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Form factors of heavy-to-light B decays at large recoll
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General relations between the form factorsBodlecays to light mesons are derived using the heavy quark
and large recoil expansion. On their basis the complete account of contributions of second order in the ratio of
the light meson mass to the large recoil energy is performed. Both ground and excited final meson states are
considered. It is shown that most of the known form factor relations remain valid after the inclusion of
guadratic mass corrections. The validity of some of such relations requires additional equalities for the helicity
amplitudes. It is found that all these relations and equalities are satisfied in the relativistic quark model based
on the quasipotential approach in quantum field theory. The contributiom@f ddrrections to the branching
fraction of the rare radiativ® decay is discussed.
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[. INTRODUCTION state and the usualrb heavy quark expansion for the initial
one. These expansions significantly simplify calculations of
The investigation of exclusive wedk decays to mesons the matrix element. Later we applied the same approach to
composed of lighti, d, ands quarks(heavy-to-light decays the description of exclusive semileptonic heavy-to-light
represents an important problem in particle physics. It prodecays[6]. In this case the value of the light meson recoil
vides a means to measure such fundamental parameters @mentum is not fixed, but still is of order of,/2 almost in
the Cabibbo-Kobayashi-Maskawa matrix elementg,,  the hole kinematical range. The Isgur-Wise relation origi-
V.4, andV, to predictCP-violating asymmetries, to test nally derived for.the he_a\{y-toThght form factors at maximum
the standard model both at large and short distances, and fa—(M—m,)* is satisfied in our model for smalt®
look for possible manifestations of new physics. In contrast<M? My, (near the point of maximum recoityy is the mass
with B decays toD mesons, where both initial and final Of a final vector mesonA close approach was used by Stech
mesons contain the healyand ¢ quarks (heavy-to-heavy [7] and Soar¢$8] for describing hgavy—to-hght transitions.
decay$ and thus well developed methods of heavy quark Recently it was showi9] that in the heavy quark and
effective theory(HQET) [1] can be applied, the heavy-to- large recoil limit new symmetries emerge and impose new

light decays are less studied theoretically. HQET and heav (Ijations dont the for];rrr]] facto:(sthlyshtrgdéjcing th_?_hnu_mf)er of
quark spin symmetry do not reduce the number of indepen-n ependent ongwf heavy-to-lig ecays. 1he interac-
on with collinear gluons preserves these relations, estab-

dent form factors for each decay mode in the latter case, blﬁkshing them in the large energy limit of QCF10]. On the
yield only relations between form factors of different heavy-o,[her hand, these new symmetries are broken. by radiative
to-light modes, e.g., semileptonic and rare radiaBw#ecays correctionsfll]
as in the Isgur-Wise relatiorig]. . : . .

In heavy-to-light decays the final meson usually carries In this paper we extend the analysis of Refl to include

large recoil momentuntenergy of order of half aB meson aSystemaucally the contributions quadratic in the final to ini-

. ) ; tial meson mass ratio and of ordgt/M?2. Their inclusion is
mass. The inverse of this large quantity can serve as an ex-

ansion parameter of corresponding large ener eﬁectiveSpeCia”y important when the final meson is in the radially
P P pol g arg 9y CUVE, orbitally excited state and the above contributions become
theory (LEET). It was used originally by Dugan and Grin-

. : . 4 X quite appreciable. To achieve this goal the general expres-
iLe;?rr[l:Z] dlrr;:;%iylgr? dngqileﬁttor?]gsgvocicg?gg gsg?y;iéo di- sions for the heavy-to-light form factors accounting for non-
9 N ) 9 zero final meson mass are derived. They allow one to obtain
cays. Further development was given in Rgd]. . tant relati bet f fact | ticul
We used a similar approach within the relativistic quarkmar_ly important fe1ations between form tactors. I particuar,
model while considering exclusive rare radiatBelecays to the inclusion of these contributions is necessary for the exact
K* and v [5]. For the real photonc=0) the K* recoil fulfilment of the Isgur-Wise relationf2] and some of the

) > 2 : relations given by Soard8]. Additional constraints which
momentumA has a fixed valueNI“—my.,)/(2M) and its  5re gpecific for the constituent quark model lead to the ful-

energy is equal to Ni?+mz,)/(2M). Since theB meson filment of the rest of the relations found by Soaf&].
massM>my« andM is of order of theb quark massm,, The paper is organized as follows. In Sec. Il we consider
both the recoil momentum and energy are of ordemgf2.  the effective theory for the description of heavy-to-light de-
Thus we can make an expansion il\1/2/m,, for the final  cays at large recoil of the final meson. Special emphasis is
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placed on the inclusion of the corrections of second order irsists in thate is not the on-shell energy of the final meson.
the ratio of the final meson mass to its recoil energy. Suchindeed, the on-shell enerdy: and the recoil momentur,
corrections are especially important fBrdecays to excited which form the final meson four-momentupy=(Eg,A),
light mesons since their mass is not small enough. The gerare related tcE by

eral formula for calculating weak decay matrix elements in

the effective theory is given. In Secs. lll and 1V the effective M2+ m?—q? m?

theory is applied for deriving various symmetry relations be- Er= oM E E ' 4
tween the form factors d8 decays to ground and radially or

orbitally excited meson states. A significant reduction in the )

number of independent decay form factors in the heavy |A|l=A= E,Z:—mzzE(l—m— (5)
quark and large recoil limit is observed. The obtained form 42}’

factor relations are compared to known ones. The fulfilment
of form factor relations in the relativistic quark model is
tested in Sec. V. Then some phenomenological applications 2E=Ep+A, S==Ef—A, a=Ps—Pr.
are discussed. Finally, we give our conclusions in Sec. VI.
Under our assumptions it follows from these formulas that
Il. THE LARGE RECOIL EFFECTIVE THEORY Er~A~E~M/2. The active light quark momentum in the

. . . . , final meson can be represented as
We consider a kinematical region where the final meson

energy Er=(M2+m?—qg?)/(2M) is of order M/2, m? m2 m2

<M? and the 4-momentum transfer squareqiscM2. This Pe=ENn+ = ntk'=Ant S-vtk, (6)
means that the final light meson bears a large recoll

3-momentumA ~M/2. We assume that the main part of this where the residual momentukt is small, if we neglect hard
momentum is carried by an active light quark in the finalgjyon exchanges, and satisfiés|~ A ocp<E and|k’[<m.

meson, and that its interaction with the spectator light quark’ The two component light quark fields. (x) can be de-
is soft; hence we neglect all hard gluon contributions. Wefineq from the full QCD fieldgy(x) by

also neglect the Sudakov suppression of the soft part of the

form factors[9,11]. Since theB meson masM ~m,, we use q+(x):ei(An-x+(m2/2E)v-x)p+q(x), )
the 1M expansion retaining all terms of order/M? and - B

neglecting the ones of ordexycp/M and highet: To this  whereP.. are the projectors:

end we introduce the following kinematical notation: the

m2

four-momentum of the heavp meson with massv and p+:M:@, 7:@:@. ®
velocity v, 4 2 4 2
pg=Mu, (1) Substituting expressiong7) into the QCD Lagrangian
and the heavy quark momentum Loco=a(iP —mg)q, one obtains
Po=mqu +k, 2) EQCD=E+<x>uf(in-D+ ;n—é a4+ (0 +q-()iD g, (x)

wheremg is the heavy quark mass akds a small residual

momentum [k|~ A gep<mo). +0.(X)iDq_(x)+q_(X)$(2E+2iv-D

The energetic final light meson carries a momentum —in-D)q_(x) 9)
2
pr=En+ 17], 3) vyhere th_e covarianF derivativ@”f *—igA*. The varia-
4E tion of this Lagrangian ovebq_ gives the equation of mo-

ion
where we have introduced two light-like vectorg and 7, o
=2v,—n, (n?=0 and »°=0) satisfying the relations SLocp . _ _
n-v=1 andn- »=2. In the rest frame of the initi@ meson, 50 =il g, (X)+¥(2E+2iv-D—in-D)q_(x)=0,
where v=(1,0,0,0), choosing the momentum of the final (10)
light meson in thez direction, we obtaim=(1,0,0,1) and
7=(1,0,0—-1). It is easy to check thagi2=m?, wheremis  which allows one to expresg_(x) formally in terms of
the mass of the final meson. The important difference frong..(x),
the case when the final meson mass is being neglected con-

- )
4-=" 352, D=in.0 I+

(11)

The m?/M? corrections are especially important for decays to ) )
excited light mesons, since their mase is in the range Thusq_(X) is suppressed b ocp/E with respect tay, (X).
1.2-1.5 GeV, i.e., about the charmed quark mass. Expanding the Lagrangiaiqocp [EQ(9)] in inverse powers
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of 1/E up to leading order i\ ocp/E and keeping terms of

F=P
— s !
orderm?/E?, we get the effective Lagrangian o F=V,
— ) — 1+9
- . m2 MF: 1 7’ F S, MB: - 2 751

Leg=0dn(X)¥| in-D+ 2E dn(X), (12 — g F=A,
6* ,y,uvv F:T,

whereq,(x)=q, (x). This effective Lagrangian differs from wy (16)

the £ ger one of Ref.[9] by the second term, which repre-

sents the correction accounting for the final meson massyheree, ande,, are the polarization vector and the tensor
However, this correction does not violate the symmetry ofof the (axial) vector and tensor mesons, respectively. The
the leading order Lagrangian, since it has a Dirac structur@unctionsAq(Er) are independent of the Dirac structdtef
similar to the Ieading contribution. Thus the Symmetry r8|a-the current, since there are no dynami(j’éé_, contracted
tions are not spoiled by this terfrifor the complete deter- \ith the covariant derivativ®) Dirac matrices in the effec-
mination of them?/E? corrections it is necessary to use the tive Lagrangiar[Eq_ (]_2)], and parametrize the |ong_distance
exact expressiofB) for the final meson momentum and re- dynamics. The most general form Af(Eg) is [11]
lations (4), and(5) betweenE, the on-shell energ¥g, and
the recoil momentund of the final meson. Taking this into  A-(Ep)=a,r(Eg) +ayr(Ep)d + age(Ep)h+ a e (Ep)hd.
account, we obtain for the sum and difference of 4-momenta (17)
of the initial and final meson

However, the presence of projection operators imply that not

m? all the functionsa;z(Eg) are independent. As the result, the
PetPe=M| 1+ 5o v+An, following parametrization of\:(Eg) can be obtained:
13
2 a3 Ap s(EF)=2Erlp s(Ef), (18

m
q=pB—pF=M(1— ZME)U_AH.

Ay a1(ER)=Egh| &y o 1(EF)

The tsransversality conditions for the polarization veetor

of the (axial) vector mesons and tensey,; of the tensor m
mesonse* - pr=0 andezpE=0 imply that 3 E—Fiv,A,T(EF) : (19

*on=— m? . .Ou.r defin?tion of functions;“P(EF)_, Lv(Eg), andgﬁ,(EF) co-

2EA ’ incides with that of Ref[9], but differs from[11] by an extra
(14)  factorm/Eg in front of gu,,A’T(E,:).
m2
€ nf=— PILS
ap 2EA P Ill. B DECAYS TO GROUND STATE AND RADIALLY

EXCITED LIGHT MESONS

The symmetry relations between soft form factors of
weak B decays to excited light mesons in the large recoil
limit can be obtained using methods of Rgf1]. The matrix
element of the quark current between the initBalmeson
state in the infinitely heavy quark limit and the final state of _
the excited light meson at large recoil is given by A. B decays to pseudoscalar light mesons

The matrix elements dB decays to pseudoscalar mesons
<F(pF)|athv|B(p)>:tr[AF(EF)MFFMB]v (15) can be parametrized by three invariant form factors:

First we consider the heavy-to-ligi® decays to ground
state and radially excited pseudoscalar and vector light me-
sons.

2_ 2
whereF=P,V,S /A, andT for the pseudoscalar, vector, sca- <P(pF)|ayﬂb|B(pB)>:f+(q2) PE+ pl— M~ mp q*
lar, axial vector, and tensor, respectively. The matridés q®
and Mg have the form .

+fo(d)——— g, (20
2The arising invariant functions in this case depend not only on q
the recoil energy but on the final meson mass as well. However, this it (qz)
dependence does not break the constraints on the form factors i ao'a.blB __T 2(pt 4 p
posed by LEET, since the decay matrix elements for each fingp(pF)|qU 9 | (Pe)) M+mp[q (P5+PE)
meson state are described by their own set of invariant functions 2 5
which is the same as in LEET. —(M*—mp)g”], (21
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wheref, (0)=1,(0); M is theB meson mass anahp is the  we omit terms of fourth order imp/E and terms of order

pseudoscalar meson mass. g?m3/E¢ in Eq. (25), and finally get
We obtain the symmetry relations for the corresponding
form factors by evaluating the trace in E45) with account M2— mf, —q? mé m%
of Egs.(18), (13), and(14), and find the following relations: A= M , ZEM: W
(P(Pp)lay*b|B(pe)) = 2ErLp(Epn, (22 ,
Er 2mp
— v : —=1+—:", (26)
(P(pe)|ao*¥q,b|B(pg)) =2iE{p(EF) A M2
X|(M—=Eg)n*—M , m2
f(q?)=| 1+ — | {p(Ep),
2 M
1— T el (29
“\ T 2EM)V ) L 2K
fo(q%) = WZP(EF),
The factor in front ofv* in Eq. (22) can be expressed in
terms of observable variabl& andA with the help of Egs. o2
4) and (5): M +mp mp
(4) and(5) fr(q2) = g 1t )gP(EF).
m2  Eg—A M
P . (24) (27

2EM M
_ As aresult, the following relations between the form factors
Thus all form factors foB decay to a pseudoscalar meson ingf B decays to scalar light mesons in the heavy quark and
the heavy quark and large recoil limit can be parametrized byarge recoil limit are obtained:
one function{p(Eg). Comparing Eqs(20)—(23), we find the

following expressions for the form factors in terms of this M %
) . o 2y _ 2
invariant function: f (q9)= 2E; 1+ v fo(q9)
2
m E
2_|q__P |ZF 2
M+mp M2 T
2E:M m3
2y —
fo(a®) = —= 2(1 ZEM)zp(EF>, o
= 1+W {p(Ep). (28)
o M+Amp Ee
fr(q%)= M XgP(EF)- (29

B. B decays to vector light mesons

Taking into account that our consideration is valid up to sec- The matrix elements of weak current fBrdecays to vec-
ond order inmp/E and all other corrections were neglected, tor mesons are parametrized by seven form factors

2

— 2iV(q7)
(V(pe)lay*blB(pe)) = e

6MVPU€: popF(T’ (29)

e* .

— q €-q
(V(pp)|ay*ysb|B(pg))=2myAy(g?) 7 q“+(M+mV)A1(q2)(e*“— " qﬂ)

, € M2—m?Z
~AA Q) g PR PE |, (30)
(V(pp)[aic*"q,b|B(pg))=2T1(G?) """ €% P Pay » (31)
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(V(pe)ldi *"50,b|B(Pe)) = To(4*)[(M?—m{) e* ¥ — (&*

2

) (pE+pH) 1+ Ta(g?)(e* - q)

X|gkt— (P& +PF) |, (32

2_ 2
M*—my,

where 2nyAq(0)=(M+my)A;(0)—(M—my)A,(0) andT,(0)=T,(0); my ande, are the mass and polarization vector of
the final vector meson. Calculating corresponding traces ifEs.and accounting for Eq$19), (13), (14), we get the heavy
quark and large recoil symmetry relations

(V(pe)|ay*blB(ps)) = 2iErLy(Ep) e 7€ u N, (33
_ | Er mg v
(V(Pe)|ay*ysb|B(pg))=2Eg| {y(Ef)| € #—€* v Xn“—ﬁv“ OV(Ep) € -unf, (34
_ mg
(V(pe)|dio”"q,b|B(pg)) = 2IELM Zt(EF)( 1- 2EM) e, (35
Z Er m?
ai Y = L _ *p_ x| gk ®
(V(pe)|gio*”ysq,b[B(pg)) 2EF‘M§V(EF)<1 2EM) € € U(A n SEAY )
Em my,
+KE—§ (Ep)e* -v| (M—Eg)n*—M| 1— SEM v, (36)
|
All form factors for B decays to vector mesons in the heavy 2 m2 m2
quark and large recoil limit can be expressed through two T3(q2)— 1+E \I\//I)(l_ 2E\I</I>§‘L’(EF)
invariant functions{y(Eg) and gQ,(EF). Comparing the in- F
variant decomposition$29)—(32) with the symmetry rela- 2
tions (33)—(36), we get the following expressions: _ M Em\/ I L(Ep) .
|\/|2 B2 VT
M+my Ep | - . .
V(g?) = ™M A L(Eg), Within the accuracy of our consideration we further ex-
pand expression&7) up to terms of ordem?2/M?:
M+m, Eg
1(0?) = M+m Lo (Ep), V(0?) = —— 3 (ER),
2 2y =
2 M Az V F
M+m 2m? m
_( _ ) ™ e Ao(q?) =~ | 1+ M;) Gu(Er) — g dW(ER),
2EM| g2 *V* TR
F
Ao(9%)=C\(Ep), (38)
m2
Ao(q2)=(1— ) ~U(Ep), (37) m2\ E
2E 2 Ee .
Ti(q%)= 1_W ~ Sv(Ep),
Ty(a?) (1 m%>EF;i(E) 2E
q = T il F
! 2EM/ A *VIF To(q?) = 77~ Su(Ep),
2EeM v ) 5m3 m3\ m
T,(g%) = 1—- v(E 2= i e - B e e
2(9°) Mz—m\z,( SEM | SV(ER) Ts(g?)=| 1+ 2 (Ep)—| 1+ Eng(EF).
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From Egs.(39) it is possible to deduce the following rela- B Ver o 2MA
tions between the heavy-to-light form factor for the case of HZ ' (q°)= M
the final vector meson v

M-+my)?
vm%x%mqﬂ,

(42)
AV( 2) M+mVA( 2) )
= q = 1 q — M2_m
M+mv EF 2E|: Hi—»VH(qZ)ZZMA[Tl(qZ)I ZMAVTZ(qZ)}
2
M mg R
_M+mv - M2 Az(q )
Such a behavior of helicity amplitudes is a consequence of
va 2 the (V—A) structure of weak currents in the standard model,
+ E_F o(a%) which results in the creation of a left-handed light quark in
the ultrarelativistic limit, and the helicity-flip amplitude is
m2\ A M suppressed by the factdtocp/Er [13]. Therefore, the he-
=|1+— E—Tl(q2)=ET2(q2) licity \=—1 amplitude, e.g., foB—Ver decay, can be
M=) Er F expressed in the form
= {u(Ep), (39)
my  , M+my HEYe(g%)=2(M +my)Ay(g?). (43)
E_ O(q ): ZEF 1( )_M+m
m2 The helicityA =0 amplitude for this decay is given by
v 2
X( 1-— A%
(1 2T (1 2m€>T(2> L
= + — 1(g°)— _—— 3q HB—»VEV 2\ — M+m M2_m2_ 2A 2
2 M2 0 (q ) ZmV\/az ( V)( V q ) l(q )
272
M 3my, _AMTAT e
= 2_E|: 1+ W) Tz(qz) M +mVA2(q )]s (44)
2
—( 1- —ZV) T3(9?) and can be rewritten with an account of symmetry relations
M (37) in a more simple form:
_Mvy
=& {u(Ee). (40)
F
These relations differ by terms of second ordemig/Eg HB-Ver(q?) MAA @ 45
from the corresponding relations of Ref9,11], where only 0 q \/? old)-

some ofmZ/EZ terms were taken into account. In particular
Eq. (39) leads to the ratios of form factok&(q?) to A;(q?)

andTy(g?) to T»(g?), which depend only on meson massesThen the ratio of helicith, = — 1 and\ =0 amplitudes reads
and energies

V@) (MEmy)t (Mt m)” H_(a?)] _ M+my o Ay(c?)
Ag?)  2MA oMEE-md’ M A

Ho(q?)| A Ag(g?
(41) | o(d )| o(d9)
Tyg®)_MP-mi  MZ-mj _ 20 Ee |¢v(Ep)] .
Tyq?) 2MA - oM EZ-m?Z’ - M-Ee+A E |gl(Ep)|

Note that the complete account of tme/EZ corrections

results in the replacement &g by A=\Eg—my in the The Isgur-Wise relationf2,14,13 between the heavy-to-
analogous relationEq. (109)] of Ref. [9]. Equations(41)  light form factors follow from the heavy-quark spin symme-
ensure exact vanishing of the transverse helieity+1 con-  try alone, and were obtained near the point of zero recoil
tribution to the rates oB— Ver andB—VII decays, since [A=~0, g°~q2.=(M—my)?] of the final light meson in the
the corresponding helicity amplitudes are given by heavy quark limit:
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M mg T =@+ : q_ZmP[h(qz)—fo(qz)],
Tua@)= M2+2q';— i |\>|/ iq;)\, M;MmVAl(qz),
Zq_zm\Z/[Tl(qz)_TZ(qz)]: 3M2_2E:+ mg I\;/Erqr?v_ M;vaAl(qz), w
T4(g?) = Mz—glz\;— 3m? l\;/(fr?v M;—qrzn\z/ mA()
M2+ q%—m?

—————[(M+my)AL(G) — (M—my)Ay(e?)].

2Mq

They are exactly satisfied by form facto(g5) and (37).
Thus we conclude that these relations remain valid near the =

my(M +my)A(g?)

point q?=0 corresponding to the maximum recoil of the
final light meson if the large recoil limit is used in addition.
Note that Isgur-Wise relationg7) hold in these limits foB
decays both to ground state vectpseudoscaladight me-
sons and their radial excitations.

Some heavy-to-light form factor relations for decays to
pseudoscalar and vector mesons were obtained by $féch
and Soareg8] in the framework of the constituent quark
model. It is easy to check that the additional relations found

(MEg+m2)To(g?) —[2M2A2/ (M2~ m2) ] Ta(g?)

(49

Thus their fulfilment in the form given in Ref12] requires
a specific relation between invariant functions

E
tU(Er)= £ LU(Ep). (50

at the large recoil momentum of the final me4&i

q> M+E—A
2y _ 2y[ 1
fO(q ) f+(q ) 1 Mz_m\z/ M—EF+A !
o (M+my)? )
V(q )=WA1(Q)
_ M
MEg—m3

M+ m
x| AAL(9?)+ v

myAs(a?) |, (49

are also satisfied exactly by form factd&b) and (37). The

other relation§12] were derived in the spectator approxima-

tion only. Instead of those we get
Er {y(Eg)
E U(Ee)

_ Tl(qz)
Ao(qz)

_ my(M —my) T(9?)
(MEg—m{)A1(q%) —[2M?A%/(M +my)?]Ax(g?)

IV. B DECAYS TO ORBITALLY EXCITED LIGHT
MESONS

Now we investigate the heavy-to-ligBt decays to orbit-
ally excitedP-wave light mesons.

A. B decays to scalar light mesons

The matrix elements of the weak current ®mdecays to
orbitally excited scalar light mesons can be parametrized by
three invariant form factors

(S(pp)[ay*ysb|B(pe))=r . (q?)(ph+pt)

+r-(a®)(pg—pF), (51
— ir+(q%)
(S(pe)|ao"y50,b|B(pe)) = MT+?ns[q2(p’é+ PF)
—(M*-mp)g*], (52

wheremg is the scalar meson mass. The symmetry relations
for the matrix elements can be obtained by calculating cor-
responding traces in E¢l5):

(S(pp)|ay“ysb|B(pg))=2ErLs(EF)N¥, (53
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2

S(pe) (G0 150,b|B(Pg)) = 2E s Er) 3m
(S(pe)|ao*"ysq,b|B(pg)) FéslEF r,(q2)=— 1-1-M—2S {s(Ep), (56)
x| (M—Eg)n“—M
2 M+ m 2m3
x| 1- Zgiﬂv#) . (54) (@)= o1 M25> {s(Ee).

These equations show that the form factors can be param- ) .
etrized by one invariant function only in the heavy quark andlhese expressions for the form factors lead to the following
large recoil limit. Comparing Eq¢51) and(52) and(53) and ~ SYmmetry relations between them:

(54) we find

2 2m2
mg | E 2y _ S 2
2y S F r =—|1-—|r_
r+(q )—(1—ﬁ> 2 ¢s(Ee), +(a7) MZ) (@)
2 M m2
mg \ Ep — __S 2
r(0%)=- 1+H)X§S(EF>, (55 Mtmg| 1 wz) )
2
M +mg Ep _ ms
r1(@?)= "3 3 és(Ee). =| 1+ =3 4s(Ee). (57
Expanding Eqs(55) in mg/E, we get, retaining the terms of
ordermé/Mz, B. B decays to axial vector light mesons

m2 The matrix elements of the weak current ®decays to
r(qd)=| 1+ _S {«(Ep) axial vector mesons can be expressed in terms of seven in-
+ 2 S F/s .
variant form factors

*

€"-q

(A(PE) G 7BIB(pg)) = (M +Ma)ty, (%) €+ [ty,(G?) ph + ty, (A7) PE T (58)
_ 2itA(g?)
<A(pF)|q'y#75b|B(pB)>: Mi:«]A EMVPUG: popF(r (59)
(A(pg)|gic*"q,b|B(pg)) =t (g?)[(€* -q)(pg+ Pe)*— X “(M?—mZ)]
+t_(q2)[(e*-q)q"—e*“q2]+to(q2)6|v|—'f[(lvl2—mi)q“—qz(pBJrpF)“], (60)
(A(Pe)|qi o y59,b|B(pg)) = 2it . (4) €7 €% Py, Py » (61)

wherem, and e* are the mass and polarization vector of the axial vector meson.
Equation(15) yields the following symmetry equations in this case:

— Er ma E my
<A<pF>|qwb|B<pB>>:2EF{ﬁa(EF) e*“—e*-v(XnM—ZEAv“ + 3 E, R ont, (62
(A(PE)|qy*vsb|B(pg)) = 2iEcLa(Er) €477 €S v 0, (63)

2 2

. A Er M

(A(pp)lgio* quIB(pB)>=—2EF[Mék(EF)(l— 2EM) f*”_f*'”(X”“_zEA”“)
Ema * w M u

+ZE—F WEp) € -v| (M—Ep)n*—M| 1— avikalE (64)
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A(Pe)|qi o#"y5q,b|B(pg)) = 2iELM {4 (Ef)

2
mA vpo k
1- SEM €*"P7€Tv N, (65)

Thus all form factors foB decays to axial vector mesons in
the heavy quark and large recoil limit can be expressed to(g?) =
through two invariant functions:

2 2
Ma| Ma 2my |
+ —2) E—F§A(EF)— WgA(EF)-

o MEmyEe | On the basis of Eqg67) the following symmetry relations
ta(9%) = —— 7 ¢a(ER), between the form factors can be derived:
M M +my ma| A
=—ta(g?) = ty (@) =| 1+ — | =—t,(q?
tv,(9)= M+m ———(a(Ep), Mt m, Ep A9 =2 (@) vz Ep ()
E m2 A 2
tv,(09= 2§A(E )——z (E;)}, 1‘@ £ -0 =La(E),
(68)
ty (qz)ZZE—E —A§U\(EF)—§/§(EF) , (66) 1 3my 2 ma | M+m, 2
: A2 > 1—W tv,(q%) + 1+W Z—E,:tvl(q )
2 2
t.(g?)= ( ) —{a(Ep), 3mj 2mj
t A = 1—W to(g%) + Wh(qz)
2
2 A m
t-(@)= M) 5 4, = == h(Ep), (69
F
2,_ EFE ma
to(a9) =4 5 (E a—EgA( F- by, (@)= = St~ 2ty (6],
Keeping the terms of ordenj/M? in Egs.(66), we find Of particular interest are the ratios of form factors which
M+m. E depend only on meson masses and recoil momentum follow-
ta(q?) = v A —Fg’i\(Ep) ing from EQs.(68) and(69):
ta(G%) _ (M +my)?
2 1
(@)= e EA(ER), tv,(a?)  2MA
(70)
o2 G M2 m
m =
tv2<q2>=M—2A 2§k<EF>—E—:§A(EF)}. t (@®)+[q/(M?~mQ]t (g  2MA
These relations correspond to the exact vanishing of helicity
) 4m2 mA amplitudesH . (g?) in the heavy quark and large recoil limit.
ty,(09)=2{ 1+ IVE) 1- 2| E —§ (EF) This is similar to the case @& decays to vector light mesons.

With account of Eqs(70), the ratio of helicityh=—1 and
A=0 amplitude takes the form

Ho(@®)] _ 2Vo?  Ee[Za(Ee)|
Ho(a®)]  M—BetA B |4y (Ep)|

—{a(Ep) |, (67)

(71
ma | Ep
t.(g%)= ( 1- W)x(ﬁ(EF),

C. B decays to tensor light mesons

E. The matrix elements of weak current Brdecays to ten-
ZA(EF) sor mesons can be decomposed in seven Lorentz-invariant
A structures

mf\

t(9)=-

094022-9
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igv(a®) P
<T(pF)|Q7’Mb|B(pB)>—ﬁ rrpa ta,\:poPFm (72)
apnfB
— Pa PEp
(T(pe) (a7 5bIB(Pe)) = (M + Mr)ga (07) € ““ + [0, (A7) E+ Ony @) PET L5 (73
— . P«
(T(pe)ldio*q,b[B(pg)) =2ig . (q°) €77 €} o= Pe,pPro (74)
i v papﬁ * apBa’ 2 2
(T(pe)laio™” y5q,bIB(pa)) =9 (0°)| €45~ (Pat Pp) — €* 2= (M2 —mi)
2| « PBPE , ., ..Psa 2yt pgpé
X[(M?=m%)g*—g?(pg+ pe)*], (75)

wherem; and e#” are the mass and polarization tensor of the tensor meson.
Calculating the trace in Eq15) with account of Eqs(19), (13), and(14) in the heavy quark and large recoil limit, we get

(T(pe)|ay*b|B(pe))=20E (LT (Ep) 7€}l 0 1,y (76)
(T(pp)|qy*ysb|B(pe))=2E¢| {+(Ep)| € #v,— € o v EFn”—m—$v“ +Eﬁg (Eg) € ;o “vPnH
F 5 B F T F «a a,B A 2EA A EF F/€ap ’
(77)
. . 1 m% *
(T(pe)ldio*a,b|B(pg)) = 2IEeM £3(Er)| 1= 5| €7 €l0 N0, (78)
_ m?2 Er m?
<T(pF>|qia““ysqvbls(ps>>=2EF[Mﬁ(&)(l—ﬁ) “0o~ gl vﬁ( x n“—ZETAv#)
2
LA Ep)e* o f| (M—Ep)nt—M| 1— L (79
T F af F 2EM .

2

As in the case of vector and axial vector final mesons all mi

form factors forB decays to tensor mesons can be expressed g.(g%)=
in terms of two invariant functions:

ZT(EF)——§ (Ep) |

M+m; Eg
ov(9*)= —— 3 {T(Ee), go(qz)— 2E2

Performing them;/E expansion of Eqs80), we obtain, up

2\ —

9n,(07)= M+m Wy TR, to terms of ordem?3/M?,

Erms M+mg E
9,(0%) = 5 2§T<EF>——§ (Eg}, (0=~ 1 ¢r(Ee),

E|2: My I n 2 E
0r(09)=2 5| 7 6r(Er) & (Er) |, 9, (0= U me M+m ir(Ep),

F
(80) )
E 2m-|— my

g+(q2)=—( 2EM) AFgT(E,:) gAZ(qZ):W Zﬁ(EF)—E—F(w(EF) :
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2

2
ms\| m m
2y _ ST ) A A
9a,(0%)=2| 1+ — || & ( 1 M2> (H(Ep) — £1(Ep) |, (81)
2
ms | E
2 |4 "T|=ZF 1
9+(a%)= (1 MZ) A s7(Ep),
2
m7\ E
2\ _ ST ER L
9-(q >—(1+ 2| ¢r(Ee),
3m2\ m 2m?
2= Ll T
90(a°) 1+ vz | Er {r(Ep) + VE {7 (Ep).
As a result the following form factor relations arise from E(fl):
M A M +my m3\| A
_ 2y _ 2y _ T =2 2
M+m‘|' EFgV(q ) ZEF gAl(q ) <1+ MZ) EFg+(q )
2
ms| A ) N
= 1_W E_Fg’(q )={1(Ep), (82
1 3m? m2| M+my 3m? 2m? mr
> 1_W Oa,(07)+| 14+ — 2—EF9A1(CI2):— 1—W go(qz)_Wng(qz):E_FgUr(EF)’ (83
2
my
9n,(9%)=— W[9A3(q2) —29a,(9%)].
|
Two particular ratios of form factors tive B decays to ground state light mesons. The analysis of
these decays was performed near the point of the maximum
gv(g®)  (M+m,)? recoil of the final light meson employing the expansions both
2" T OMA in inverse powers of the headyquark mass in the initial
9A1(q ) state and in the inverse large recoil momentum of the final
pseudoscalar or vector meson. The resulting expressions are
9.(q?) M2—m3 valid up to the second order terms in these expansions and
5 P 2= 2MA (84) for g?=0. The general formula@1), (A4), (A7), and(A10)
9+ (g9 +[q7/(M“=my)]g-(q°) from Ref.[6] and Eq.(24) from Ref.[5] can be applied for

) o ] _decays to ground state light mesons as well as for their radial
again lead to the exact vanishing of the corresponding helicexcitations. Keeping only the leading terms Aco/My,
ity amplitude H (%) in the heavy quark and large recoil A ,.,/Er and terms quadratic im/Ex we compare the re-

limit. Similarly the ratio of helicityh =—1 and\=0 ampli-  sulting expressions with symmetry relatio(®8), (39), and
tudes is given by (40). It is easy to check that the symmetry relations between
the form factors are satisfied in our relativistic quark model.
[H_(g?)] 2\/E2 Er |£7(Ep)| As a result one can determine corresponding invariant func-

(85 tions. In this way we obtain the following.
(i) For B decays to pseudoscalar light mesons,

['M d®p — 2¢
V. SYMMETRY RELATIONS IN THE RELATIVISTIC E.)= f ( + a A) ]
QUARK MODEL {p(Eg) 2E, (277)31/43 p S~ ¥e(p)
(86)

Ho(@®)| M—Ee+A E |d(Ep)|

We can test the satisfaction of the symmetry relations for _
the form factors, arising at large recoil of the final meson, in (i) For B decays to vector light mesons,
the framework of the relativistic quark model based on the

3
quasipotential approach in quantum field theory. In Rigb. (Ep) = /M J’ d°p m” <p+ 2¢q A)¢ ()
and[5] we considered exclusive semileptonic and rare radia- VAR 2Er) (27)3 v Er+my BLES
(87)

094022-11
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E
LW(Er) =g Cu(Er). (89

Since Eq.(88) coincides with Eq(50), we can rewrite relation&49) in the forms:

Tl(qz):Ao(qz),

2M?A?2
my(M —my) T2(0%) = (MEg—mg)Ay(g?) — ————— Ax(q?), (89)
(M+my)
2 2 2M2A2 2 2
(MEF+my)T2(q%) — ———-T3(q) =my(M+my)A.(q°),
(M“=my)
|
thus recovering the form factor relations of Ref2] near the A 1 M
maximum recoil of the final vector meson. {aaro)(EF) = E oo —\/5=
In Ref.[15] we considered rare radiati\i decays to or- FtMagrz) 342

bitally excited K mesons up to the second order terms of 3
heavy quark and large recoil momentum expansions. We fur- « f d°p — — (p+ 2¢q A)
ther retain only the contributions of leading order in (2m)3 AT Bt mpgap

Agcp/mp and Agcp/Er and of second order im/Eg in
Egs. (29), (33), and (37) of Ref. [15]. Then we perform a
similar analysis for the semileptoni decays to orbitally
excited scalar, axial vector, and tensor light mesons. The
symmetry relationg57), (68), (69), (82), and(83) are valid p
in our model and invariant functions can be obtained. Thus +—
we find the following. €(P)+mq
(iii) For B decays to scalar light mesons,

dsp—( 2¢€q ) §A(3/2)(EF) 2 §A(3/2)(EF) (94)
to(Ep)= E+mS \/2EJ 2m? s P e m

(vi) for B decays to tensor light mesons,

X

p
—3(Er+ mA(3/2))p—2

¥s(P), (93

2p

m e(p).

B d3p _( 2¢, )
(90) {r(Ep)= Er+my +m \/2EJ(2 /TP E e

(iv) for B decays to axial vector light meson witk=1/2,

ﬁ(l/z)(EF): L 51 /l
ErtMmauz) 3 ¥V 2E

E
y f &’p ( L2 A) ZH(ER) = 2 EH(Ep). (96)
(2m)3 Awa| P Er+maqn)

3(Ep+ )p'A
J— m —
F SpAZ

A

X
pA2  €q(pP)+mq

¥e(p), (99

oA Here g and ¢ are theB meson and light meson wave
—3(EF+mA(1/2))—2 functions. We used the HQEJS-coupling scheme for pa-
rametrizing axial vector state wave functions, which is con-
venient for a description of axial vector orbital excitations of
K mesong15]. Instead, for axial vector excitations af,p
mesons theéS-coupling scheme should be used whér,
and 3P, states are the linear combinations &§1/2) and
| Fo A(3/2) states.
Caa)Er)=— EgA(UZ)(EF)- (92 The ratio of the helicityhx=—1 and A\=0 amplitudes
(46), (71), and (85) with the account of quark model rela-
(v) for B decays to axial vector light mesons wijh tions (88), (92), (94), and(96) for small g? will depend on
=3/2, meson masses and energies only:

2p

—m a(p), (92

094022-12
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TABLE I. Values of invariant functiongp, £y, andZl, param-
etrizing B decays to ground state and radially excited pseudoscalar Br(B—K*y)=(7.9" 1;§)>< 10_5( 16 )
and vector light mesons at the maximum recoil of the final light 0 PS
meson calculated in the relativistic quark model. X( my )2( éut*(EEaX)) 2 .
Decay (p(EF™)  Decay  u(EF™)  LW(EF™) 46 Gev | 035
B— 0.19 B—p 0.24 0.25 This value is considered in Regfl6] to be nearly twice as
B—K 0.26 B—K* 0.28 0.29 large as the current experimental data
B— 7(1430) 024  B—p(1450) 0.25 0.27
BK(1460) 019 B—K*(1410) 0.20 0.21 Br(B°—K*%y)

(4.55+0.70+0.34x10°°, CLEO[19],
1. F=V, —{ (4.96-0.67+0.45x 10 °, Belle[20],
H (q?)] 2YMZ+m2—2ME; |1, F=A(1/2), (4.39+0.41+0.27)X 105, BABAR [21],
Ho(g?)]  M-Ee+d |12, F=A(312), (100
1, F=T. + *+
@ Br(B*—K**y)
(3.76+0.86+0.28 X 10" °, CLEO[19],

The ratio of the helicity\ = +1 and\ =0 amplitudes van- = (3.89-0.93+0.4)x 1075  Belle[20].
ishes, |H_(g?)|/|Ho(g?)|=0, for all above decays in the
heavy quark and large recoil limit. These predictions can be (101)
tested in charmless nonleptoriicdecays to two light final 1 oem )
mesons in the factorization approximation. n Ref. [17] the valueFx(0)={.(EF*)=0.38+0.06 is

In Tables | and Il we glve our predlct|ons for the values of used and the estimates
invariant functions(p s, fv AT, and fv AT Parametrizingd
decays to light meson states at the maximum recoil of the
final meson wher&®=(M?+n¥)/(2M) and g*°=0. These
values can be used for evaluating the decay rates. 0 el .\ _ s

Recently, in Refs[16,17] the exclusiveB— K* y decay Br(B"—K*"y)=7.09x10 (102
branching fractions were calculated with the complete ac-
count of next-to-leading order QCD effects and to leadin
order in the heavy quark and large recoil limit. A sizable
enhancement of the coefficieGy at next-to-leading order
was observed. ReferenEg6] gave,

Br(B~—K* y)=7.45<10°

are obtained for central input parameters. The authors of Ref.

17] claim that these results are compatible with experimen-
tal measurements taking the sizable uncertainties into ac-
count, even though the central theoretical values appear to be
somewhat high.

However, {, . (EF™) determined from QCD sum rules
containsA gcp/ M, andA ocp/ Eg corrections which were ne-
glected in deriving Eq(98). As our model estimates show,
and the close value 1.6 was found in REff7]. The decay 1/m, corrections can give contributions of 405 % to the
branching fraction in the above limit should be proportionalform factors. Indeed, with the account of such corrections we

to the square of the transverse invariant funcign(EF™). have TX" (0)=0.32(3) in our mode[5] while in the large
In order to evaluatg; , (EF®) the pred|ct|ons of QCD sum il fimit TK (0)— £\, (E™)=0.28 (see Table )L If we

rules[18] for the decay form factor§1 (0) andVX"(0)  substitute the latter value in EEP9), we obtain

were used. The estimate of Rdf16] yields gK*(E”‘""X)

=0.35+0.07, which leads to the branching fraction Br(B—K*y)=(5.0"19x107%, (103

|C7|l2\lLO/|C7|EO%1'78’ (98)

TABLE II. Values of invariant functiong'g, gLA,T, and ng parametrizingB decays to orbitally excited
(P-wave scalar, axial vector and tensor light mesons at the maximum recoil of the final light meson
calculated in the relativistic quark model.

Decay (s(EF™)  Decay  [a(EF®) CW(EF®)  Decay  L(EF®) M(EF™)
B—ay(1450) 0.14 B—b,(1235) 0.08  —0.08
B—KZX(1430) 0.14 B—K*(1270) 0.14 -0.15
B—a,;(1260)  0.23 0.49 B—a,(1320)  0.25 0.27
B—K,(1400)  0.20 0.43 B—K%(1430) 0.27 0.29

094022-13
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while branching fraction§102) would be given in our model relations between decay form factors at the large recoil of the

by final light meson, which are obtained with the complete ac-
count of second order corrections in the lightBomeson
Br(B~—K*~y)=(4.119x 1073, mass ratio.
(104 The important consequence of these equations are the
Br(B'—K*%y)=(3.9'13)x10°° well known Isgur-Wise[2] relations [Eqgs. (47)] between

. . . form factors of semileptonic and rare radiatiBedecays,
in agreement with experimental ddtags. (100 and(10D]. - hich were originally obtained for small values of the recoil
The similar substitution of our prediction faf, (EF™) momentum, and now they are established near the point of
=0.24(see Table)linstead of the QCD sum rufa8] value  maximum recoil if all contributions quadratic in final meson
T4(0)=0.29+0.04 in the expression for BB(—py) With  mass are included. The relatiofd) obtained by Soares in
the complete account of next-to-leading order QCD correcCthe constituent quark mod€8] also follow from the large
tions in the heavy quark and large recoil liit7] (see also  yrecoil symmetry, while the fulfilment of the other orjd&gs.
Ref.[22]) yields (49)] requires an additional relation between the transverse
_ _ Lo _ and longitudinal function$50).

Br(B™—p y)=(1.175)x10°°, (109 We tested the fulfillment of large recoil symmetry rela-
tions between th® decay form factors in the framework of
VI. CONCLUSIONS the relativistic quark modd]l5,6,15, based on the quasipo-
tential approach in quantum field theory. It was found that

In this paper we derlve_d_the_ form factor relations &r they are exactly satisfied in the appropriate limits, and cor-
decays to light mesons arising in the heavy quark and Iarg?esponding invariant functions were determined. An addi-

;gg?;” egig%rltl)?gﬁ ' g(]gt((ejdecliaﬁ r?g;]o:lc; %gr%ngoiggee;gqional relation[Eg. (50)] is also satisfied in our model. Esti-
Our m)r:\in attention \)//vas devote% to a complete accounting forrnates of the heavyfto-light for_m factors gf=0 in our
corrections of second order in the ratio of the light mesoandeI show that their values with the account ahg/cor-
X i rections can differ from the ones in the heavy quark and large
mass to the large recoil energy. Such corrections are espe-"" "7 ~ i K*
cially important for decays to excited light mesons, sincer®coil limit by 10-15%. That is, the form factdr; (0)
their masses are of the order of the charmed quark mass. TH@sponsible for the rare radiatiB—K* y decay is reduced
correction to the effective Lagrangian quadratic in the finalPy ~12% in the large recoil limit. Such a reduction of the
meson mass has been obtained. It was found that this corref@m factor almost compensates the enhancement of this de-
tion does not violate the symmetry of the leading order La-Cay rate by next-to-leading order QCD corrections calculated
grangian, since it has the same Dirac structure as the leadir@ the same limi{16,17.
contribution. Therefore, the inclusion of corrections, which
are quadratic in the ratio of the final meson mass to the large
recoil energy, to the weak current matrix elements does not
lead to the introduction of additional invariant functions.  The authors express their gratitude to A. Ali, M. Néu-
Their inclusion requires a more accurate consideration of thereussker, V. Savrin, and H. Toki for support and discus-
decay kinematics, keeping all final meson mass contribusjons. D.E. acknowledges the support provided to him by the
tions. The heavy quark and large recoil symmetries substaministry of Education and Science and Technology of Japan
tially constrain the number of independent form factors.(Monkasho for his work at RCNP of Osaka University. He
Thus, in this limit forB decays to pseudoscal@calaj light s also grateful to H. Toki for the kind hospitality at RCNP.
mesons, three decay form factors can be parametrized by ormevo of us(R.N.F and V.O.G.were supported in part by the
invariant function {p 5(q%), and for B decays to vector Deutsche Forschungsgemeinschaft under Contract No. Eb
(axial-vector, tensorlight mesons seven decay form factors 139/2-1, the Russian Foundation for Fundamental Research
can be expressed through two invariant functigfs +(d°)  under Grant No. 00-02-17768 and the Russian Ministry of
and g“Q,VA’T(qz) for each decay, respectively. This establishesEducation under Grant No. E00-3.3-45.
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