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Contribution of the .I/+ resonance to the radiative B decays 
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The radiative decays of the B mesons may have a significant contribution from the transition 
b -+ sJ/$ followed by the J/+-photon conversion. The size of this contribution is reanalyzed in the 
light of a phenomenological model for the weak bs Jj?l) vertex, and a modified J/$-photon interaction 
that is manifestly gauge invariant. Predictions for both inclusive and exclusive cases are obtained, 
but large uncertainties still remain. 

PACS number(s): 13.25.Hw, 13.40.Gp, 13.40.Hq 
I. INTRODUCTION 

The CLEO Collaboration has observed the exclusive 
radiative decays of charged and neutral B mwons into 
K* [I], with an average branching ratio 

B(B -+ K*7) = (4.5 zlz 1.5 f 0.9) x 10-5. (1) 

More recently, the .same experiment reported the lint 
signs of the inclusive decay B + y + X, [z], with the 
branching ratio 

B(B + 7 f X.) = (2.32 i 0.57 zt 0.35) x 10-4. (2) 

At the origin of these decays is predominantly the spec- 
tator process involving the bs7 vertex. In the standard 
model, the short distance contribution to the vertex oc- 
curs at the one-loop level, but it is sizable due to the 
large top-quark mass and an important QCD enhance- 
ment [3]. It can be calculated perturbatiyely, and the 
QCD corrections have been included in the leading loga- 
rithm approximation 141. The uncertainty in this result is 
mostly due to the choice of the scale at which to calculate 
the QCD corrections; with the full next-to-leading order 
calculation completed, this error should be substantially 
smaller [5]. However, it is possible that a significant long 
distance contribution to the bs7 vertex exists, due to the 
process b + sJ/4 + a.-/. The weak decay of the b quark 
that produces the J/ti meson occurs at the tree level; the 
J/1/, in turn couples to the photon; as in the J/+ + e+e- 
decay mode. For the inclusive decay, a naive estimate 
gives 

iA@ “2 sr)\ N IA& -+ sJ/+)I egJ/+,, y& , (3) 
Jl* 

for the J/11, contribution to the decay amplitude. The 
strength of the J/$-photon conversion, QJ,J~., = 0.82 

GeV’, is measured from the rate for J/$ + e+e-. Equa- 
tion (3) gives a long distance contribution that is about 
20% of the observed b + sr amplitude. The analogous 
estimate for the exclusive decay B -+ K*7 gives a J/e 
contribution in the same proportion. This effect was first 
pointed out by Golowich and Pakvasa [6] as the domi- 
nant long distance contribution to the radiative B de- 
cays; a phenomenological model for the exclusive process 
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B “3 K*7 was proposed in Ref. [6], and later expanded 
in Ref. [7] (the analogous effect in the B --f py decay 
was discussed recently by Cheng [SI). The inclusive case 
was considered by Deshpande, Trampetic, and Panose in 
Ref. [9], where a model could not be found that would 
satisfy gauge invariance and give a nonzero result. More 
recently, one such model was suggested by Deshpande, 
He, and Trampetic [lo]. 

In this work, the mechanism behind the long distance 
contribution of the J/$ to the B-meson radiative decays 
is reanalyzed, within a new phenomenological approach. 
The analysis will be based on an effective bsJ/$ ver- 
tex (Sec. IIA), parametrized by form factors that are 
to be determined empirically, and a J/$-photon interac- 
tion (Sec. IIB), modeled after vector meson dominance 
(VMD) ideas [ll]. firm this description one derives both 
the amplitude for the inclusive process .b + sJ/1(, --f sy 
and that for the exclusive process B + K* J/li, --f X*-y 
(Sec. II C). These amplitudes are automatically gauge in- 
variant, and vanish when the bsJ/$ vertex is calculated 
in the factorization approximation. Quantitative predic- 
tions are derived (Sec. III), but significant uncertainties 
still remain. Tbis work was inspired by the recent anal- 
ysis of Ref. [7], which also adopts a phenomenological 
approach to determine the size of the long distance ef- 
fect, for the case of the exclusive decay. The model and 
the results obtained in here are, however, substantially 
different. The same is true with respect to the other 
analyses that have appeared in the literature [12]. 

II. .ljJ, CONTRIBUTION TO THE RADIATIVE 
B DECAYS 

A. bsJf$ vertex 

The amplitude for the inclusive decay b + sJ/$ is 
given by 

A(b + sJ/4) = -(~J/~I&$)> (4) 

where & is the effective Hamiltonian that describes the 
weak process b + sc?: 
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(5) 

(L,R E 1 F 7s). The Wilson coefficients C1 and C, contain the short distance QCD corrections. In the leading 

logarithm approximation, for AZ = 200 MeV [13], where m denotes the modified minimal subtraction scheme, and 

at the scale fi = 5.0 GeV, they are 1141 

c1 = 1.117, C, = ~0.266. (6) 

The soft QCD effects in the hadronization of the C-E pair are described in terms of form factors that parametrize the 
matrix element of Heer in Eq. (4). For example, in the factorization prescription [15], 

(sJ/@a,-(,Lc, S~7pLbplb) = 3(sJ/tiI~a,^(,Lcp %7“Lbalb) 

= rnJl$fJ&%7’L% (7) 

The J/1/, decay constant fm,+ is defined by (OlZ7,&/$) = rn~/+f~/&~, and it is the only form factor that enters 

the b + sJ/$ decay amplitude, within factorization. From r(J/$ + e+e-) = (5.26 f 0.37) keV [13], it follows that 

f J,+ = 395 MeV. 
In all generality, however, one can write an effective bsJ/y6 vertex that, for on-shell quarks and with rn, = 0, is 

given by 

AL,* = -3 V,,,V,‘. (Cz + +Cl) [g,,(k’) k” ,kL +gl(k’) (k2gp” - kpk”)7vL + gz(k’) msio’*“kvR], (8) 
re 
where k is the J/11, four-momentum. The motivation to 
adopt this more general approach is the fact that the 
factorization result gl(ms,+) = go(m;,+) = fJ,+/rnJ,+ 
and gz(m:,+) = 0 gives a very poor agreement with the 

data, for both the inclusive and the exclusive decays [15]. 
Indeed, at present, there is no satisfactory theoretical 
description of the weak b decay that produces the J/1/, 
meson. In here, the form factors g1 and 92, at k2 = 

rn;,*” are to be determined empirically from the data 

for the B-meson decays into J/+. The term proportional 
to the form factor go does not contribute to the decay 
amplitudes, and so go(m;,$) will be left undetermined. 

Notice that, unless this form factor vanishes, the J/ti 
meson couples to a current 

J” = -?fA&,+b 

that is not conserved. 

(9) 

B. .l/+ contribution to the bs7 vertex 

The effective bs7 vertex, for on-shell puarks and with 
rn. = 0, is analogous to that in Eq. (S), but with an 
additional constraint from gauge invariance. The contri- 
bution from the C-Z intermediate states is parametrized 
as 

A;#, = -g Vc+V; [G;‘(k’) (k ’ g P” - k“k”)7,,L 

+G;‘(k’) m&‘“k,R]. (10) 

The interest here is in the J/4 contribution to the elec- 
tromagnetic form factors G$. It will be derived from the 
weak vertex in Eq. (8) and the photon couplings shown 
in Fig. 1. These couplings are modeled after the 7-p in- 
teraction, in the VMD description of the electromagnetic 
properties of the nucleons [ll]. They correspond to the 
gauge-invariant interaction Lagrangian 

fm L = e&c- 
mJl* 

-;F,,+‘y -A, g (“-q)J”], 

(11) 
where A, and $J,, are the photon and the J/11, fields; 
Fpy E &A, - &A, and I&, q 8,&y - 8,+,. The cur- 
rent J, is that in Eq. (9). The second term on the 
right-hand side (RHS) of Eq. (11) is an extension of 
the result in Ref. Ill]. It encompasses the more gen- 
eral case where the current is not necessarily conserved: 
In order to preserve gauge invariance, only its conserved 
part was included in the interaction. The phenomenolog- 
ical parameter fJ,+ is the same as that defined before, 
since J&,, = Qc -q”c + . . In general, the two gauge- 
invariant terms in the interaction Lagrangian would have 
independent couplings. However, in the assumption of 
complete VMD [ll], the kZ dependence of the elect& 
magnetic form factors is dominated by the vector meson 

FIG. 1. The photon vertices that correspond to the inter- 
action Lagrangian of Eq. (11). 
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pole, i.e., G$ rn l/(k’ -rn;,+,); this leads to the result 

in Eq. (11). The J/zl, contribution to the form factors 
G& in the bs7 vertex, is then 

1 
G$?k2) = - (G + ;Cd eQcfJ/+m/+gl,z k2 _ m2 > 

J/d’ 

(12) 

where fJ,+ ~91.2 is taken to be constant in k2, for consis- 
tency with the complete VMD assumption. Corrections 
to this assumption, due to the contribution of other C-Z 
states (such as the open charm continuum), are discussed 
later. 

C. J/$ contribution to the radiative decay 
amplitudes 

The amplitudes for the inclusive and exclusive radia- 
tive B decays, due to the J/11, contribution, follow from 
Eqs. (10) and (12). Only the magnetic dipole moment 

type structure in the vertex (i.e., the form factor Ci’*) 
contributes, when the photon is on-shell. For the inclu- 
sive decay, the magnitude of the J/G contribution is 
I 

IA(b “2 s7)l= 3 V&V,‘, G;“(O) mt, &&,(.+iq,,,k”Rb~b) 

= GF IhVc: (CS + $1) 2m;eQc zg2 I 

and for the exclusive B + K’7 decay, it is 

IA(B “9 K’7)I = $V& G;‘*(O) rn* ~t;;,(K’~Zq,yk”RblB) 

GF, 
= z KsV=.(Cz + $I, we&c % gab& - m:.)F~(o) 

(13) 

(14) 

I 
The form factor Fl(k’) is one of the three form 
factors that parametrize the hadronic matrix element 
(K*~K+‘“k,RblB) in the decay amplitude. These form 
factors are defined in the Appendix. 

The phenomenological model presented in here has the 
peculiarity that it gives no contribution of the J/+ res- 
onance to the radiative B decays, when the b + sJ/?I, 
transition is treated within the factorization approxi- 
&&on. In that approximation, as was shown above, 
g2 = 0, and so there is no J/1/, contribution to the mag- 
netic dipole moment structure in the bsy vertex. This 
result can be understood from a different perspective. 
The Hamiltonian in Eq. (5) gives a perturbative contri- 
bution to Gtzz that, at the lowest order, corresponds to 
the c-quark loop diagram in Fig. 2. This gives G;’ = 0 

Y 

FIG. 2. The lowest order perturbative contribution, from 
the effective Hamiltonian in Eq. (5), to the form factors G;yg 
in the ba7 vertex. 
and GTz = (Cz + C,/3)eQ.II(kz), where l-I(k2) has a cut 
along the real axis starting at k2 = 4ma, and no poles. 
This contribution is to be interpreted as an average over 
the c-E resonant and continuum virtual states. In order 
to obtain the poles, such as the J/11, pole, explicitly, soft 
QCD effects would have to be included. In particular, the 
soft gluon exchanges between the c-quark lines inside the 
loop would yield the c-E bound states. This would result 
in including the J/G pole in II( but there would still 
be no contribution to G;‘. The latter, and the associated 
magnetic dipole moment structure of the bsy vertex, can 
only appear due to gluon exchanges between the quark 
lines inside the loop and the external quark lines, i.e., 
beyond the factorization approximation [16]. 

III. QUANTITATIVE ESTIMATES 

In order to obtain a quantitative estimate for the size 
of the J/$I contribution to the radiative B decays, in Eqs. 
(13) and (14), it is necessary to determine the size of g2 
in the bsJ/$ vertex. One possibility would be to extract 
gl,z(m;,+) from the experimental values for the branch- 

ing ratio, B(B + J/T/J + anything) = (1.15 * 0.07)% 
[17], and the polarization, r&/r = 0.59 zk 0.15 [17], in 
the inclusive decay. This can only be done after remov- 
ing from the data the contribution from the B decays 
into 4’ and xcl, which in turn decay into J/$. The 
effect on the branching ratio has been measured, and 
B(b + sJ/$) = (0.82 z!c 0.08)% [17] for the direct decay, 
but the effect on the polarization has not, and so rL/l? 
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for the direct decay could range from 0.18 to 1. This 
large uncertainty is not the major obstacle in extracting 
91.2 from the inclusive b + sJ/?I, data; because the lon- 
gitudinal and transversal decay rates are not sensitive to 
the sign of the corresponding amplitudes, g1,2 can only 
be determined up to a fourfold ambiguity. The ambiguity 
is particularly serious for an estimate of gz(ms,*). For 

example, if the J/1/, mesons from the cascade decays are 
unpolarized, then I’&/l? = 0.69 + 0.21 for the direct de- 

cay; taking I&bi = 0.038dm [18] and rna = 5.0 
GeV in 
gives (up to asign) gz(m;,,) = 0.26iO.03 or 0.04&0.07, 
which are very different in magnitude. 

The alternative is to extract gl,z(ms,$ from the data 

for the exclusive decays. The branching ratio and the 
polarization for the B + K’ J/$J decay [17], 

B(J3 + K* J/+) = (1.64 f. 0.27) x 10-3, 

= 0.78 rt 0.07, 
B+K*J,* 

(16) 

(17) 
allow one to determine gl,z, up to the same fourfold am- 
biguity as in the inclusive case. But here the additional 
B + KJ/11, branching ratio [17] 

B(B + KJ/$) = (0.089 i 0.013)% (18) 

can be used to reduce the ambiguity to that in the 
overall sign of g1,2. The longitudinal and transversal 
B -+ K*J/$ decay amplitudes are 
(19) 
($1 is the J/li, momentum in the B rest fhme). 
The hadronic matrix elements (K(*)Is-iyLblB) and 
(K(*),IZ+““k,RblB) have been parametrized in terms of 
the form factors V, A,I,~,~, ~OJ, and F1,2,3, s, respectively, 
as defined in the Appendix. In order to minimize the 
uncertainty that is inherent to any particular model for 
these form factors, one can choose instead to relate them 
to the form factors that can be measured in semileptonic 
decays. In Ref. [19], Isgw and Wise have used the heavy 
quark symmetry (HQS) to related the B + Kc*) form 
factors to the form factors in D -+ K(*)l&; their method 
will be used in here, and the results me summarized in 
the Appendix. It must be pointed out that these results 
are not entirely model independent, as some assumption 
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must be made regarding the k2 dependence of the form 
factors [20]. The associated uncertainty is hard to quan- 
tify and will not appear in the results, but it should be 
kept in mind. 

When compared to the experimental results, the mag- 
nitude of the amplitudes in Eqs. (19)-(21) gives the 
straight lines 

gi = *ai + bigz (i = 1,2,3) (22) 

in the (gl,gz) plane (for the transverse amplitude the ex- 
act solution does not give a straight line, but this is a very 
good approximation in the region of interest). The pa- 
rameters ai and b; are listed in Table I; the errors reflect 
the uncertainties in Eqs. (16)-(18) and in the normal- 
ization of the B 4 K(*) form factors [see Eq. A16, in 
the Appendix]. The corresponding allowed regions are 
shown in Fig. 3, and their overlap gives 

1g&;,+))l = 0.31-0.38, lg&&)/ = 0.05-0.10 (23) 

(an ambiguity in the overall sign of g1,2 remains). These 
results are also sensitive to the values of the Wilson co- 
efficients Cl,, and of IKalfi that were chosen. The 
associated errors, although large, were not included as 
they will not affect the results that follow. 

Finally, the J/4 contribution to the radiative B decay 
amplitudes, in Eqs. (13) and (14), can be compared to 
the experimental values for the full amplitudes, from Eqs. 
(1) and (2). For the inclusive decay, 

IA(b “2 a-/)/ 

IA@ + ~~)le.,t 
= 0.15 * 0.05, (24) 

and, for the exclusive decay, 

JA(B “2 K*y)I 

IA@ -i K*y)lex,t 
= f$g x (0.12 f 0.05). (25) 

As pointed out above, these results are not affected by 
the uncertainties in IVcalfi and in /CZ + Cl/31. The 
errors indicated correspond to the uncertainties in Eq. 
(23), and in the experimental branching ratios for the 
radiative decays. For ‘the exclusive case, an additional 
uncertainty is associated with the value of F*(O). In here, 
PI(O) = 0.96 f 0.11 (see the Appendix), but it is smaller 
in other popular models for the B + K’ form factors 
(in the Bauer-Stech-Wirbel (BSW) model [21] PI(O) = 
0.69 and in the Jaus-Wyler (JW) model [22] Fl(O) = 
0.59). Finally, it should be pointed out that the sign 
of g2 could not be determined; thus, it cannot be said 
whether the long and short distance contributions to the 
radiative B decay amplitudes interfere destructively or 
constructively. 

TABLE I. The parameters for the lines 91 = +a; + bcgz 
(i 4 1,2,3) in Fig. 3. 

z ai bi 
1 0.32 f 0.07 1.41 f 0.14 
2 0.15 * 0.03 2.63 

3 0.29 * 0.03 0.57 
,FIG. 3. Allowed region on the (gl,gz) plane, from the 
data for the longitudinal (1) and transversal (2) B + K*J/$ 
rates, and for the B + KJ/$ rate (3). 

IV. CONCLUSION 

A phenomenological model was constructed that de- 
scribes the contribution to the radiative B decays from 
the tree-level decay into the J/$ resonance, followed by 
the J/+-photon conversion. To account for the weak de- 
cay, an effective bsJ/ti vertex was introduced, which is 
used to describe both the inclusive and the exclusive B 
decays into J/qb. This assumes that the hadronization 
effects in the J/11, production and in the B + Kc*) tran- 
sition can be treated separately. The latter can then 
be described in terms of the usual set of form factors, 
related to those in semileptonic decays, whereas the for- 
mer are described in terms of a new set of form factors 
that are determined empirically. The J/$-photon tran- 
sition is modeled after the VMD ideas that were used, 
for example, to describe the pmeson contribution to the 
nucleon electromagnetic form factors. The assumption 
in here is that of complete J/$ dominance of the electro- 
magnetic form factors; i.e., the other c-Z contributions are 
neglected. This leads to a Lagrangian for the J/+-photon 
interaction, parametrized by the J/$ decay constant. 

Within this model, the J/y5 contribution to the B- 
meson radiative decays was estimated to be (lo-20)% 
of the observed b + sy amplitude and (7-17)% of the 
B + K*r amplitude. The large uncertainties corre- 
spond mostly to experimental errors and will be reduced 
in the future. There is, however, an additional uncer- 
tainty from some degree of model dependence in extract- 
ing the form factors in the bsJ/+ vertex &an the data. 
Also not shown explicitly are the errors inherent to the 
assumptions that underlie the phenomenological model. 
In particular, the assumption of complete VMD is prob- 
ably too strong. It has been suggested [23] that the effect 
of C-Z contributions other than the J/11, meson can be in- 
cluded in the formalism derived from the complete VMD 
assumption, by allowing for an effective k2 dependence of 
fm,+. Within this prescription, the data for J/1/, photo- 
production and for charmonium radiative decays reveal 
a significant departure from complete VMD [24, lo]. In 
Ref. [24], it is found that 
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fJld4 
fud4,J 

- 0.6, (26) 

which should be viewed as a suppression factor that mul- 
tiplies the results given here. However, the size of this 
suppression is uncertain, and the k2 dependence of the 
form factors in the bs.J/$ vertex remains unknown. For 
these reasons, the results consistent with the complete 
VMD assumption were reported in here, while correc- 
tims to this assumption await further work. 
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APPENDIX 

The hadronic matrix elements in the decay amplitudes are parametrized as follows: 

(K’(p’,&‘)I~7~~blB(p)) = mg ;‘,,. 2iP~%~p&p,V(k2) - (mB + m~.)~“‘*A~(k~) 

(Al) 

where 

277w.A3(k2) = (rn= + n~.)Al(k~) - (TJQ - rn~~)Az(k’) WI 

and Ao(0) = As(O), 

(K*(p’,~‘)~~W‘“kyRb~B(p)) = ie’“P7,~p~p,F~(k2) + [(rn; -m&)8‘* - E’* k(p + p’)“]Fz(k2) 

+E”. k k’ - mi “‘+ CP +P’)“] Nk”h (A3) 

where Fl(O) =2&(O), 

(K(p’)lW~WCz4) = @ +d)‘fdk2) + m’ ,m’kY[fo(kz) - f#)], 

where f*(O) = fe(O), and 

(K(p’)lW‘“kyRblB(p)) = s(k2)[(p+p’)pk2 - (mi - v&)k’] 

(k=p-p’;L,R=l’F7& 

644) 

(A5) 

In Ref. 1191, Isgw and Wise pointed out that in the static b-quark limit yob = b, in the B-meson rest frame, and 
so the (K(*)IFy“LblB) and (K(*++‘“k,Rb~B) form factors are related by 

Fl(k’) = 2(m~ - EK.) “W 
mg f mK. 

+ mB-+;X’A~(k=), 

qk2) = 277Q&r.12 VW 
mg - rn&. rn* f mK. + ;; 12K* A,@‘), 

W) 

(A7) 

F@) = (m + EK.) 
mB+mK. - nzB 

1 1 

-51Q?+nqp (A81 

(where EK. and 13~. 1 are the energy and momentum of the K’ meson in the B rest frame), and 

s(k”) = $ 
B t 

-fi(k’)+ “‘,“‘[fo(kz) - f#)]}. (-9 

The B i Kc*) form factors V, A,,,l,z, 
the HQS relations [19] 

and f+,- are then related to the analogous D + K(*) form factors, through 

(Al’3 



CONTRIBUTION OF THE J/ti RESONANCE TO THE.. 247 
TABLE II. The pole masses [Zl] for the B,D + If(*) form factors. 

V Al,% A0 fl fo 
LI + K(e) 2.11 2.53 1.97 2.11 2.60 

B -+ K(‘) 5.43 5.82, 5.38 5.43 5.89 

AfK’(k2) - AfK’(k2) 

kZ 

(All) 

W4 

f~(t,=~(~)-E”“~{(~+~)f~X(o)-(1-~)(m~-m~)[foDK(kZ)~fPK’k2)]~l=O},(A13) 
0 e 

with 

t(*) = rn; + rn&, - 2 (rn,2 + rn;(.)). W4) 

The D + K(*) form factors, at k2 = 0, are extracted from the D -i K(*)Z& data, assumiqg a monopole k2 dependence 
as in the BSW model [21] (see Table II for the pole masses). They are [25] 

VDK’(0) = 1.12 + 0.16, AfK’(0) = 0.61 zk 0.05, 

AFK’ (0) = 0.45 f 0.09, fFP”(O) = 0.77 * 0.04. (AI51 

For the other parameters, the values used in here are rna = 5.0 GeV, rn, = (1.5 f 0.2) GeV, and Ag = (250 f 50) 

MeV [13]. 

The k2 dependence of the B + If(*) form, factors is not determined by the HQS relations. As for the D + Kc*) 
form factors, it will be assumed that it is the monopole dependence of the BSW model (see also Rei%. [ZS] and [27]). 
The pole masses are given in Table II, and 

V(0) = 0.73 * 0.13, 

AZ(O) = 0.31 f 0.05, 

from Eqs.(AlO)-(A13). 
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