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Exclusive radiativeB decaysB— K* y, K;(1270)y, K;(1400)y, andK3 (1430)y are studied in the frame-
work of a covariant light-front quark model. The tensor form fadfefq?) atg?=0, which is relevant to the
decayB—K* y, is found to be 0.24, substantially smaller than what was expected from the conventional
light-front model or light-cone sum rules. Taking into account the sizable next-to-leading(bid®) correc-
tions, the calculated branching ratio Bf— K* v agrees with experiment, while most of the existing models
predict too largeB—K*y compared to the data. The relative strength Bf>K,(1270)y and B
—K(1400)y rates is very sensitive to the sign of thg(1270)K(1400) mixing angle. Contrary to the other
models in whichK;(1270)y andK;(1400)y rates are predicted to be comparable, it is found that one of them
is strongly suppressed owing to a large cancellation between two different form factor terms. The calculated
branching ratio oB— K3 vy is in a good agreement with experiment and this may imply the smallness of NLO
corrections to this radiative decay mode.
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I. INTRODUCTION (3.76x0.86+0.28 x10 > CLEO[6],

-5
Recently we studied the decay constants and form factoé(B+_>K* Ty)=y (3:83:0.62:0.29%10 BaBar( 7],
of the ground-stateswave and low-lyingp-wave mesons (4.25+0.31+0.24x10°° Belle[8].
within a covariant light-front approacfi]. This formalism 1.1
that preserves the Lorentz covariance in the light-front '
framework has been developed and applied successfully fQqte that the Belle results are still preliminary. The average
describe various properties of pseudoscalar and vector M@tanching ratios for the two modes 4@
sons[2]. We extended the covariant analysis of the light-

front model in Ref[2] to even-parityp-wave mesons. With B(B°—K*%y)=(4.11+0.23 X 10",

some explicit examples, we have pointed out in R&fthat

relativistic effects could manifest in heavy-to-light transi- B(BT—K*"y)=(4.09+0.32x 10 5.

tions at maximum recoil where the final-state meson could (1.2

be highly relativistic and hence there is no reason to expect

that the nonrelativistic quark model is still applicable. For The decays8* —K,(1270)" y and B+j|§1(1400)+70hilve
example, thd—a, form factorVg %(0) is found to be 0.13 been searched by Belld0] in the K*p% and K*°7"y

in the relativistic light-front modef1], while it is as big as final states, respectively. Although a sizable signal was ob-

1.01 in the Isgur-Scora-Grinstein-Wise mo¢i&), a nonrela- served by Belle, only upper fimits were provided due to a
tivistic version of the quark model ' lack of ability to distinguish these resonances. As Br

In the present work we wish to apply the covariant light- K2 (1430)y, CLEO [6] reported the first evidence with
front approach to the exclusive radiatie decaysB 1€ combined result
—K*y, Kyy, andK3 y involving boths- and p-wave me- B(B—K* v)=(1.66"959+0.13 x 105 1.3
sons in the final states. They receive dominant contributions (B=Kz7)=(1.66055-0.13 | (1.3

from the short-distance electromagnetic penguin pro€ess The most recent Belle measuremghd] yielded
—sy.1 The radiative decag— K* y was first measured by
CLEO[5] a decade ago and more recently by bBtfacto- B(B°—K%%y)=(1.3+0.5+0.1)X 105, (1.9
ries BaBar and Belle. The measured branching ratios are
while BaBar[11] obtained the preliminary results

(4.55+0.70+0.34x 10 ° CLEO[6], B(B°—K%%y)=(1.22+0.25+0.1) X 10" °,

0 0. — -5
B(B°—K*%y)=1 (4.23£0.40+0.22 X 10 BaBar[7], B(B* K3 ¥ ) =(1.44+0.40-0.13 X 10°5,
(4.01+0.21+0.17x 10 ° Belle[8], (1.5

Theoretically, the nonfactorizable corrections to the decay

IThe electromagnetic penguin mechanibm sy can also mani- B—K*y have been studied in the QCD factorization ap-
fest in other two-body radiative decays of bottom hadrons such aproach[12] to the next-to-leading ordg¢NLO) in QCD and
Bs— ¢y, Ap—3y, Ay, Ep—E 7, Qp—Qy. These decays have to the leading order in the heavy quark liit3—15. Using
been studied in Ref4]. the light-cone sum ruléLCSR) result of 0.38-0.06[16] for
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the form factorT,(0) to be defined below, it is found in p} P
Refs.[13-15 that the NLO corrections yield an enhance-

ment of theB— K* y decay rate that can be as large as 80%.

The enhancement is so large that the predicted branching

ratio disagrees with the observed diie?). We shall show in
the present work that the covariant light-front approach will
lead to a form factof;(0) much smaller than what expected
from LCSR and the conventional light-front model and yield
a significantly improved agreement with experiment.

For B— K,y decays, we will first use the covariant light-
front model to evaluate the tensor form factorsBa-K
andB— K ; transitions, wher& ; , andK ;5 are the®P; and
1p, states ofK, respectively, and then relate them to the
physical K, states K;(1270) and K;(1400). Since the
K1(1270)K(1400) mixing angle is large, we shall see that
one of the radiative decaysB—K,(1270)y or B
—K(1400)y is strongly suppressed, contrary to the other
model predictions in which the aforementioned two decay
modes are comparable in their rates.

The paper is organized as follows. The formulism for the
tensor form factors evaluated in the covariant light-front
model is presented in Sec. Il. The numerical results for form
factors and decay rates together with discussions are shown =€, """ P g”Y a1 51(9%)
in Sec. lll. Conclusions are given in Sec. IV followed by an '
appendix on the heavy quark limit behavior of one of the +(e) " P-q—P,&"*-q)Ya282(0°)
tensor form factors. 2

" a
+e"*. Q(qﬂ_ Pﬂp_q) Y azga(9?),

Pn

FIG. 1. Feynman diagrams for meson transition amplitudes,
whereP’ (") is the incoming(outgoing meson momentunp; " is
the quark momentump, is the antiguark momentum, arXl de-

notes the correspondirgf’'o,,(1+ ys)q’ transition vertex.

(K*(P",&")[sio,,q"(1+ y5)b|B(P"))

:IEMV)‘P

" PAPT1(q%) + (% P-q— P 8" -q) To(q?)
q2

"% . p— — 2

+e q(qM P“P~q)T3(q ),

<E1A,lB(P”18")|§U,uqu(1+ y5)b|B(P"))

II. FORMALISM

The matrix element for thB— K* y transition is given by (K3 (P",e"[si0,,q"(1+ ys)b[B(P"))

— — =—je nvok PO'P)\ pUl(qz)
M =(K*(P",&") y(q,e)| ~iHeB(P)), (2.1 pop® T mg

" ” U—U2(q2)

where —(&}*P-q—P,el*q")P e

? | Us(@®)
Ge —&"* P P( -P q—) 2 2.3

Her= =5 VisVinCuiQuu, oot TN W Pupg) T mg

where P=P’+P”, q=P’'—P”, and the conventior?'?3
=1 is adopted. The physical strange axial-ved{q(1270)
e v and K;(1400) are the mixture oK, andK;g [we follow
Qu= ;mbs‘f;w(l"' vs)DFXY, the Particle Data GroupPDG) [17] to denote the*P; and
m 22 !p, states oK, by K, andK g, respectively owing to the

mass difference of the strange and nonstrange light quarks
with P’(") being the incomingoutgoing momentum,e(") K1(1270 =Kyasin 6+ K,gc086,
the polarization vector ofy (K*), Vj; the corresponding
Cabibbo-Kobayashi-Maskaw@CKM) matrix element, and
c11 the Wilson coefficient. As will be seen below, the inclu-
sion of nonfactorizable corrections B— K* y will amount

to replacingcy, by the effective parametea;; to be dis-
cussed below in Sec. Ill. In this work we will calculate the
B—K* andB—K,,K} transition tensor form factors in the + mﬁl(uoor mﬁlB and znﬁlB: m§1(1232)+ mﬁ1(1380)'

covariant light-front quark model and obtain the correspond- To begin with, we consider the transition amplitude given

K1(1400=K,pc0s0—KgSiné. (2.9
The mixing angled will be discussed in the next section. For
the masses oK., andKig, we follow Ref.[18] to deter-
mine them from the mass relationsn =mg 1570

1A 1

ing radiative decay rates.
Tensor form factors foB—K*, K;,K% transitions are
defined by

by the one-loop diagram as shown in Fig. 1. We follow the
approach of Ref[2] and use the same notation. The incom-
ing (outgoing meson has the momentur®’()=p;("
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TABLE I. Feynman rules for the vertice$l(y,) of the incoming  antiquark vertices to calculate the amplitudes depicted in Fig.
mesons-quark-antiquark, whepg andp, are the quark and anti- 1. The Feynman rules for verticesI((,) of ground-state
quark momenta, respectively. Under the contour integrals to be diss\wave mesons and low-lying-wave mesons are summa-
cussed belowd, andW,, are reduced thy, andwy, , respectively,  rized in Table |. Note that we us®A and A to denote®P,
whose expressions are given by E2.13. Note that for outgoing 544 1p, states, respectively. It is known that the integration
mesons, we shall uséyol'} yo) for the corresponding vertices. ot the minus component of the internal momentum in Fig. 1
will force the antiquark to be on its mass shiHl. The

2S+1 el
ML) Ty specific form of the(phenomenological covariant vertex
pseudoscalaris,) Hbys functions for on-shell quarks can be determined by compar-
1 ing to the conventional vertex functiofp].
) . N
vector (S;) iH| 7~ — (P~ P2, ~ We first consider the tensor form factors ¢ K* tran-
W, sition. We have
1 Nk V_— /¢ "o e, B/ID/
axial (3P;) —iH3, y#-i-@(pi—pz)# e B,,g""=(K*(P",&")|so,,q"(1+ ys)b|B(P"))
A
N Hp(iHY
. 1 f— 1 , :—i3 c f d4p:,L SR//,ya”*Va
axial (*Py) ~iH1 —=(P1=P2)u |5 (2m)* N;N/N,
Wi,
1 (2.7
tensor (3P2) I%H'/I' qu(pipZ)ﬂ‘|(pip2)y where
V
1 A
Sruv=Tr | Y= —(P1=P2), | (B1+M]) 000" (1+ ¥s)
+p,, wherep!" andp, are the momenta of the off-shell W, ! o

quark and antiquark, respectively, with massse#”) and

m,. These momenta can be expressed in terms of the inter- L
nal variables X; ,p!), X(Prtmy)ys(—patmy) |, (2.8)
DiE=X1,zF”*1 P =X1Pl*Xp], (2.5

N/=pj?—mj*+ie, and N,=p5—m5+ie. By using the
with x;+x,=1. Note that we useP’=(P’'~,P’* P/), ldentity 20,,ys=i€,,,0"", the above trac&,, can be
whereP’'*=pP’0+ p'3 sothatP’2=P’*P’'~—P’2. Inthe further decomposed into

- 1 L .
covariant light-front approach, total four momentum is con- i
served at each vertex where quarks and antiquarks are off —o'S. .+ —qre a4 29
shell. These differ from the conventional light-front approach SRur =4 Syt 3 oS 29
(see, for example, Ref$19,20) where the plus and trans-
verse components of momentum are conserved, and quarkéere
as well as antiquarks are on-shell. It is useful to define some
internal quantities
S, a=Tr

A
vuN T (pjél,._’_mljlt)o-y)\q

1
/2 2 <7V__N(pljlt_p2)v
LTty Wy

2 12
pIo+m® p
1 1 +

Mo?=(e1+e;)?=
X1 X2

X(Py+my)ys(—po+my)

M{= Mg (m{—m,)2,

0 TR XMy m3+pl? = — €002 2(M{My+mim,—mimy
e '=\Vm +p, Ttp,S, P = E—

2 2x,M}, ' X py ¥+ mim] P+ (mim;—2m;m,)q®]
(2.6
2 !
Here Mj? can be interpreted as the kinetic invariant mass - V7(4P1V_3qv_ P.)
squared of the incomingq system, ana; the energy of the v
quarki. X €5 apl (My+m])p;*PP
It has been shown in Ref21] that one can pass to the . , / /
light-front approach by integrating out tipe” component of +(my—mi+2m)p;“gP+miPegfl.  (2.10

the internal momentum in covariant Feynman momentum
loop integrals. We need Feynman rules for the meson-quark- As in Refs.[1,2], we work in theq®=0 frame. For the
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integral in Eq. (2.7 we perform thep; integration[2], f)i iPMAg.l)JquA(Zl)’
which picks up the residue @, =p, and leads to :
N, R0 = xg (M7 02— M 02), P1.P1,=9,, AP+ P,PAP+(P,a,+q,P,) AP
H,(,|(”)—> hl,\/l(”) y +q/.LqVA512)’
W” W” L ~ ! -~ ! -~ ! .
M leplvpla:(gMVPa+g#apv+gvaPM)A§[3)
dpp o pded®pl +(Gpulat 9ualut Guad,) AS)+ P PP AT
———HpHS——i7| ———hphyS,
NININ, xoNiN] +(P,P0atPLa,Put0,P,PYAY
(2.1)
+(9,0,P o+ 0P80+ P,0,0,) ALY
where @)
2 2 2 2 +quchyA6 ’ (213
n +m” n +m
Mgzzm L P 2, 212
X1 X2

where the symboi= reminds us that the above equations are
true only after integration. In the above equatidf) are
functions ofx,,, p/?, p,-q,, andqg?, and their explicit
expressions are given §2]

with p/ =p| —x,q, . In this work the explicit forms ohy,
andwy, are given by[1]

5 5 XX 1
hp=h{=(M"2—M{?) — ¢, X L
N, \/EM(') A(11)=—l, A(21):A(11)_ P Ch,
2 2
3 q
, L, [xaxe 1 M2
h§A=(M' -My9) o,
N 'V ;TP . 2
c \/EMO 2\/EM0 A(lz):_piz_w, (@)= (AD)?
5 5 XX, 1 a
i =hi=(M"2=Mg?) \[~ =,
A NC \/EM(S p
_ A(2)_A(1)A(1) ASZ)_ (A(l))Z 2A(2),
! Méz ! q
wy,=M{+m;+m,, W3, =———, Wi=2,
ml_mz

(2.13 AR=APAD  AR=ADAPR),

where¢’ and go,; are the light-front momentum distribution . Do . Do . Do
amplitudes fois- andp-wave mesons, respectively. There are AP=APAD AR =AAD AB=ADAR),
several popular phenomenological light-front wave functions

that have been employed to describe various hadronic struc-

tures in the literature. In the present work, we shall use the (3)_ A(D)A(2) (1A (2)

Gaussian-type wave functid22] Ag =R AT ;AZ AT (2.16

ar 3/4 dp; p£2+ piz
¢’ =¢'(Xo,p|)=4 — exp ———5 | We do not show the spurious contributions in Eg8.15
B dx, 2B since they are numerically vanishifng,2,23. For the inte-

) ) gration in Eq.(2.7) we need only the first two rules in Eq.
., ) 2 ) dp; €16 (2.15, while the third one will be used in the calculation of
Pp=@p(X2,P1)= 52 % dx, i the B—K3 transition form factors. In general, there are ad-
2 XXMy . - . -
(2.14 ditional rules involvingN, in Ref. [2] and these may be
' identified as zero mode contributions to form factdfsr
The parametep’ is expected to be of ordeX ocp. different approaches of zero mode contributions, see Ref.

In general,ﬁi can be expressed in terms of three externa[24])' As shown in Eq(2.10), there_ IS r_1d\|2 term in tfe trace
, ~ ~ . ) . ] and hence no zero mode contribution to Be:K* form
vectorsP’, g, andw [w being a lightlike vector with the  ¢5ciors. As we shall see, the above statement also holds for
expressiono*= (0w~ ,0",0,)=(2,0,0,)]. In practice, for B—K, andB—K} form factors.

E)i under integration we use the following rulgs: By using Eqs(2.7)—(2.15, one arrives at
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2hphy, 2
T1<q2>——f dxpd?p] ——— {m1m1+xl<m1mz+mlmz mimy) — — [(m1+m)A(2)]]
xoNiN7 v
, 9* Ne ., 2hehy
T2(9%)=Ti(q dxd“p; —

XoN1NT

2
X{ mjm{ — 2m;my+ 2A50(mymy+ mim, —mymy) — —[ (mj— m1+2m2)A‘f>]] ,
Wy

Nc 2h/ h"
Ts(q2)=—3J dx,d®p] 2mim,—mymy — 2A5(mim, +mim,—mim;
167 X2N1 1
2
4 _”{(m m1+ 2m2)[A(2)+ P. q(A(2)+A(2) A(l))-i- P. q(m1+m )(A(l)_A(Z) A(Z))
A\
+ P-qmi(A(l”+A(z”—1)]}] - .17

In order to compare with the conventional light-front model calculationT¥g0), which is relevant foB—K* v decay, we
write

12

L
[ X2MpMg+ X(1—X) (MpMg+ MgMg) + — X(My,+ my)
n
Wy

@"(x,p e’ (x,p])
\/A'2+pi2\/./4"2+pi2

0= 2.19

where A’ =mpx+mg(1—x) and A" =mgx+my(1—-X), X=X,, andmg is the mass of the spectator quark in Bieneson. This
is to be compared Wlth the result

¢"(x,p1)e" (X,p])
\/A/2+p12\/A/12+p

1
T,(0 fdxdz !
1(0)= 3272

12
X { X2MpMg+X(1—X) (MM +mgmg) + (L—X)[(1—=x)m;+p ]+ i”x(mb+ mS)J (2.19
Wy

obtained in Ref[25]. It is clear that the terms proportional to {Xk) m§+ pf do not exist in our expression fdr;(0). This
will affect the numerical result significantly for tHe— K* y rate as we shall discuss in Sec. lll. It is shown in Appendix that
our result(2.18 for T,(0) has the correct heavy quark limit behavior and hence it is more trustworthy tha@.Eg).

The calculation foB— K ;5 transition form factors can be done in a similar manner. In analogue tG2Ef. we have

3 .
B A //*V:_|3

NC J’d4 /ng(_ngA)
(2m)* N1NIN,

BlA "k V:_i3 c f d4p:/L S;?LVSH* y, (22@
(2m)* N3N7N,

where

3
S, =Tt

1
Yy~ ——(P1=P2), ys(B1+m]) o, (1+ ys)(P1+m)) ys(—Po+my) |,
Wi,
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(2.2))

SR/LV

pz)y) ys(B1+ M) o, (1+ ys)(P+mp) ys(—potmy) |.

can be taken out from the integration, which is already done

in theB—K* case. Contributions from th8x,,,p;, part can
be worked out by using Eq2.15. Putting all these together

It can be easily shown théiR A — Sy, With mf and W,
replaced by—mj7 and W3A 1A respectively, while only the

1/\/\/’1A term is kept for theSR case. Consequently, we have

fori=1,2,3,
Y aigi(9%) =Ti(g%) with (m]— — ml'h(’/_)th,lA’
(2.22

where only the " terms inYg; form factors are kept. It
should be cautious that the replacementngf- —mj7 should
not be applied ton] in w” andh”. The above simple relation
betweerB—K; andB— K* transition tensor form factors is
similar to that for vector and axial form factors f— A and
P—V transitions[1].

Finally we turn to theB—K3

" "
Wy—W3ap 14),

transition given by

Bne "*“E<K§<P",s">|§%(1+75>q”b|B<P'>>
= Jd P(IH )SPT)\ "% VN
(277)4 PNININ,
(2.23
where
R,uv)\ SR,uV( q+p1))\ (224)

The contribution from th&g ,,(—q), part is trivial, sinceq,

. N L, 2M’hph;
Us(g ):—3 dxdp ————

+2(mmy+mim,—mimy) (—ASD+ AP+ AR —

' leads to

Ul(qz)

2M’hbhl)
e
XaN1Np

+2(mymy+mym,—m;my) (A{D — AP — A))

[ m;m;(1— AN - AlY)

4
- — [(mi+m} <A&2>—A&3>—A<§>>]J ,
wy

Z N ,, 2M’hghj,
Xpdp| —————
XoN1NY

Uz(qz)zul(q P-4 16,3
. T

X [ (mim —2mim,) (1A —A)
+2(mgm,+mim, —mimi) (ALY — A — AP)

4
——[(m{-m;+ 2m2><A&2’—A§3)—A§3>>]] :
\%

{ (mim;—2m;m,)(— 1+ AN+ AL)

- [2<m'1’— my +2m,)(— AP+ AP+ AD)
\%

+P-g(mj—mj+2my) (AN —2AP — 24+ AR + 243+ AR + P q(my +m))(— ASD+2AP)

+2AR - AR —2AR - AR + P.qmy(1—-2AN—2A + AP+ 242+ AD))]

(2.2

We are now ready to calculate the radiative decay rates. Before proceeding, two remarks are if) ¢xtlgZ=0 the form

factors obey the simple relation§,(0)=T;(0),

Ya282(0)=Ya181(0),

and U,(0)=U4(0). (ii) Form factors

T5(0),Y34,35(0),U3(0) do not contribute to the corresponding radiative decay rates. It is straightforward to obtain
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TABLE II. The input parametersy and 3 (in units of GeMj in  imposed during the course of calculation, form factors are

the Gaussian-type wave functi¢®.14. known only for spacelike momentum transtgr= —q? <0,
whereas only the timelike form factors are relevant for the

My Ms My Bs B B, K3 physical decay processes. It has been proposed in[ Baif.

0.23 0.45 4.4 0.5233 0.2846 0.2979 to recast the form factors as explicit functionsgsf in the

spacelike region and then analytically continue them to the
timelike region. It has been shown recently that, within a
B(B—K* ) specific model, form factors obtained directly from the time-
like region (with g™ >0) are identical to the ones obtained
GZamim? mi* 3 by the analytic continuation from the spacelike regjaH].

=75 1- IVipViaT1(0)2, In principle, form factors a>>0 can be evaluated di-
3274 mé rectly in the frame where the momentum transfer is purely

longitudinal, i.e.,q, =0, so thatg?=q*q~ covers the entire

B(B—Kia1s7Y) range of momentum transfg20]. The price one has to pay is
5 3 that, besides the conventional valence-quark contribution,
GZamim? Mia s one must also consider the nonvalence configuratorthe
=7 1- so-calledZ graph arising from quark-pair creation from the
327 ma vacuum. However, a reliable way of estimating tgraph

contribution is still lacking unless one works in a specific
model, for example, the one advocated in Re#]. Fortu-
nately, this additional non-valence contribution vanishes in

X |VipVisanYarea(0)]?,

B(B—K37y) the frame where the momentum transfer is purely transverse,
2 \5 ie,q"=0.
GZamgm? M , To proceed we find that except for the form factdfig;
=78 2 | 17— IVipVisa1U1(0)[?, and U,, the momentum dependence of the form factors
256m M Mg Ti,Yaigi U; in the spacelike region can be well param-
(2.26 etrized and reproduced in the three-parameter form

where 7y is theB lifetime. It has been realized recently that F(0)
non-factorizable strong interaction correctiofie., those F(g?)= . ~t (3.9
corrections not related to form factors, such as hard vertex 1—a(g*/mg) +b(g’/mg)?

and hard spectator contribution® B— K* y are calculable
in the heavy quark limit and amount to replacing the Wilson
coefficientc,, by the effective parametex;;. Such correc-
tions have been calculated in the QCD factorization frame
work and in the large energy effective theory up to NLO in
as and to the leading power iA ocp/Mg and found to be
quite sizabld13—-15. We will return back to this point later.
In the next section, we will give numerical results for
form factors, Ti(9%),Y A i(9%),Ui(g?), as well asB
—K*y, Ky, K5 y decay rates.

The parameters, b, and F(0) are first determined in the
spacelike region. We then employ this parametrization to de-
termine the physical form factors gf=0. In practice, the
parametersa, b, and F(0) are obtained by performing a
3-parameter fit to the form factors in the rang@0 GeV
<@?<0. The obtainech andb parameters are in most cases
are not far from unity as expected. However, the paranieter
for Yg3 andU, is rather sensitive to the chosen rangedér

and can be as large as 6.6 and 8.8, respectively. To overcome

this difficulty, we will fit Yg3(g%) andU,(g?) to the form
1Il. NUMERICAL RESULTS AND DISCUSSION

To perform numerical calculations we need to first spe- F(0)
cific some input parameters in the covariant light-front F(q?) =
model. The input parametens, and 3 in the Gaussian-type (1—g?m3)[1—a(q?/m3)+b(g?/m3)?]
wave function(2.14 are shown in Table Il. The constituent (3.2

guark masses are close to those used in the literature
[1,2,20,26,2F. The input parametergs are f|>_<ed by the ._and achieve a substantial improvement. Note that for the
decay constants whose analytic expressions in the covanaggse of Uy(q?), it is fitted to a smaller range of
light-front model are given in Ref[l]. We use fg 12 GeVZSZqZS,O

=180 MeV andfgx =230 MeV to fix Bg and Bxx, respec- '

Zveli. BFor:p:[\;vavi [sgtr?n[gztz]rgisdor:jss,e\;ve take:f§>;53|l\r;|1§\l}cny their g> dependence are displayed in Table Ill and depicted
Ky~ PKia™ PKg™ PK; K,(1270) in Fig. 2. The result ofT;(0) is then compared with other
extracted from the measuree-K,(1270)v decay§29]to  model calculations in Table IV. It should be stressed that our
fix By, to be 0.2979 GeV. T,1(0) is smaller than that obtained from the quark model
As in Refs[1,2], because of the conditian” =0 we have  (QM) [30], the conventional light-front quark model

The B—K*, K, K3 transition tensor form factors and
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TABLE Ill. Tensor form factors ofB—K*, K;, K} transitions obtained in the covariant light-front
model are fitted to the 3-parameter foftl) except for the form factor¥z; andU, denoted by an asterisk
for which the fit formula(3.2) is used. All the form factors are dimensionless.

F F(0) F(a2a) a b F F(0) F(a2a0) a b

T, 0.24 1.00 1.73 0.90 Ya 0.11 0.15 0.68 0.35
T, 0.24 0.59 0.92 0.07 Ya, 0.11 0.06 -0.91 0.79

Ts 0.17 0.79 1.72 0.84 Yps 0.19 0.34 1.02 0.35
' 0.13 0.33 1.94 153 U, 0.19 0.45 2.22 2.13
Y, 0.13 0.21 0.83 025 U, 0.19* 0.32¢ 177 4.32*
Yas -0.07*  —-0.24* 193 233 U, 0.16 0.37 2.19 1.80

(LFQM) [25,3]],2_Iight-cone sum rule§LCSR9 [3_5—38, cientcy, of order —0.32 atu=m,. ForB—K;y andK? y
and the perturbative QCD approad®QCD) [39] but is close  decays, we shall emplagy;=cy; as NLO QCD corrections
to two of the lattice calculationg32,34. there have not been calculated. In EQ.26, we take

The effective parametex;,(K* y) has been calculated in () = * —
R PN p(my)=4.4 GeV forB—K*y andmy(m,)=4.2 GeV for
the framework of QCD factorization to bga,,(K* y)| B—K,y andK% y decays.

=0.165 5017 [13] at w=m, and a;4(K* y)=—0.4072 In Table V, we summarize the calculated branching ratios
—0.0256 [14] at u=m, (see also Table 3 of Ref15]).  for the radiative decayB—K* y, K1(1270)y, K1(1400)y,
These effective parameters are larger than the Wilson coeffkazc( 1430)y in the covariant light-front model. For compari-
son we also quote experimental results and some other the-
oretical calculations. For our results and results in LFQM
2This is due to the presence of additional terms proportional td31], lattice [34], and LCSR[38], we use |a;y(K* y)|?
(1-x)m3+p’? in the expression of the form factdr;(0) in the ~ =0.165-0.018[13]. The theoretical errors iB(B—K* y)
conventional light-front modefsee in Eq.(2.19]. However, it is  arise from|a;,(K* y)|? and T;(0). Note that we have as-
shown in the Appendix that this tensor form factor does not havesigned a 10% estimated uncertainty for auy(0) and that
the correct heavy quark limit behavior. In the heavy quark limit, from LFQM [31]. For B—K* y rates from heavy quark ef-
heavy quark spin symmetry allows one to relate the tensor fornfective theory(HQET) [42], we have scaled up their results
factorsT;(g?) to the vector and axial-vect®—V transition form  py a factor of|a,;(K* y)/cy4/2=1.78. Calculations in LCSR
factors(see Appendix As shown in Ref[1], the latter in the co- [38] and HQET[42] are often expressed in terms &
variant light-front model are numerically_ smaller than the OtherEB(B*}K** y)IB(b—sy) with K** denotingK, or Kszc .
model results. Therefore, the fact tfia(0) is smaller in the cova- Therefore, the branching ratio &— K** y is obtained by

riant LF model(see Table Il} is consistent with previous form . . _ &
factor calculations in Ref1]. multiplying R with B(b—sy)=3.34x10 “ [9]. For B

0.4
B—)KlA
0.3
Yas
0.2 '
s
0.1F~====_ .
Yar ]
0
i 2 4 & 8 210 15 la FIG. 2. Tensor form factors
o (GeV) TG, Yae(e®, and Ui(a)
0.35 for B—K*, B—K;, andB—K}
0.3 transitions, respectively.
0:.25
0.2
0.15
0.1} .
0.1 0.055
0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14
2
& (GeV?) < (GeV?)

094007-8



COVARIANT LIGHT-FRONT APPROACH FOR.. .. PHYSICAL REVIEW 39, 094007 (2004

TABLE IV. Tensor form factorT,; atg”=0 in this work and in  rates ofK ;(1270) andK,(1400), Suzuki found two possible

various other models. solutions with a twofold ambiguity,g|~33° and 57918]. A
similar constraint 35%|0|<55° is obtained in Ref[45]

Ref. T1(0) Ref. T1(0) based solely on two parameters: the mass difference of the

This work 0.24 LCSR35]  0.32+0.05 a,; and b; mesons and the ratio of the constituent quark

masses. An analysis af—K;(1270)v, andK(1400)v, de-

QM [30] 037:0.09,0.39 LCSR3E]  0.31-0.04 cays also yields the mixing angle to be37° or 58° with a

LFQM [25,31] 0.322 LCSR[37]  0.38+0.06 Z1HS .

Lattice [32] 0.20+0.02+0.06 LCSR[38] 0.32+0.06 twofold ambiguity[29]. It has been shown in Ref29] that
. T oon RSN the study of hadronic decayB— K;(1270)7, K;(1400)7

Lattice [33] 0.32°9%; PQCD[39] 0.315°(0.294 1 o

decays favors the solutiofi~ —58°. However, this is sub-

i + -+
Lattice [34] 0.25+0.05-0.02 ject to many uncertainties such as the unkndwr: K4 15

For By« =0.32 GeV. transition form factors and the decay constant&of1270)
PFor Bg=0.40 GeV. andK(1400).
°For Bg=0.42 GeV. The physicalB—K;(1270) and B—K;(1400) tensor

form factors have the expressions

—K3 v, the error in our predicted rate shown in Table V
comes from a 10% estimated uncertaintyun(0). . )
As stressed in Ref§13—15, the NLO correction yields Y72 g2) = ¥ 5(g?)sin 0+ Ygi(g?) coso,
an enhancement of tH®— K* y rate that can be as large as
80%. Consequently, the prediction in most of the existing
models becomes too large as the measured branching ratio is . a%) =VYai(g%)cosh—Ygi(g?)sin 6.
already saturated even before the NLO correction is taken (3.3
into account. Our prediction dB(B—K* y)=(3.27+0.74)
X 10 ° due to short-distancé—sy contributions agrees
with experiment(see Table V. It is generally believed that Since the form factor¥ 4,(0) andYg,(0) are similar(see
long-distance contributions t8—K*y is small and not Table Ill) and since thé;(1270)K(1400) mixing angle is
more than 5%/ (see, e.g., Refs[43,44, and references large, it is obvious from Eqg3.3) and(2.26) that one of the
therein. B— K,y decays is strongly suppressed owing to a large can-
To compute B—K,;y rates we need to know the cellation between th¥,;(0) andYg,(0) terms. In Table V,
K1(1270)K(1400) mixing angle as defined in EQ.4). branching ratios ofB—K,y are calculated using two
From the experimental information on masses and the partialifferent sets of theK,(1270)K,(1400) mixing angles

Y.BﬂKl(1400)(

TABLE V. Branching ratios for the radiative decas—K* y, K;(1270)y, K,(1400)y, K3 (1430)y (in
units of 10°°) in the covariant light-front model and in other models. Experimental data are summarized in
Sec. | and only the averages fBr—~K* y andB—K3 y are quoted in the table. Experimental limits Bn
— Ky are taken from Refl10].

B—K*y B—K,(1270)y B—K,(1400)y B— K% (1430)y

Expt 4.170.19 <9.9 <5.0 1.33:0.20
This work 3.270.74 0.02+0.02 0.80+0.12° 1.48+0.30

(0.04+0.03) (0.77+0.11)°

0.77+0.11° 0.08+0.04°

(0.84+0.12)° (0.003+0.006)°
Lattice [34] 3.54+1.57
RQM [40] 45+15 0.45-0.15 0.78:0.18 1.7-0.6
LFQM [31] 5.81+1.32
LCSR[38] 5.81+2.27 0.67+0.27 0.30+0.1% 1.67+0.67
AP [15] 6.8-2.6
BB [14,41] 7.4135¢
BFS[13] 7933
HQET [42] 9.99+3.81 1.44+0.53 0.70+0.3¢ 2.07+0.97

3Use of|a(K* y)|?=0.165+0.018[13] and Eq.(2.26 has been made.

bFor theK ,(1270)K ;(1400) mixing angled= —58°(—37°).

“For theK;(1270)K;(1400) mixing angleg= +58°(+37°).

dUse has been made B{b—sy)=3.34x10"* [9].

®The central value and errors are taken from the complete NLO result for the neutral#idde
The original results are scaled up by a factodaf,(K* y)/c,,|?=1.78.
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6= +58°,+37°3 Errors in the rates displayed in Table V mixing angle and hence a measurement of their relative
stem from 10% estimated uncertaintiesYiR; g;(0). There-  strength will provide an excellent way for determining the
fore, the ratio ofB—K;(1270)y and K;(1400)y rates is sign of the strange axial-vector meson mixing angle. Con-
very sensitive to the mixing angle. For example, fortrary to the other models in whichK,(1270)y and

0= +58° we have K1(1400)y are predicted to be comparable, we found that,
depending on the sign of the mixing angle, one of them is
B(B—Ky(1270y) [10.1+6.2 for #=+58°, strongly suppressed owing to a large cancellation between
B(B—K(1400y) |0.02-0.02 for §=—58°. two different form factor terms. Hence experimental mea-

(3.9 surements of the ratio of branching fractions will enable us
to discriminate between different models.
Evidently, experimental measurement of the above ratio of (4) The predicted branching ratio & K3y is in a good
branching fractions can be used to fix the sign of the mixingagreement with experiment and this may imply that NLO

angle, and it should be much more clean than the methogyrections tB— K% y are not as important and dramatic as
based on hadronid decayd29]. in the case oB—K* .

It is worth emphasizing that all other models predict com-
parableK;(1270)y and K,(1400)y rates(see Table V. In
Refs.[38,42 tensor form factor; are evaluated directly for
the physicalB—K;(1270) andB—K;(1400) transitions, We are grateful to Chuang-Hung Chen for valuable dis-
while B—K}'? andB— K3 transition form factorsK?and  cussjons. This research was supported in part by the National
K32 being theP1? and P} states ofK,, respectively are  Science Council of R.0.C. under Grant Nos. NSC92-2112-
evaluated first in Refl40] and then related to the physical M-001-016 and NSC92-2811-M-001-054.
transitions. Hence, measurement®Boef: K,y decays can be
utilized to distinguish the covariant light-front model from APPENDIX: HEAVY QUARK LIMIT OF THE FORM

others. . _ _ FACTOR T,(0)
For B—K3 y decays, the calculated branching ratio of

(1.48+0.30)x 10 5 is in a good agreement with the world  In the heavy quark limit the tensor form factdfg q?) for
average of (1.330.20)x 10 °. Since the above prediction B—K* transition can be related to vector and axial-vector
is for a;;=c,;, this seems to imply that NLO corrections to B—K* form factors defined by

B—K3 y is not as important and dramatic as in the case of
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B—K*y. (K*(P",&")|V,,[B(P"))=— €, ape" "P*q"9(q?),
IV. CONCLUSION (K*(P",e")|A,IB(P"))
Exclusive radiativeB decays B—K*y, K;(1270)y, =—i{e/* f(g®) +e*" - P[P, a.(q?)
K1(1400)y, andK% (1430)y are studied in the framework of ) AL
a covariant light-front quark model. Our main conclusions +9,a-(99]} (A1)

are as follows.

(1) The tensor form factol;(g?) atg?=0, which is rel-
evant to the deca—K* v, is found to be 0.24. This is
much smaller than what expected from the convention
light-front model or light-cone sum rules but is in a good

In the static limit of theb quark, the statid-quark spinor
satisfies the equation of motiopyb=b. Heavy quark spin
afymmetry implies the relatior|€16]

agreement with a recent lattice res{@4]. In the heavy (K*[syib|B)=(K*|siogib[B),

quark limit, the tensor form factors can be related to the

vector and axial-vector form factors. Contrary to the conven- <E* B 75b|§): _<K* |si oo; 75b|§>_

tional light-front model, it is found that the expression of (A2)
T.(g?) in the covariant light-front model has the correct

heavy quark limit behavior. This gives the form factor relatiofsee, e.g., Refl47] for

(2) Taking into account the next-to-leading order hard ver-other form-factor relations
tex and hard spectator corrections, the predicted branching
ratio B(B— K* y)=(3.27+0.74)x 10" ° agrees with experi- 5 1 ) 1 )
ment, whereas most of the existing models predict too large T1(0%) =~ 5 (Mg — wMyx)9(q%) = mf(q ), (A3)
decay rates oB— K* y compared to the data.
(3) The decay rates ofB—K;(1270)y and B where
—K(1400)y are very sensitive to thk,(1270)K(1400)

2 2 2
Mg+ My —d
wo=—2 = (A4)
3Note that by using input parameters in Table Il and with four 2mMgMy«
different values o, the decay constafiy (1570 is still within the
experimental range (17519) MeV. Then in the heavy quark limit
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1 1
T1(q%)=— Zmbg(qz) - 4_mbf(q2) (A5)

for [g?|<m3.
From Eq.(2.18 we find that in the heavy quark limit

Xmymge” ¢’

\/A'Z‘FPLZ\/.A"Z‘FDLZ’
(A6)

1

where use ok— 0 has been made. It follows from E(@B4)
of Ref.[1] that

(P”(P,

9(0)——

1 j
dxdPp!
167T2 + \/A/Z_l_piZ\/A//Z_l_piZ

124 2 2002
y p| 4 mg—x°my

X2My+ XMy + (A7)

my

and

PHYSICAL REVIEW 9, 094007 (2004

f(0)— ! 2f dxd?p! o
327 \/A'2+pi2\/v4"2+pi2
122 2
X 2xm§(xmb—mq)+2m
My
(A8)
Hence,
1 1
- Zmbg(o)_ 4—mbf(0)
1 - XmyMge” ¢’
H@f dxdp, \/A’Z-i-pf\/A"z-i—piz.
(A9)

By comparing Eq(A9) with Eq. (A6) we see thal; has the

correct heavy quark limit behavior. It should be stressed that

the zero mode contribution to the form facfqg?) vanishes
in the heavy quark limit. In the conventional light-front
model [25,31], the heavy quark limit ofT;(0) contains an
additional termm2+p!? in the numerator of Eq(A6) [see
Eqg. (2.19] and hence it does not respect E5) in the
heavy quark limit.
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