PHYSICAL REVIEW D, VOLUME 62, 054019

1/mq corrections to the heavy-to-light-vector transitions in HQET
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Within the heavy quark effective theofiHQET), the heavy-to-light-vector meson transitions are systemati-
cally analyzed to the order ofri, . In addition to the four universal functions at leading order, there are 22

independent universal form factors on the order afid/

Both the semileptonic decd— p which is relevant

to the|V,,| extraction, and the penguin induced de@&y:K*, which is important to new physics discovery,
depend on these form factors. The phenomenological implications are discussed.

PACS numbds): 12.39.Hg, 13.20.He

There are two main reasons for studing the heavy-mesorwhereg?= (P— p)2. The matrix elements for the decais
to-light-meson weak transitions. To extract the Cabibbo— K*y andB—K*|*|~ are parametrized by the following

Kobayashi—Maskawa matrix eleme¥t,, precisely, which
has important implications fo€P violation, the exclusive
B— p(7)|v decays are suitable channél&nother reason is
to investigate the rar® exclusive decays induced by pen-

three invariant form factors:

(V(p,€)|qo,,QIH(P))

guin diagrams which are important for testing the standard N " o "
model and for discovering new physics. They are the pro- =9+€umc€ (PTP)7+g-&,,€ " (P—p)

cessesB—K*y and B—K®)|*|~, respectively. A large
number of samples of thB to light meson processes pro-
duced in the current experimerits] and to be produced in

+he ,no(P+P)N(P—p)7(€*-P),

the near futureB factories will make precise measurements <V(p,€)|aUW75Q|H(P))
available. Thus the main task is to reduce the theoretical
uncertainties in the calculations of the hadronic matrix ele- =ig,[€5(P+p),— €5 (P+p),]

ments.

In this paper, we focus on thB to light vector decays.
The matrix elements responsible for the dethy: VIv can
be parametrized in terms of four invariant form factors,
which are conventionally defined as

(V(p,e)|ay,QIH(P))=ig(g?)e 4,np€* "
X(P+p)"(P—p)°,

(V(p,e)|q7,7sQIH(P))=f(g?) ek +a, (g (¢* - P)
X(P+p),+a_(q?)(e*-P)
X(P=p),, &)
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An alternative way for théV,,| extraction is from the inclusive
B— X, decays.

+ig_[€;(P—p),—€,(P—p),]
2

Here the second relation is obtained from the first one using
o= (i12)e*" oy , V5.

We use the heavy quark effective thedyQET) [2] to
study these form factors to the order ofry. The HQET
provides a clear physical description for the hadrons contain-
ing a single heavy quark. It has been successfully applied to
the analysis of th8—D®*) decays. It has also been used for
the heavy-to-light meson exclusive weak decE3fs In this
latter case, the form factors have no normalization point. The
heavy quark symmetriHQS) does not simplify the analysis
significantly. Nevertheless, the relations between various
heavy-to-light meson transitions can be found by the HQS.
At the order of Il many form factors are introduced.
However, they are universal for all the heavy to light transi-
tions. The systematic nature of the heavy quark expansion
means uncertainties are easier to identify and estimate. Fur-
thermore the analysis based on HQET is model independent.
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It is therefore meaningful to consider theri corrections to (V(p,e)|a(r Q[H(v))
the heavy-to-light meson transitions, in addition to the lead- r
ing order results. They are also practically important for the —orG oAy o Ao
analysis of theD—p, K* weak decays. For the heavy-to- (9084 o€ 07+ Gpeuimae™ P
light pseudoscalar weak decays, thend/corrections have +he 0 (e - v)]
been considered in Reff4]. We will calculate the Ihy cor- pre '
rections to the heavy-to-light vector meson transitions.

Let us make a brief review of the HQET. In the heavy
quark limit, the velocity of the heavy qua®, v, is a well

(V(p,€)|qo,,vsQH(v))

defined quantity and the heavy quark field can be represented =2{ig,[e)v,—euv,]tiglerp,—€,p,]
by the velocity-dependent field FiRp 5 (e 0 (10
VPL—ULPy V),
h,(x)=explimqu - X)P Q(x), ) where the dimensionless variable is
whereP , =(1+%)/2. The effective Lagrangian is R p~ R
M:ﬁ, v'p=1, (11)

L%=h,iv-Dh,, (4)
so that all of the form factors have the same dimension. It is
where the gauge-covariant derivative generates the residuabnvenient to work in the matrix representation of the had-
momentum. To the iy order[2,5], the relation betwee@®  rons[6]. These wave functions are only dependent on the

andh, is obtained by treating fl; as a perturbation HQS and their Lorentz transformation properties. The
ground-state pseudoscalar and vector heavy mesons are de-
. iD, scribed by
Q(x)=exp(—imqu-x)| 1+ CT h,(x), (5)
Q 1+
» Mw)==5~
whereD/'=D*—v*v-D, andh, satisfies exactly the equa-
tion of motioniv-Dh,=0. The effective Lagrangian be- — s pseudoscalar meson,
comes
X\ £ vector meson with polarization vectet .
1
Lor=Lairt 5o [Ount Omagl + O(1iMG), - (6) (12
Based on the symmetry and the Feynman rules of the HQET,
where one can express the hadronic matrix element by evaluating
some trace over the above wave functions. At the leading
Own=h,(iD)?h, , Omag:?Sh_vo-,uVG'thv- @) order of 1ig, the matrix element of the relevant current

qT'h, can be written as

Oyin describes the kinetic energy of the heavy quark in the — _
hadron, andD,,,4the heavy quark chromomagnetic energy. {V(p,e)lal'n,|H(w)) THO (v, )T M)} (19

To study the hadronic matrix elements in the HQET, the, hare the matrix), (v,p) transforms as a Lorentz scalar as
form factors are considered as functions of the kinematig ,tions ofv - p. And it has linear dependence on the polar-
variable ization of the mesolY. ConsideringM (v)¥=— M(v), the
general form forQ), is

mg +mg—q° o
U.p_ 2mH ' ( ) QL:Llé*+L2U‘E*+[L3é*+L4U'E*]&, (14)
Accordingly, Egs.(1) and(2) can be reexpressed as where the universal functionss; (i=1-4) depend on the
kinematic variablev - p, but not on the heavy quark mass
V(p,€)|ay,h,/H(©))=2ig(v-p)e . Pv7, mq -
(Vip 6)|q7" o[H(@) 9(v: PIeunmoe Py The power corrections proportional tonié result from
— ~ .~ both the effective currents and the effective Lagrangian of
(V(p,&)|ay,ysh,[H@w)=2[f(v-p)e; +ai(v-p) the HQET. We first consider the corrections coming from the
. n expansion of the currents. Weak current of the heavy-to-light
X(€"-v)pyt+ag(v-p) transition in the effective theory can be expanded as
X(€*-v)v,], 9 D
qrQ=ql’| 1+ =—|h,(x). 15
o arQ=ar| 1+ 52,09 (15

054019-2



1/mg CORRECTIONS TO THE HEAVY-TO-LIGHT. .. PHYSICAL REVIEW D 62 054019

In the same manner as shown in leading order, one can find that the matrix elements of the operators containing a covariant
derivative which acts on the heavy quark field have the formal structure

(V(p,€)[aTiD#h,[M(v)) =~ Tr{Qf(v,p)T M(v)}. (16)

The matrixQ)f(v,p) also contains some universal functions depending only on the vatiaple and transforms as a vector.
The generic structure dBf is

QB=(D1v*+Dyp*+ D3y £ +(D4v# +Dsp”+Dgy*)(v- € )+ (D7v"+ Dgph+ Dgy) £* P

+(Dyw*+D3p*+D1py*)(v- € )P+ (D gt D) €. (17
|
The functionsD; are functions ofv - p. Not all of these 14 (V(p 6)“&#(5”1 )|H(U)>:(Kv#_pﬂ)
universal functions are independent. Using equation of mo- ' Y
tion of the heavy quarkiy -Dh,=0, we can easily obtain X(V(p,e)lthUIH(v)),
D1+D2_D3:O, (20)
D4+Ds—Dg+D13=0, where A =mjy,—mq denotes the finite mass difference be-
tween a heavy meson and the heavy quark in the infinite
D7+Dg—Dg=0, quark mass limit, and equation of motion for the light quark
field, iDg=0, we can obtain
D10+ Dll_ D12+ D14: 0 . (18)
Furthermore, using the following relations: TH{QB(0,p) [ M(v)}=(Av*—p*) Tr{Q (v,p)
i9“(qT'h,)=ql'(iD¥)h, +iq(D#)Th,, (19 Xyul" M)}, (21)
and where we have substitutdd by y,I'". It yields

D;—2D3+2D7+p?Dg+Ds= —AL;—(2A—v-pp?)Ls,
2D,—D,+4Dg+2D 9+ p2Dy;=A(L,—2L,) — (2A—v-pp?)L,,
D2_ D7_ D14: XL3+U . le,

Ds—2D,+Dyo—2D1,=A(2L3—Ly) +v-pL,. (22)

The relations, Eq918) and (22), imply that only six of the . _
14 universal functions are independent. Note that the light <V(p,e)||f dyT{ar'h,(0),04n(Y) + Omad ¥) }H(v))
quarks have been taken to be massless. This reduces the
number of HQET operators appearing in the expansion of
QCD currents.

The corrections to the effective states should be included. 144
The 1mg terms in the effective lagrangian are treated as ap =Y
perturba?ion,hv is still defined by Eq(4) at the subleading 06 (w,p)T 2 TapM@)[, (23
order of the heavy quark expansion. Therefore the effective
states of Eq(12) are not the eigenstates of the operafds
and Oy, The corrections to the effective states can be acwhere the properties of matri(v,p) are very similar to
counted for by including time-ordered products in which matrix ) , and the matrimgﬁ(v,p) also has similar prop-
Oyin Or Oy is inserted into matrix elements of the leading- erties except it must transform as a tensor. They can be de-
order currents. By using the Feynman rules in HQET, onescribed in terms of 16 additional universal functions
can obtain Si(v-p) as follows:

= —TI’:QK(U,D)FM(U)
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QK:Slé*_4_32(0,6*)_,_[33&*_,_84(0,6*)]'5, To get the independent universal functionsﬂ.@ﬁ, let us
consider the following matrix element of the time-ordered
Qgﬁ:(issﬁa,yﬁ+seo_aﬁ)é* +(is7ba,y,8+880_a,8) operator product§7]:
PN A . — ([
X(v+€*)+(iSgp®yP+ S100F) £* P <V<p,e>||f dyT(thU(O),Egshan“BhU]|H<v>>

+(iSup™yP+ S120™P) (v - €*) + (iSy3y"€* 1+

2

= —Tr{ Q%,p)T Fl/\/l(v)], (25

+iSy4y " PP) + (iS1se* “pP +iS16€* “pPP).

(24 wherel; is any fixed Dirac matrix, and

Q& =3[(iSspl*yP1+ 2S5 °P) £* + (iS;plyPl + 2S50°P) (v - € ) + (iSgpl“yP + 28100 *F) £* P+ (i Sy4pl* !
+2S1,0"P)p(v - € )+ (iS1aYte* P +iS 719" AIP) + (1Sy5e* [*pP +iS 66 [9pPP) + (1S 76 190 P
+iS1ge* 120 P1P) + (1S, gpl VP E* +iS,0pl v A1 E* P) + (iSppl 0 P +i S pl 20 A1) (v - €% ) + (1Spat v Pl é*

+iSa V0 P) + (IS Yl 0P +iSe V0 P) (v - €)1, (26)

with [a,B] being the antisymmetric index. Note that _ 1
igG*#=[iD%,iD#], and g=—Ls+ E(DZ_D7_2D9_D14_83_255+ 289
—h,I';D*DPh,=—3%h,I'1D?h,)+h,D*T,D*h, . — 6310~ 2514+ S15~ Spe),
(27)

~ 1 -
f=—(Ly+L3)+5—(—D;—D,+4D3—D;—p’D
After the integration oveg, the total divergence term can be v 2mq v > 8
neglected. Consequently, using the equation of motion of "y
heavy quarkiv-Dh,=0, one finds that 2D+ D13~ D14= S, =S4 =656+ (1-p%)Se—6Sy0

" ~285- 2814+ (p*~ 1Sy,

2

vTr Q& (v,p)l ——T1M(v)[=0. (28

~ 1 .
a,=Ly+ 5——(Dy+2Dg+ p?Dy;+S,—2S;+6S,
Q

This means;lgﬁgﬁ= 0, which yields —2p2S,,+ 2S5~ P2Sye),

S5=S19, 2S5=S19~ Sy, St Si5= Sy, ~ 1
8,=(Ls=La)+ 53— (~Dy+ Dg+Dy+2Dg—Dyo— 2Dy
2S3=S17+S1—Sp5, S9=Sp0,  2S10= — S, Q

+4D 15— D s+ S3— 5S4+ 25+ 2S5,— 255+ 65,

St S16= 2, 2512= Si5F Spo— S, +25,,— 65+ Sye) (30)
11~ 05121 S16),

S13+S15= = S17,  Siat Si6= — Sis- (29 and

. N - _ - l "
Therefore, all of the 12 universal functio§yi=5-16) are Go=Ly+ ZmQ(D1+2D2—3pzDs+D13+ S,— So+ 6

independent.
Until now all the independent universal functions for ~
heavy meson to light vector meson transitions are obtained, +5p?Sy+2S;5+ S14— Si5+ 3S16),

four at leading order, 22 at next-to-leading order. Note that

even to the order of i, , the form factors irB—p semi- _ 1

leptonic decay and that iB—K* rare decays are connected. 9p=Ls+ 5 ——(Dy+D7=4Dg= D14+ S3+35+S
By evaluating the traces, we get the relevant form factors Q

to the order of Iihg in terms of the universal functions +6S;5+ 3514+ Si5+ Sie)s
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~ 1
h: L4+ R(D5+ D10+ 2D12+ 84_ SS_ 287_ 2811+ 6812+ Sl4+ 815),
Q

~ 1 A - -
g,=Li+ E(Dl—" 2D,—p?Dg+Dyg+ S;— 2S5+ 6Ss+2p?Se+3S;5+ S5~ P?Sye),

(32)
- 1
gp=La+ E(Dz—i— D;+2Dg—4Dg— D4+ Ss+2S5— 2Sg+ 6S;0+ 2S,4— Sy5+ Se),

~ 1
h, = L4+ H(Ds‘l' D10+ 2D12+ S4_ZS7_ZS]_1+ 6812+ 2814_ 815).
Q

In summary, within the HQET, we have systematically analyzed the heavy-to-light vector meson transitions to the order of
1/mq . Besides the four universal functions at the leading order, there are 22 independent universal form factors at the order
of 1/mg. Both the semileptonic deca— p which is relevant to théV,,| extraction, and the penguin induced deday
—K* which is important to new physics discovering, depend on these form factors. Once they are given, we can use them to
calculate all kinds of decays involving such transitions to a good precision.

Some model-independent observations can be made. Consider theBdegdy; the decay rate will be largely simplified

if we work at the zero recoil point gb meson. Onl)[f'l2 has nonvanishing contribution. So we have

dr'(B—pl vy) _ GEl[Vul? —— Qu-p)—n
Ao |y 2 P Q)

+(3A—v-pp?)Ls—S;— S3—6Sg+ (1— p?)Sg— 6S;9— 28,3~ 2Sy4+ (P>~ 1)Sye)

1 _
—(L;+Ly)+ 2_r’nb(2(D1_D8+ Dy +(A+v-p)L,

oM ) 2(Q(v-p)— )
M) o
Qv-p) vpmm

whereQ(v - p) = m§+ mf,— 2mg(v - p). Only 13 universal functions are needed to determine the decay rate at zero recoil point.
We may also include the flavor changing neutral current decays, sugh-a6* v andB— K* Il to get some information of
the unknown universal functions that appeared at the ordema§ 1/

The ling corrections are more important for the declys:K* andD — p. The information of the Ihg corrections can
be drawn through the following way. First, from tBe— p decay, neglecting the iy, effect, we can get a certain result for the
leading order heavy quark expansion by comparing it with the experimental data. Then by inputting this knowledge to the
D—K*(p) decays, while keeping thertif corrections, the information on themy correction to the decay can be obtained
with an uncertainty subject tom./m,~30%.

To obtain more detailed results of the decays, knowledge about the universal form factors themselves is needed. While the
HQS simplifies the analysis, it does not predict thep dependence of the universal functions. This dependence must be
determined separately by using nonperturbative techniques, such as QCD sum rules or lattice simulation, which are the next
important steps to obtain quantitative results.

2 2\ 2
mg m;,
| ploo-

p

} : (32)
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