the Lorentz and flavor terterms. In our case, this is described at the end of Sec. V.

structure of the second line of E@7) and is multiplied with Generallv. one can do that by using the symmetry arquments

a (divergenj coefficient adjusted to cancel the loop diver- h Y fy h 9 ' ymmetry arg ¢
ences obtained in Sec. III. as has been done (134,25 for the semileptonic de_cays 0

9 heavy mesons and* decays. In the case @f* [25] it was

gsG H
1672

Len(Ddecay gz, = 2(~3cA(

where (G?) is the gluon condensate, obtained by the pre
scription

VI. RESULTS

In numerical calculation we use the valuesagf, g, and Even if the “new factorization” values had been used, taepart
f obtained within the same framewofR3,25,32-34 The  of the weak interaction would be suppressed by 1/3 compared to the
coupling g is extracted from existing experimental data onc, one.

034010-8
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TABLE |. Table of the one chiral loop amplitudésee Fig. 5,
whereM=3,M, is defined in Eq(20). The second column shows
the amplitudes calculated using=0.27 and ay=0.23 GeV??,
while the third column amplitudes have been calculated usging
=0.57 anday=0.21 GeV?2 In the last line the sum of all ampli-

PHYSICAL REVIEW D54 034010

values[12] (aG?/m)=(334 MeV)!, m,=200 MeV, and
m¢= 150 MeV, we obtain the numerical value

M(D°—KK?) 52 =0.43x 107" GeV, (52)

tudes is presented. It can be compared with the experimental result

| Mgy =3.80< 10 'GeV.

- M[X10 7GeV] (g=0.27) M;[X10 'GeV] (g=0.57)

M, -0.42 ~0.82
M, -0.31 ~0.62
M, -0.62 ~1.23
M, 0.75-2.54 0.70-2.37
M -0.81 ~0.76
Mg -0.61 ~0.57
M, ~-0.99 -0.92
Mg 0.91 0.85
=M, ~2.11-2.54 —3.37-2.37

which is also of the same order of magnitude as the chiral
loop contributions in Table .

Adding both the chiral loops and the gluon condensate
(52) contributions, we obtain the total amplitude @{p®)

g=0.27, Mp=(—1.68-2.54)x10 " GeV,

g=0.57, My=(—2.94-2.371)x10"" GeV.
(53

or in terms of branching ratio

estimated that the contribution of counterterms is not sub-  9=0.27, B(D°—K%K®),=(4.2-1.4x107*,

stantial.

To obtain theD?— K°K® amplitude due to the gluon con-
densate we have to know the coupliGg, . In addition, we
have to find the tensoiSin Egs.(42), (43) (and thereby the
T's) for K°%K? in the final state. We find to lowest order for
the parts ofT)?

S,=—Si=——(ms—my)(p+p),,
K_ 2 T
S,L—f—z(ms+md)(p—p)ﬂ, (49)

wherep andp are the momenta df° andK®, respectively.
From Eq.(46) we see that the momenta will be contracte

with v#=pH/Mp ; wherepp=p+p. It is important tha1S';L

g=0.57, B(D°—KK%),=(6.5+1.7)x 1074, (54)

where the estimated uncertainties reflect the uncertainties in
the rest of the input parameters. These results should be com-
pared with experimental datfl6] B(D°—K°K®%=(6.5
+1.8)x1074 .

Around the charm mesons mass region there are many
resonances. One might think that their contribution will ap-
pear in this decay mode, either as scalar resonance exchange
like in [3] or asK* exchange$3,7,10. Within our frame-
work they would appear as the next order contribution
(O(p®)) in the chiral expansion. This is, however, beyond
the present scope of our investigations. It is interesting to

dpoint out that the effects we calculate, both from chiral loops

and from the gluon condensate, are results of th€3stla-
vor symmetry breaking. In the limit of exact symmetry both

R ; A L
and S, have a different momentum structure than contributions will disappear.

(K°KO|V,,|0) in Eq. (3), and they will give a nonfactorizable
contribution toD°—K°K® proportional to(G?) while S
does not. Note than”’ of Egs.(41),(42),(47) do not con-
tribute. We find the gluon condensate contribution:

2 (ms_ md) ﬁ5G

0_, KOKO - _ e o>
M(D KYK )<G2> CA(GmD) mX 12NCBng,
(50
where
a Gl f2G
5GENC< s >’ p=CH
8m2f4 2ay
. 2 ﬂ-
Bg=16|77(|el—|ez)zz- (51

We can summarize that we indicate the leading nonfactor-

izable contributions td°—K°K°. Even though the use of
chiral perturbation theory in this decay mode could be ques-
tioned, the calculated chiral loops can be considered as part
of the final state interactions. In the treatment of the final
state interactions the light pseudoscalar meson exchanges
have to be present due to unitarity. Although the next to
leading O(p®) order terms might give sizable contributions

to this decay, we have demonstrated that contributions due to
the chiral loops and gluon condensates are of the same order
of magnitude as the amplitude extracted from the experimen-
tal result.

APPENDIX A: LIST OF INTEGRALS FROM CHIRAL
LOOPS

Here we list the dimensionally regularized integrals

When we take into account the various relations between theeeded for evaluation of PT and HQEFT one-loop graphs

loop integrals ('s) andGy, we find thatB=1/4. Using the

shown in Fig. 4,

034010-9
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| f M ISR AR
e = m),
Bl omae@—m 16x2°

i f d* g ! = i| m,A)
W) @m e -mPigo-a) 16228 2™
(A2)
with
m? _
I, (m=m?In —2)—m2A, (A3)
y2
2
l,(m,A)=—2A%In m —4A°F m
2 ’ - /.L2 A
+2A%(1+A), (A4)

where A =2/e— y+ In(4m)+1 (in calculationA=1), while
F(x) is the function calculated by Stewart [ia5], valid for
negative and positive values of the argument

1-x?| 1 1
- —— <
(1) ” : . 1-x2) | XI=1,
F —_— =
X Vxé—1
v In(x+Vx°—1), |x|=1.
(A5)
The other integrals needed are
. f d*"<q q*
e
(2m)* < (g°—m?)(q-v—A)
UM
= [I2(m,A)+1,(m)], (A6)

1672

_ f d* g 9“q”
|
P em s (@—m)go-1)

16772A[31(m,A)77’”+Jz(m,A)v“v "1,

(A7)
with

2 m?
Ji(mA)=| —m?+ §A2 In| —

4 m
+—(A2—m2)F<—)
W 3 A

2A21K 122 3A 2 e 4A2
—§ (+ )+§m(+ )+§m—§ s

(A8a)

PHYSICAL REVIEW &4 034010

8 m?
Jz(m,A)z(Zmz— —A2>In(—
3 2

4 m
- §(4A2—m2)F(K)

8A21K 221 3A) 224A2
+§ ( + )—§m( + )—§m +§ .
(A8Db)

The functionsl;(m,A),J,(m,A) differ from the ones in the
Boyd-Grinstein list of integral§34] by the last two terms in
Eq. (A8) that are of the order aP(m?,A?). These additional
finite terms originate from the fact that*” is 4— e dimen-
sional metric tensor.

The chiral loop integrals needed are

! fdhq . —Ngm.k)
(A = m, k<),
Pl em* e [q+i—m?(*—m?) 16a2 °
(A9)
_ f d*"<q q“
|
1 emt e [(a+kZ—m?)(q2—md)
" 2
= N, (m,k
672 1( )
1 K+ M)
=— 5 Om1 )
2 16m” (A10)
_ Jd“fq 9"’
I €
1 em e g+ kZ—m?)(q?—md)
KMk "
== N, X (m,k?) — Na(m,k?),
o2 ( ) o7 3( )
(A11)
where
. 2 2
No(m,k?)=—A+1—H —2>+In—
m %
2
—iﬂ'@( -— sign( u?), (A12)
N k2—1_72m22 21
oMK =314+ - F+ @
1- I < | m
X —5 ﬁ — 1N F
m2
+Him0| —— sign(u?) ¢, (A13)
M
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formulas are valid at the leading order imi [23,34]. Us-

1 2 1)1 e
Ns(m,kz)ZE(mz— —>A— [—(4m2—k2) 1 ing f=120 MeV, u=1 GeV, andA=1 one gets the nu-

2|3 )
merical values
1H k2 4 2+5k2+ 5 kz)
— — _ — = _— _— o
2\ 2| 3™ T T I™M G fo=—"(1+0.18-0.37?), (B2a)
VMp
m? m2 _
In|—| —im®| ——|signu?) |, ay
w? s fp = (1+0.35+0.38?). (B2b)
S mD
(A14)
To obtain theay coupling we use experimental data on
and decays ofD mesons into leptons. From the experimental
value for branching ratia3(Dg HMVS() (4.6+x1.9)x10 3
H(a) and theD decay timerp_= (0. 496" 0019 X 107 1%, one gets

fp,=0.230.05 GeV. Usmg this value argl=0.27[25] in

( 1 Eq. (B2b) we get a;=0.23+0.04 GeVP?, while for g
2 1—v4/a—1arctar< ) ,  0<a<4, =0.57 we obtaine,=0.21+0.04 Ge\?2
vala—1 From Eg. (B2a) one can also calculatd,=0.194
-y 1 M= ala+1 +0.045 GeV (p=0.17+0.04 GeV), using ay=0.23
2(1—§v1—4/a In|———=—| —i70(a—-4) ) +0.04 GeV? (ay=0.21+0.04 GeV¥?) and g=0.27 (g
1-4fa—1 =0.57). These values are in fair agreement with the recent
\ otherwise lattice resultd36].
(A15)

. ' N APPENDIX C: HEAVY-LIGHT QUARK LOOP INTEGRALS
while m? is assumed to be positive.

The integrals entering heavy quark loops like the ones in

Fig. 8 are of the form
APPENDIX B: D MESON DECAY CONSTANT

Here we list results for one-loop chiral correctionso =f d% 1 1 (C1)
P.q

meson decay constants and use them to obtain coupling (2m)% (v-k)P (k2—m?)9’
from experimental data. The one-loop chiral corrections have

been calculated i[23,34] usingxzo, while the leading logs  Performing a shift of momentum integration combined with

have been obtained already|[i82,35, Feynman parametrization, we obtain
I'(p+q)
2
ay g% [3 Roq=2P =~ K(p+q,p—1), (C2
fo= 1+ =C(Apsp,M,)+C(Ap*p,m P4 T T(p)T(q)
D \/m—D‘ 327T2f2[2 ( D*D ) ( DSD K)
where
1 1 3
+€C(AD*Dvm7;) RETIETE 5'1(mw)+|1(m|<) N
K(n, r)—f d)\J 3 . (C3
1 (2m) 9 (12—=m?—\?)"
+ =l;(m , Bl . . .
6 i ”)H (B13 One should notice that to obtain the result in EL), we
have to do the identification
ay 3¢9° { 8N G2l =1 o)
fp = 1+ 2C(Ap« ,m CPHHH !
DS \/m—D{ 327721:2 ( D DS K)

wherely is a logarithmically divergent loop integral given

2 below. (There is also a similar relation fay.) One should
+ §C(AD§ Ds'mn) - W 211(my) notice that some authors use an extra faoigr, the mass of
the heavy meson, in front of the right hand side of Ec).
2 Choosing the normalization in E¢L3), it means that a factor
l(mn)H (B1b)  my is included in the heavy meson fiel, . For the left-
handed current in Eq$18) and(19) we find that we have to
identify
where  C(A,m)=J;(m,A)+A(d/0A)I(m,A), while
J1(m,A) and I{(m) can be found in Appendix A. These ap=—4iN Gyl yw, (CH
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where Iy is a quadratically divergent loop integral. The
loop integral’s(the I's) relevant for us are

lhn=mK(3,)+K(3,2), (C6)
law=K(2,1)+mK(2,0), (C7)
l61=K(3,1)+mK(3,0), (C8)
leo=K(3,1). (C9)

The regularization can be done in various wayarious
cut-off prescriptions or byMS) and each regularization cor-

respond to slightly different versions of this type model

[12,19-22,2%

Within dimensional regularization, the expressions for

some values oh andr are listed below,

i I'(1—-d/2)
K(2,)= 2(4m)¥2 (m2)i-d2 ! (C10
i T(2-dR)
K(3,)=-— A(47)92 (m2)2-d2’
(C11)
i I'(3/2—d/2)
K(3,2=~— 16(4m) 3212 (2)32-di2 *
(C12

wherem=m, . From the properties of th€ function it is
easy to see that
K(2,0=—4K(3,2, m?K(3,0=(3-d)K(3,2.
(C13

Comparing with a cut-off regularization, we see tKd2,1)

is quadratically andK(3,1) is logarithmically divergent. In a
primitive cutoff regularizatiork (2,0) andK(3,2) appear as
linearly divergen{20], while they appear as finite in dimen-
sional regularization.

PHYSICAL REVIEW &4 034010

K(2,1)= M [lIo(m,A)+1,(m)]
2’7T2A~>0
i
- 327T2|1(m), (ClS)
K(2,2)=— — ~lim AJy(m,A).
T A—0
(C10

When soft gluon emission is included in Eg45) above,
gluon condensate contributions should also be included in
loop integrald yy andl gy, as itis forf . in the light sector
[12,17. However, we will not go into these details here. In
order to produce a leading order estimate for the coupling
Gy, we identify the logarithmically divergent integral con-
tained inl, with f__ obtained as within thg QM. Then we
obtain from Eq.(C4) the expression

2ym,
—

™

H (C17)
Furthermore, we identify the quadratic divergence contained
in the loop integrall 4, gotten from the diagram in Fig. 8
(left) with the quark condensate of the light quark, which is
also quadratically divergent. Then, similar to EG17), we
obtain from Eq.(C5) to leading order

m
Gy~ — 2 XM (C19
(qa)
Combining Egs(C17) and(C18) we obtain
(qq)
- , C19
ay fw\/m_x ( )

which for the valuesm,=200 MeV, f =131 MeV, and

(qq)=(—240 MeV)® reproduces the value faz, cited in
Appendix B. The fact that EC19) works well numerically
gives some support to the leading order estimates in Egs.
(C17 and (C18. These relations will be slightly modified
when the details are elaborat§29], but here we will be

Note also that some of the integrals C3 can be obtained s8atisfied with the simple relatio€17)—(C19. Using Eqgs.

the limits of integrals listed in Appendix A if one letA
—0. Thus one has the relations

li !
m——
WZAHOA

l2(m,A),

K(2,0=— 2 (C19

(C17 and(C18 we obtain

mef, 1
T 20

to be used in Eq950) and(51) .
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