PHYSICAL REVIEW D, VOLUME 64, 054001

Rare radiative B decays to orbitally excitedK mesons
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The exclusive rare radiatii®@ meson decays to orbitally excited axial-vector mes¢h$1270), K,(1400),
and to the tensor mesd€} (1430) are investigated in the framework of the relativistic quark model based on
the quasipotential approach in quantum field theory. These decays are considered without employing the heavy
quark expansion for the quark. Instead the quark is treated to be light and the expansion in inverse powers
of the large recoil momentum of the fingF* meson is used to simplify calculations. It is found that the ratio
of the branching fractions of rare radiati® decays to axial vectoKj (1270) andK,(1400) mesons is
significantly influenced by relativistic effects. The obtained result8fdecays to the tensor mesk (1430)
agree with recent experimental data from CLEO and Belle.
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I. INTRODUCTION out that thes quark in the finalK* meson is not heavy

o . enough, compared to the parameter, which determines the

Rare radiative decays & mesons represent an important scale of th, corrections in heavy quark effective thedgy.
test of the standard model of electroweak interactions. Thesghys the Irh, expansion is not appropriate. Notwithstanding,
transitions are induceql _by flavor changing ne_utral currentghe ideas of heavy quark expansion can be applied to the
and thus they are sensitive probes of new physics beyond thg|usive B— K* (K**)y decays. From the kinematical
standard model. Such decays are governed by one(f®p  analysis it follows that the finaK* (K**) meson bears a
guin) diagrams with the main contribution fr_om a virtual tgp large relativistic recoil momenturi| of order ofm,/2 and
quark and &V boson. Therefore, they provide valuable in- o energy of the same order. So it is possible to expand the
formation about the Cabibbo-Kobayashi-Maska@M)  matrix element of the effective Hamiltonian both in inverse
matrix elements/;s andVy, . The statistics of rare radiative powers of theb quark mass for the initial state and in inverse
Bdecays has conS|derany. increased since the flrs_t observg(-)Wers of the recoil momentunfA| for the final state
tion of the B—K* y decay in 1993 by CLEQ1]. This al-  [10,11]. Such an expansion has been realized by us for the
Iqwed a S|g_n|f|cantly more precise de.termlnatlon of .eXCIU'B—>K*(892)'y decay in the framework of the relativistic
sive and inclusive branching fractiong2]. The first  quark mode[10]. In Ref.[11] it was shown that in the lead-
observation of the rar® decays to the orbitally excited ing order of this expansion a specific symmetry emerges
strange mesons has been reported by CLEOThe branch-  hich imposes several relations between the form factors of
ing fraction for the decay to the tensiis (1430) meson has semileptonic and rare radiati® decays. The interactions
been measured B—>K’2‘(143O)y)=(1.66fgj§§i 0.13)  with collinear gluons preserve these relations, establishing
x107°, as well as the ratio of exclusive branching fractionsthem in the large energy limit of QC[12]. It is important to
rEBr(B—>K§(143O)y)/Br(B—>K*(892)y)=0_39f8:i§_ Re- note that rare radiative decays Bfmesons require a com-
cently Belle [3] published the measurement of the corre-pletely relativistic treatment, because the recoil momentum
sponding branching fraction B— K} (1430)y)=(1.89 of the final meson is large compared to thguark mass. The
+0.56+0.18)x 10~ 5, which is in good agreement with the Calculated branching fraction for this deckl0] was found
CLEO result. The data for the other decay channels will bdn good agreement with experimental data. In Ré&8] we
available soon. This significant experimental progress proconsidered the exclusive raBedecay to the orbitally excited
vides a challenge to the theory. Many theoretical approachelensor mesoi; (1430). Here we extend this analysis to the
have been employed to predict the exclusii@  axial-vector mesonK7 (1270) andK,(1400).
—K*(892)y decay ratgfor a review see Ref4], and ref- Our relativistic quark model is based on the quasipotential
erences therejnConsiderably less attention has been paid tcapproach in quantum field theory with a specific choice of
rare radiativeB decays to excited strange mesd®s-8].  the quark-antiquark interaction potential. It provides a con-
Most of these theoretical approachHésg] rely on the heavy sistent scheme for the calculation of all relativistic correc-
quark limit both for the initialb and finals quarks and the tions at a giverv?/c? order and allows for the heavy quark
nonrelativistic quark model. However, the two predictions1/mg expansion. In preceding papers we applied this model
[6,8] for the ratior differ by an order of magnitude, due to a to the calculation of the mass spectra of orbitally and radially
different treatment of the long distance effects and, as a re=xcited states of heavy-light mesofist], as well as to the
sult, a different determination of the corresponding Isgur-description of weak decays d@ mesons to ground state
Wise functions. Only the prediction of Rd#8] is consistent heavy and light mesor{45,16. The heavy quark expansion
with the available data. Nevertheless, it is necessary to poirfor the heavy-to-heavy semileptonic transitidds,18 was
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fpund to be in agreement wit_h model-independent prEdiC(Kg(p’,e)|§kvowb|B(p)>
tions of the heavy quark effective theofQET).

The paper is organized as follows. In Sec. Il we define the
form factors, which govern the exclusive rare radiat®e
decays to orbitally excitet mesons. The relativistic quark
model is described in Sec. Ill, and in Sec. IV it is applied for
the calculation of the rare radiative decay form factors. Our, , = —
numerical results for the form factors and decay rates as weflK2 (p ’€)|S'kv‘7w75b| B(p))
as comparison of these results with other theoretical predic-
tions and experimental data are presented in Sec. V. There N pPp” ) . P* —
we also discuss the relations between the form factors of rare =9+ (K*) €6y M (p+p"),— EHBM—(D —-p’9)
radiative and semileptoni® decays in the formal heavy B B
quark limit. Section VI contains our conclusions.

H p o
=19+ (k) o€ Pk (PEP')”

pPp” p?
+g(k2)( EZV_MB kM_ GZBM—BkZ

Il. RARE RADIATIVE B DECAYS

BpY
In the standard modeB decays are described by the ef- +9o(KA)((p*=p' 2k, — (p+p') . k)ep, pz P~
fective Hamiltonian, after integrating out the top quark and MgMycx
W boson and using the Wilson expansid®]. For the case
of b—s transition

4

4G, 8 The matrix element ofB—KYy decay has the same
Heﬁ(bHS):—fothbZ Cij(w)Oj(m), (1)  decompositon as Eg. (3), with form factors
=1 s, (k?), s_(k?), so(k?) replacing  form  factors

2 2 2 i ot
whereV;; are the corresponding CKM matrix elements and;[/re E:Iio)r'(t(taﬁg(()if) ’Oftgég %i.n;ez:;zjlﬁfvéétlgr%teﬁsg) %)éasg?agong
{O;} are a complete set of renormalized dimension six op;

erators involving light fields which govern— s transitions. E;C?u_si?/e '3;22 f?;{er;?getﬂgrgngji;?sneg't;e:je;mm&:he
They include six four-quark operator®; (j=1,...,6), y P (

which determine the nonleptoni® decay rates, the electro- :0)0 arTeh determiqed l%y form factors. (0), s.(0), and
magnetic dipole operator 9+(0). They are given by

e — o
O7= 50" (MPrt MPUDF,,,  Pry=(1+75)/2, F(B—Kyy) = GEME|VipVigl | Co(my) 1% (0)
) VAL "
and the chromomagnetic dipole operafyy. O; andOg are x| 1— 21 1+ 21 , (5)
responsible for the rarB decaysbh— sy andb—sg, respec- B Mg
tively [19]. The Wilson coefficient€;(u) are evaluated per-
turbatively at thew scale and then they are evolved down to o
the renormalization scale.~m, by the renormalization I'(B—K}y)= GZmp|Vip Vi 2| C7(mp) |22 (0)
. 24 PF Ml Vib Vis 7\ My +
group equations. There are also power-suppressed terms 327
~1/mZ [20,21]. 2 \3 2
The dominant contribution tdB—K** y decay rates MK{ MK*{
come from the electromagnetic dipole opera®gt The ma- X 1-— 1+ valk (6)
trix elements of this operator between the init&almeson B B
state and the final state of the orbitally excit€d* meson
have the following covariant decomposition: I'(B—K3y)
(Ky(p',€)[sik,o,,b|B(p)) 3
g = 256#4G%mﬁlvtbvtslzlc7<mb>|zgi<0> 2
=t (K*)((e*-K)(p+p'),—€s(p*~p'?) K2
5
+t_ (k) (€ - K)k, — €5 k) +to(k2) (e* -K) Mi; Mi;
2 12 ’ 2 Y 2 1+ 2 | (7)
(Kl(p’,e)|§kvoMV75b|B(p)) where C,(m,) is the Wilson coefficient in front of the op-
eratorO-. It is convenient to consider the ratio of exclusive
= it+(k2)ewwe* "KMp+p')e, (3)  toinclusive branching fractions, for which we have
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_ Br(B—K;(1400y)
Ki™ " Br(B—Xsy)

20 (1-Mg IMB)3(1+ Mg /Mp)
=l

8

(1—m2/m3)3(1+m2/m2)

_ Br(B—K}(12707)
1~ Br(B—Xgy)

Rk

(1= My /M3)*(1+ Mic /M)

2
=s%(0
+(0) (1—m2/md)3(1+mZ/m?)

©)

_ Br(B—K3(14307)
5~ Br(B—Xsy)

Rk

1 M2 (1= M2, IM2)5(1+ M2, IM3)
2 2

=590z

KZ

(1—m2/m2)3(1+m2/m?)

(10

The recent experimental values for the inclusive decay

branching fraction

Br(B—Xgy)

(3.15+0.35+0.32+0.26)X10"* (CLEO [22]),
(3.39+0.53+0.42°32)x 1074 (Belle [3])

are in a good agreement with theoretical calculati(ses,
e.g., Ref[4]).

Ill. RELATIVISTIC QUARK MODEL

PHYSICAL REVIEW D64 054001

The kernelV(p,q;M) in Eqg. (11) is the quasipotential
operator of the quark-antiquark interaction. It is constructed
with the help of the off-mass-shell scattering amplitude, pro-
jected onto the positive energy states. An important role in
this construction is played by the Lorentz structure of the
confining quark-antiquark interaction in the meson. In con-
structing the quasipotential of the quark-antiquark interaction
we have assumed that the effective interaction is the sum of
the usual one-gluon exchange term and the mixture of vector
and scalar linear confining potentials. The quasipotential is
then defined by25]

V(p,g;M) =Uq(P)Uo(—P)V(P,d; M) Uq(q) Uo(— 1),
(14)
with

4
V(p,q;M) = §a’st,y(k) 757’64—Vgonf(k)FgFQ;#+V§0nt(k)'

where as is the QCD coupling constanD ,, is the gluon
propagator in the Coulomb gauge, akeé-p—q; vy, and
u(p) are the Dirac matrices and spinors

e(p)+m

“2e(p) op X (15

e(p)+m

uM(p)=

with e(p) = Vp?+m?. The effective long-range vector vertex
is given by

3
F,L(k):%ﬁﬁtf,wkv, (16)
where « is the Pauli interaction constant characterizing the

nonperturbative anomalous chromomagnetic moment of
quarks. Vector and scalar confining potentials in the nonrel-

Now we use the relativistic quark model for the calcula-ativistic limit reduce to

tion of the form factors, (0), s,(0), andg, (0). In our

model a meson is described by the wave function of the
bound quark-antiquark state, which satisfies the quasipoten-
tial equation[23] of the Schrdinger type[24] in the center-

of-mass frame:

b2(M 2 d3
( ( )—p—)WM(p)=J da

V(p,g;M)¥y(a),

2ur  2pR (2m)°
(12)
where the relativistic reduced mass is
4 2 2\2
PSS L a2
am?
and b?(M) denotes the on-mass-shell relative momentu
squared
M2—(mg+mg)?][M?—(my—mg)?
b2(|v|)=[ (mg+mg)“][ (Mg Q)]_ 13

4M?

Vi (N =(1—&)(Ar+B), Vig(r)=e(Ar+B),

17
reproducing

Veont(1) = Veont(1) +Veon(r) =Ar+B, (1)
wheree is the mixing coefficient.

The quasipotential for the heavy quarkonia, expanded in
v?/c?, can be found in Refs[25,26 and for heavy-light
mesons in Ref.14]. All the parameters of our model, such as
quark masses, parameters of the linear confining potential,
mixing coefficiente and anomalous chromomagnetic quark
momentx, were fixed from the analysis of heavy quarkonia
masseq 25] and radiative decayf27]. The quark masses
m,=4.88 GeV, m=1.55 GeV, ms=0.50 GeV, m 4

M-0.33 GeV and the parameters of the linear potential

=0.18 Ge\f and B=—0.30 GeV have the usual quark
model values. In Ref.17] we have considered the expansion
of the matrix elements of weak heavy quark currents be-
tween pseudoscalar and vector meson ground states up to the
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v (1) o I v 5 3
I (P.a) =Us(P1)5 0, K (14 y)Up(A1) (27)°5(p2 — Ga),
(20)
b 5 and
B K** l
. . ri2(p.a)= us<p1>uq(p2>§[ o1, K (1F9)
FIG. 1. Lowest order vertex functioR® corresponding to Eq. A§7(kq)
(20). — = YPV(P,— ) + V(P 0)
€p(ka) + €(P1)
second order in inverse powers of the heavy quark masses. It A(’)(ki)
has been found that the general structure of the leading, first, xf—yfi 01K, (1+ yf)
and second order iy, corrections in our relativistic model es(k1) +€5(q1)
is in accord with the predictions of HQET. The heavy quark X (1) Uq(Cl2), 21)

symmetry and QCD impose rigid constraints on the param-
eters of the long-range potential in our model. The analysigyherek, = p, — A; Ki=qi+A; A=pgss —Pg;
of the first order correctionsl 7] fixes the value of the Pauli

interaction constant = — 1. The same value of was found - e(p)— (My°+ v°(yp))

previously from the fine splitting of heavy quarkoni® ;- A)(p)= 2¢(p)

states[25]. The value of the parameter characterizing the

mixing of vector and scalar confining potentials= —1, The wave functions oP-wave K** mesons at rest can

was found from the analysis of the second order correctionbe parametrized either through the wave functions of the
[17]. This value is very close to the one determined fromstates 'P;, 3P;;, used in quark models for quarkonia
considering radiative decays of heavy quarkdi@d). (L S-coupling schemkeor through the wave functiort§(1/2)
andK (3/2) used in HQET js-coupling schemge The struc-
IV. RARE RADIATIVE B—K** y DECAY FORM FACTORS ture of the wave functions for the states witH @nd 2*
quantum numbers is the same in both parametrizations, while
In the quasipotential approach, the matrix element of thewo real states with 1 quantum numbers are different mix-
weak currentd ,=s(i/2)k"o,,(1+ ¥°)b between the states tures of states in these parametrizations. Experiment shows
of a B meson and an orbitally excite** meson has the thatK;(1400) andK} (1270) mesons are nearly equal mix-
form [29] tures of 1P, and 3P, quark model statef®8]. As a result the
HQET parametrization turns out to be more appropriate since
d3p d®q— the realK,(1400) andK} (1270) mesons almost coincide
(K** |J#(0)|B>ZJﬁ\PK**(p)FM(pvQ)\PB(QL with the corresponding states js-coupling scheme. The
(2m) (19) wave functions at rest in HQET parametrization are given by

—ApIM _ \)dM
where I' ,(p,q) is the two-particle vertex function and Ve (PI=Wky (P =Y Wi (P, 22
Vg are the meson wave functions projected onto theyvhereJ andM are the meson total angular momentum and
positive energy states of quarks and boosted to the movings projection, whilej is the u,d-quark angular momentum;
reference frame. The contributions focome from Figs. 1 Y(H(p) is the radial part of the wave function. The spin-
and 2. The contributiod™(®) is the consequence of the pro- angular momentum pa’™ has the following form:
jection onto the positive-energy states. Note that the form of .
the relativistic corrections resulting from the vertex function M E 3 M>

'@ explicitly depends on the Lorentz structure of thg Vi
interaction. The vertex functions are given by

) 1

7Q%q

1
y ” ><<1M—0'Q—0'q,§0qjl\/|—(rQ>
XYY oo Xa(0g). (23
b , s b . s
B | K~ B ! K Here (j;my, jomy|J M) are the Clebsch-Gordan coeffi-
) ! . ) ! ] cients,Y|" are the spherical harmonics, ago) (whereo
4 4 ¢ 4 =+1/2) are spin wave functions:
FIG. 2. Vertex functionl'® corresponding to Eq21). Dashed 1 0
lines represent the interaction operadin Eqg. (14). Bold lines X(1/2)=( ), X(—1/2)=( )
denote the negative-energy part of the quark propagator. 1
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Then Wi a(P)=DARY)DIARY ) Wi o), (26)

Y =W cosp+ WL sing, _ . . .
ky(1400)= Vi(aig) COSP+ Wic(arz) SIN & where RV is the Wigner rotation|, is the Lorentz boost

from the meson rest frame to a moving one, and the rotation

M _ A 1IM 1M H
Wix (1270 Vi(12) €0S¢ = V(3 SIN &, (24 matrix DY4R) in spinor representation is given by
where ¢ is a small mixing angle. We have calculated the 1 0 2w .
wave functions of orbitally exciteK** mesons in our 0 1 Dsq(RC,)=S""(ps,q) S(A)S(p), (27

model by the numerical solution of E¢L1) with the quasi-

potential(14) expanded in inverse powers of quark energies,yhere

Such an expansion is more adequateKKamesons than the

usual nonrelativistic expansion since the velocities of light e(p)+m/ ap
u,d,s quarks are highly relativistic. The calculated spin- S(p)= \/ 1+
averaged-waveK meson masses as well as spin-orbit split- 2m |7 e(p)+m

tings are consistent with experimental values. The obtained . . .
value of the mixing angle in Eq24) also agrees with the S the usual Lorentz transformation matrix of the four spinor.

experiment and is approximately equalde=4°. In the fol- We substitute t.he vertex functim_ﬁl) andr' given by
lowing we will use the function§22) for decay form factor EdS-(20) and(21) in the decay matrix elemeiit9) and take
calculations assuming that the physical form factors Bor into account the wave function transformatit6). The re-

K(*)y decays are related to the calculated ofaenoted sulting str_ugture of this matr_ix element is rather complicated,
b—;/ altilge) by y because it is necessary to integrate both agr and dq.

The & function in expressiol20) permits one to perform one

of these integrations and thus this contribution can be easily
calculated. The calculation of the vertex functibf? con-
tribution is more difficult. Here, instead of &function, we

have a complicated structure, containing thg interaction

It is important to note that the wave functions entering theoperator). However, we can expand this contribution in the
weak current matrix elemerit9) cannot be both in the rest inverse powers of the heavdy quark mass and large recoll
frame. In theB meson rest frame, th€** meson is moving momentum|A|~m,/2 of the finalK** meson. Such an ex-
with the recoil momentuna. The wave function of the mov- pansion is carried out up to the second ofd&hen we use
ing K** mesonWy«x , is connected with th&K** wave the quasipotential equation in order to perform one of the
function in the rest fram& ++ o=V« by the transforma- integrations in the current matrix element. As a result we get
tion [29] for the form factors the following expressions wik+ —1:

t,=1, cos¢+s, sing,

S, =S, COSp—1t., Sing. (25)

T.(0)=t11(0)+(1-£)t@V(0) +£1D50), (28)

T(l)(0)= 1 IEK(BIZ) |A| J' dapg (p+ 2eq A) \/es(p+A)+ms\/Eb(p)+mb
" 3V2 V Mg Ek@ztMkear)! (2m)3 K(3/2) Ekiz)t Mk (ar) 2e5(p+A) 2€,(p)

(D'A)[ Mg—Exk )
+
pAZ es(p+A)+mg

p p
€(p)+tmy  e(p+A)+mg

X [ —3(Ek a2yt Mk(ar)

X

Mg—E 2 Mg+ M
14 B~ EKk(32) p }_ B K(3/2) p

e At mg " TeptA) T mellen(P) + m] MB—MK(s,Z)es<p+A>+ms]"’B(p)’ 29

This means that in expressions T9s,9?V(0) andt,s,g{?S(0) we neglect terms proportional to the third order product of small binding
energies and ratiqszleg’(A), pzleﬁ(A) as well as higher order terms.
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~ 1 [E A dp — 2¢
t(JrZ)V(O) _ K(3/2) | | f p lﬁK(3/2)( p+ —qA>
3V2 V Mg Eg@ztMkan! (27)°2 Ekz2)t Mk )
x /fs(A)+ Mg
2e5(A)

X

(p-4a) p

3(Ex 3+ Micaiz) s — &(8)~m,
k3rR)t Mk 0AZ  egp) Iy

2e4(A)[ €5(A) +mg]

Mg—Ek(a2)

eo(A)+m, P

2€
q A)

Mg—€n(p) — €4(P) + " Exnt Meam
8~ €p(P) — €4(P) Ek@i)t Mk

M K(3/2)” €s

Ms—en(p)—€q(P)  ,  e(d)—m;
ep(A)+my “2e5(A)[es(A) +mg]

— €& P

2¢q )
+
Bk Mk (a2

p
)+ €q(P)+mgy

X ¥s(P), (30

M ZEq A + Zéq A
K(3/2)~ €s (=D VI | P Ex () M)

p+
Ek(z2T Mk (a2

3
: 32 ¥V Me Ex@ntMkar) (2m)2 2\ Ex@rt Mkean)

fs(A)+ms[ €s(A)—mg

2es(A)[ e5(A) +mg]

(p-4A) p
+
pA?  €(p)+my

2e.0) —3(Ek ()t Mk (ar)

Mg—Ek(a2)

X|Mg—€n(p)—€(P)— m('\/‘ K(3/2)~ €s
S S

2¢€
q A)

pt——— o —
Ek(z2T Mk ()

- Gs( P+LA) )} e(p), (31
Ex a2 Mk (a2

5.(0)=31(0)+ (1—£)s?V(0) +£5?%0), (32

~ 1 [E |A] dp — 2¢
(1) _ K(1/2) q
sy/(0)== f +— A
+ 3 Mg Ek@wz2)tMkare) (277)3{/4((1/2) P Ex @zt Mk

><\/es<|o+A)+ms\/eb(|o>+mbj <p~A){ . Me—Exan

—-3(E +M
2eptd) N 2ep) | ket Mean)” G I TR i mg
- 2p 2p [ Mg—Ek(1/2) p? }
eq(p)+mq €s(p+A)+mg e(PTA)+mg  [eg(p+A)+mg][ep(p)+my]
Mg+ My (1) p Mg—Ek(1/2) 3p
- , 33
Mg—My(1/2)| €n(P) + My €(PTA)+mg)  e(p+A)+mg Ve(P) 33
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- 1 [E A d®p — 2€ [e(A)+m

s@Vo)== S22 4] f i ¢K(1/2)(p+ — 1 A) —S( )+ ms
3 Mg Ex@ztMkar)) (27)3 Ex2T Mk 12 2e4(A)

X[

X

€5(A)—mg
2es(A)[€5(A) +mg]

(p-4) N 2p
pAZ Eq(p)+mq

3(Ek (12t Mk(112))

Mg—Ek(1/2)

M= eu(P) ~ €a(P) ~_ 15y £ o

1
€p(A)+my

26q

X p

Mk 12y~ €s

vt | 2
Ex2)t Mk (12 2(€g(p)+mg)

2€
M —e( +—qA)
MB_MK(1/2)[ ka2~ €s| P Ex (w2t Mk(112)

; —A) e
Ex (w2t Mk(112) | P

X

Mg+ My Mg+ Mg 1/
[MB—Gb(p)—Eq(p)](:aW()_ 4 BT VK@)
B~ Mk

Mg+ Mg Mg+My (172
Mg— ep(P) — €q(P) ]+ |
[ B b(p q(p] MB_MK(:L/Z)

ES(A)_ms
Te(A)+m,

~ 1 [E |A| dp — 2e

2)s K(1/2) f q

S 0)=— W 4+ A
+ 10 3 Mg Ekz)tMkanz) (277)3 k@) P Exw2t Mk (1)

es(A)+mg
2e5(A)

2€q

ye(p), (34

el
— €
s\ P Ex@zt Mk

M —e( PR B
[ K2~ €s| P Ex 2yt Mk (1)

A) 2p

(p- _ €s(A)—mg
pA?  €(p)+mg

2eg(A)[ e5(A) +mg]

—3[Ek(w2)t Mk 2)

Mg—Ek(1/2)
X| Mg— €p(p) — €q(p) — —— 2
B eb( p) Gq( p) ES(A) + mS

p

2¢q
MK(1/2)_ €s A

+ L —
Ek(2)TMk(2)

—€ ( p+—26q A) )} #8(P) (39
s Exk(w2)T Mk (112) ’

9. (0)=gM(0)+(1-¢)g?v(0)+ 9?5 0), (36)

2¢
EK; + MKZ

\/Es(p+A)+ ms\/eb(p)+mb
2eg(pt+A) 2ep(p)

p _ p
€(p)+my  e(ptA)+mg

p+

B

g(”(0)=i\/EK§ b fdgp%
* V3 ¥ M B+ Myx ) (2m)37"

A Mg—Ex=
(p ){1 ;L
pAZ es(p+A)+m;g

MB_EK* 2
x| 1+ 2 P

e(ptA)+my [e(p+A)+mg]ep(p)+mp] ] ¥8(P), (37)
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E* M x 3
@V = L)z K dp — _ 26,
2V(0)= =\ 1 St | o+
3 BEK§+MK’£ (277) 2 EK§+MK§

€s(A)+mg (p-A) MB_Gb(p)_Eq(p)
“N2e®) [S(EK5+MK3) pA?  2ed)rm]

€q(P) + My 2[ e4(A) +m,]?

((MB+MK’Z*)[MB_fb(p)_fq(p)]+(EK§+MKg)

x| m b2y L N 38)
*— € _ —€ _ ,
Ky €| P Ecs + My s| P Es + My B(P
Ey* M x 3
gS_Z)S(O)=i ﬁ 2 j d°p ZK* p+ 2¢q [€s(A)+mg
V3 ¥V Mg EK§+MK>2~ (2m)3 2 EK>2~+|V|K§ 2e4(A)
(p-A) p €s(A)—mg 2¢q
XA | —3(Eg*+Mgx) + Myx—€ +
e (R | R PRV s s E=wer v
L %< + Mo~ B Mg+ M (p)— €(p) T
— € - —_— * — € — € —€ S
5| P Exs +Mgs e Ay +m2| B KT PRI P Exs +Mgs
2€q ]
—&l pt—"A ¥s(p), (39
By tMiy |

where the superscriptgt)” and “ (2)” correspond to contri-  infinity.? In this limit according to HQET30] the functions

butions coming from Figs. 1 and &,andV mean the scalar
and vector potentials in Eq17), ¢« g are radial parts of (W)= 2yMeM; w)—2 VMeMi, 6 T (w)
the wave functions. Sinchly 1/, and M) almost coin- &r(W)= Mg+ M g+ (W)= Mg—My, w+ 1t

K*
cide with the physical axial-vector meson maqual*) and 2

(41)
My, we use the latter for numerical calculations. The recoiland
momentum and the energy of the&* meson are given by
2MgMysx_ M2+ Mz, — k2
SE(W): S+(W)1 W= ’
MB_MK* ZMBMK**
M2 —M?2 M2+ M2 (42)
K** K**
|A|:T: Exse =——y- (400 should coincide with the Isgur-Wise functionw) and
B B Z(w) for semileptonicB decays to orbitally excitedd me-
sons,B—D** ev. Such semileptonic decays have been con-
sidered by us in Ref[31]. Taking the formal limitm,
—o©, mg—o in Egs.(28)—(39) and using definitiong41),
V. RESULTS AND DISCUSSION (42) we find

We can check the consistency of our resulting formulas by
taking the formal limit ofb and s quark masses going to  ?As was noted above, such a limit is justified only for thquark.
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TABLE |. Theoretical predictions and experimental data for the branching fractions0(®) and their ratios R¢x=Br(B
—K*9)/Br(B—Xsy), Rxx)=Br(B—K®*)y)/Br(B—Xsy) (i=1,2), r=Br(B—K}y)/Br(B—K*y). Our values for the8—K*y de-
cay are taken from Ref10].

Value Ours Ref[5] Ref. [6] Ref. [7] Ref.[8] Exp. CLEO[2] Exp. Belle[3]

Br(B—K*(892)y) 45+15 1.35 1.4-4.9 0.5-0.8 471179 455002+034  4.96-0.67+0.45

3.76'38+0.28  3.89-0.93+0.41

R (%) 15+3 4.5 35-122  16-25  16.8:6.4
B— K3 (1430)y forbidden
Br(B— K3 (1270)y) 0.45+-0.15 1.1 1.8-4.0 0.3-1.4  1.20-0.44
Rqs (%) 1.5+0.5 3.8 45101  0.9-45 4316
Br(B— K1(1400)y) 0.78+0.18 0.7 2452 0.1-0.6  0.58-0.26
Rk, (%) 2.6-0.6 2.2 6.0-13.0  0.4-2.0 2.1£0.9
Br(B— K3 (1430)y) 1.7+0.6 1.8 6.9-14.8 04-1.0 1.73-0.80 1.66'923+0.13  1.89+0.56+0.18
Rqs (%) 5.7+1.2 6.0 17.3-371  1.3-3.2 6.2£2.9
r 0.38+0.08 1.3 3.6-4.9 0.8-1.3  0.370.10 0.39°313
3RO K* 0y,
bB+—>K*+'y-

Er(w) \F - f il ( T A) MW 1)) P ), @3

w)=1/5 ——A|| — w ,

F 3w+ 1%2) (23 KO P M (Wt 1) K2 pAZ | eq(p)+mg| 7P

tew =2 ] iy (p+ ﬂA) M D S 2 P g

£ 3 (wt+1)¥2) (27)3 KT Mgapy(w+1) K(172) "pAZ  Teg(p)tmg| TS

[

It is easy to verify that the equalitieg= 7 and ¢ég=¢ are The relations between the form factors of heavy-to-light

implemented in our model if we also use the expansion irsemileptonic and rare radiati® decays emerging in the
(w—1)/(w+1) (w is a scalar product of four-velocities of large recoil limit[11,12 are satisfied in our mod¢ll0,15.

the initial and final mesons which is small for theB  Using Eq.(36) to calculate the ratio of the form factgr,. (0)
—D** ey decay[31]. It is important to note that last terms in the infinitely heavyb ands quark limit to the same form

in the square brackets of the expressions for the functionfctor in the leading order of expansions in inverse powers of
£e(w) (43) and ég(w) (44) result from the wave function the heavyb quark mass and large recoil momentiuy) we
transformatior(26) associated with the relativistic rotation of find that it is equal taVig/+/ M§+ Mi* ~0.965. The corre-

2

Fhe light quark spiriWigner rotation in passing_to the_ mov= sponding ratio of form factors of the exclusive rare radiative
ing reference frame. These terms are numerically importang decay to the vectdk* mesonF,(0) [see Eq(23) of Ref.

and lead to the suppression of the form factor compared [10]] is equal to MB/\/I\/Ié—Jer(j%O.QS& Therefore we

to ée. Note that if we applied a simplified nonrelativistic ) .
quark model[8,30] these important contributions would be conclude that the form factor ratigs (0)/F1(0) in the lead-
dng order of these expansions differ by the factor

missing. Neglecting further the small difference between th 5 . > > >
wave functionsyy 1z and Py, the following relation IMZ+ M,/ \/M B+ My ~0.98. This is the consequence of
betweenér and &g would be obtained30] the relativistic dynamics leading to the effective expansion in
inverse powers of thes quark energy e(p+A)
w+1 =(p+A)*+ msg, which is high in one case due to the large
Ee(W)= —=&r(w). (45 s quark mass and in the other one due to the large recoil
‘/§ momentumA. As a result both expansions give similar final
expressions in the leading order. Thus we can expect that the
However, we see that this relation is violated if the relativis-ratio r of the B branching fractions to the tens#t5 and
tic transformation properties of the wave function are takenvectorK* mesons in our calculations should be close to the
into account. one found in the infinitely heavg quark limit [8].
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The results of numerical calculations using formulas-
(9), (25), (28)—(39) for e=—1 are given in Table I. There

PHYSICAL REVIEW D64 054001

VI. CONCLUSIONS

In this paper we have investigated rare radiaBveecays

we also show our previous predictions for tBe-K* y de-
cay [10]. Our results are confronted with other theoretical
calculations[5—8] and recent experimental daf&]. The
QCD sum rules predictwith 20% uncertainty [21] Br(B

to orbitally excitedK** mesons in the framework of the
relativistic quark model. The large value of the recoil mo-
mentum|A|~m,/2 makes relativistic effects play a signifi-
cant role and strongly increases the energy of the final me-

—K*v)=4.4x10 °X (1+8%), where the second term in This eff iderably simolifies th VSis si :
the brackets is the estimate of thenf/terms contribution son. This effect considerably simplifies the analysis since it
" allows us to make an expansion both in inverse powers of the

We find a gooc_i agreement O_f our predictions for decay ratei%lrgeb quark mass and in the large recoil momentum of the
with the experiment a'ld estimates of RES] for the mea- it final meson. Such an expansion has more firm theoret-
sured decay rateB—K* y andB—Kj y. Other theoretical o5 grounds than the previously used expansion in inverse
calculations substantially disagree with data either Bor powers of thes quark mas$8,6], which is not heavy enough.
—K*y[5,7] or for B—K3 v [6] decay rates. Let us note that \we carried out this expansion up to the second order and
one*of the main reasons of the too small values Bor calculated resulting form factors in our relativistic quark
—K*y decay rates in quark modells,7] is the use of the  model. Rare radiativ® decays to axial-vectdt *) and ten-
nonrelativistic expression for the momentum of the final Me-5orK% mesons have been considered. It was found that rela-
son in the argument of the wave function overapl. As a  yjistic effects substantially influence decay form factors.
result our predictions and those of RE3] for the ratior are Thus, the Wigner rotation of the light quark spin gives an

VF\QIe:‘I an;iStethWith experimler_lt, wr:ile theﬁstimr?tes of important contribution, which leads to the suppression of the
efs.[5,7] and[6] are several times larger than the exper"B—>K’l*(127O)y decay rate. In the nonrelativistic quark

;nci?ctjiln\tlglll{[ﬁ(:rei;ﬂzlse)itlpt\)Sulrt ;\:%S Sreg[%(]edaabfovaeéﬁgss :rcgt model, where these effects are missing, the ratio of branch-
2] app ing fractions B(B— K?*(1270)y)/Br(B—K,(1400)y) is

close. The agreement of both predictions for branching frac- S 0 "

tions could be explained by some specific cancellation O]equal t 2, while in our model 't. IS subs_tantlally sma_\ller and
finite s quark mass effects and relativistic corrections whicheqw?1I to 0'7:0.'3' It will be very Interesting to test this con-
were neglected in Ref8]. Though our numerical results for clusion experimentally. Our predictions for the branching

the measured decay rates agree with Faif.we believe that TactionsB—K*y andB—K3 y as well as their ratio are in
our analysis is more consistent and reliable. We do not us@ 900d agreement with recent CLEQ] and Belle[3] data.
the ill-defined limit mgs—o, and our quark model consis-
tently takes into account main relativistic effects, for ex-
ample, the Lorentz transformation of the wave function of the authors express their gratitude to A. Ali, P. Ball, A.
the final K** meson[see Eq.(26)]. Such a transformation —o|ytvin, M. Miiler-Preussker, and V. Savrin for discussions
turns out to be very important and leads to the substantialyy p_ jaffe for initiating this study. D.E. acknowledges the
reduction ofB—K7(1270)y decay rate in our model. We gypport provided to him by the Ministry of Education and
see from Table | that our model predicts for the ratidBBr  ggjence and Technology of Japdionkasho for his work at
RCNP of Osaka University. Two of ugk.N.F and V.O.G.
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