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Light-front quark model analysis of rare B—KI*1~ decays
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Using the light-front quark model, we calculate the transition form factors, decay rates, and longitudinal
lepton polarization asymmetries for the exclusive r&e:KI*l (I=e,u,7) decays within the standard
model. Evaluating the timelike form factors, we use the analytic continuation method @' th@ frame to
obtain the form factor&, andF, which are free from the zero mode. The form fadar which is not free
from the zero mode in thg™ =0 frame and contaminated by the higier nonvalenceFock states in the
q*+#0 frame is obtained from an effective treatment for handling the nonvalence contribution based on the
Bethe-Salpeter formalism. The covariarice., frame independengef our model calculation is discussed. We
obtain the branching ratios for BBEKITIT) as 4.96<10 7|V, /Vg|? for I=e,u and 1.27
X107 7|Vs/Vep|? for | =1.
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[. INTRODUCTION constituent quark modelLFCQM or simply LFQM [20—
23] based on the LF quantization. The LPA, as another
The upcoming and currently operatifyfactories BaBar parity-violating observable, is an important asymme@]
at SLAC, Belle at KEK, LHCB at CERN and B-TeV at Fer- and could be measured by the above mentiddddctories.
milab as well as the plannedCharm factory CLEO at Cor- In particular, ther channel would be more accessible experi-
nell make precision tests of standard mo@&W) and beyond mentally thane or . channels since the LPA in the SM are
the SM ever more promisingl]. Especially, a stringent test known to be proportional to the lepton mass. Although some
on the unitarity of the Cabibbo-Kobayashi-Maska(@KM)  recent workg25] have studied the lepton polarizations using
mixing matrix in the SM will be made by these facilities. the general form of the effective Hamiltonian including all
Accurate analyses of exclusive semileptoBidecays as well possible forms of interactions, we shall analyze them within
as rareB decays are thus strongly demanded for such precithe SM as many others did.
sion tests. One of the physics programs atBhiactories is Our LFQM[20-23 used in the present analysis has sev-
the exclusive rard decays induced by the flavor-changing eral salient features compared to other LFQINB] analysis:
neutral current(FCNC) transition. Since in the standard (1) We have implemented the variational principle to the
model they are forbidden at the tree level and occur at th@CD motivated effective LF Hamiltonian to enable us to
lowest order only through one-loofpenguin diagrams analyze the meson mass spectra as well as various wave-
[2-6], the rareB decays are well suited to test the SM andfunction-related observables such as decay constants and
search for physics beyond the SM. While the experimentaglectromagnetic form factors of mesons in a spacelife (
tests of exclusive decays are much easier than those of inr<0) region[20]. (2) We have performed the analytical con-
clusive ones, the theoretical understanding of exclusive deinuation of the weak form factors from the spacelike region
cays is complicated mainly due to the nonperturbative hadto the entire(physica) timelike region to obtain the weak
ronic form factors entered in the long distanceform factors for the exclusive semileptonic decays of pseu-
nonperturbative contributions. The calculations of hadronicddoscalar mesor{21]. (3) We have recently presented[i22]
form factors for rareB decays have been investigated byan effective treatment of handling the higher Fock state
various theoretical approaches, such as relativistic quarkonvalencg contribution to the weak form factor ig™>0
model [7-10], heavy quark theory11], three point QCD frames, based on the Bethe-SalpetB6) formalism (see
sum rule§12], light cone QCD sum rul§13-16, and chiral  also[23]).
perturbation theory17,18. Perhaps, one of the most well-  The explicit demonstration of our analytic continuation
suited formulations for the analysis of exclusive processemethod using the exactly solvable model of a
involving hadrons may be provided in the framework of (3+1)-dimensional scalar field theory model can be found
light-front quantizatior{ 19]. in [26]. The Drell-Yan-West ¢ =q°+q?=0) frame is use-
The aim of the present work is to calculate the hadronidul because only valence contributions are needed as far as
form factors, decay rates and the longitudinal lepton polarthe “+" component of the current is used. Our analytic so-
ization asymmetrie§LPA) for B—KI*l (I=e,u, and 7) lution in theq™ =0 frame as a direct application to the time-
decays within the framework of the SM, using our light-front like region differs from the method used [i#,8] where the
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authors used a simple parametric formula extracted from therhere G is the Fermi constanty;; are the CKM matrix

small g* behavior of a form factor. However, some of the elements an€;(%) are the Wilson coefficients. It is known
form factors in timelike exclusive processes receive higheghat the Wilson coefficient€;— C4 of QCD penguin opera-
Fock state contributiong.e., zero leOde inthg" =0 frame  tors O,— O are small enough to be neglected and also the
or nonvalence contribution in the” 0 frame within the  gperatorO4(~G?,, strong interaction field strength tensor
framework of LF quantization. Thus, it is necessary to in-yges not contribute tdb—sl™|~ transition. Thus. the rel-

clude either the zero-mode contributidifi working in the . ~ o
q*=0 frame or the nonvalence contributioiif working in evant basis operato;(x) to the rareb—sl™|~ decay are

theq™ #0 frame to obtain such form factors. Specifically, in
the present analysis of exclusive raBe—KI|"|~ decays,
three  independent hadronic form factors, i.e.,
F. (9%, F_(g? from the V-A (vector—axial vector cur-
rent, andF(g?) from the tensor current, are needed. While
the two form factord=, andF+; can be obtained from only

01=(S,¥*PLb,)(Cs¥*PLCp),

O,= (ga'y#PLbB)(Eﬁ'y#PLca)v

valence contribution in thg™ =0 frame without encounter- Or= 1672 Mb(Sa00y PRD)FE @
ing the zero-mode complicatigr27], it is necessary to in-

clude the nonvalence contribution for the calculation of the e _ o

form factor F_. Our effective method22] of calculating Og= (S ¥*PLb) (17,0,

novalence contributions has been shown to be quite reliable 16m°

by checking the covariance of the model. Thus, we utilize
both the analytic method in thg™=0 frame to obtain
(F4 ,F7) and the effective method in thg" >0 frame to O10= 16
obtainF _, respectively.

The paper is organized as follows. In Sec. Il, we disc_us%vherePL(R):(li vs)/2 is the chiral projection operator and
the standard model effective Hamiltonian for the exclusivepur g the electromagnetic interaction field strength tensor.

rareB—KI "1™ decays and reproduce the QCD Wilson €o-Tpe | grentz and color indices are denoteduagnd ») and
efficients necessary in our analysis. The formulas of the had- . o ~ .
ronic form factors, differential decay rates, and the LPA are® (a_mdﬂ), respectively. Thf renormallzat|on scalgln Eq.
also introduced in this section. In Sec. Ill, we calculate the(1) is usually chosen to bg=m; in order to avoid large
weak form factorsF, (92),F_(g?) and F(g?) using our logarithms, InM_W/mO), in the_: matrix elements c_)f the opera-
LFQM. To obtainF. (g?) and F1(g?), we use theq®=0  fOrs O; . The Wilson coefficient€;(m,) determined by the

frame(i.e., q°= —§f<0) and then analytically continue the rgnormalization group equatic?r(RGE). from the perturba-
results to the timelike?>0 region by changing, toiq, in tive valuesC;(Myy) are given in the literaturésee, for ex-

. : le[3,4]).
the form factors. The form factdf _(q?) is obtained from amp . ty—
our effective method[22] in purely longitudinalg*>0 Since the operatgré)l ar?d O, contr|+bu_te tob—sl l_
frames(i.e., g2=q*q >0). In Sec. IV, our numerical re- throughcc loops which again couple o'l ~ through a vir-

sults, i.e., the form factors, decay rates, and the LPABfor tual photon, they can be incorporated into an “effectiv@y.
—KI*1~ decays, are presented and compared with the exLhe resulting effective Hamiltonian in E€L) has the follow-
perimental data as well as other theoretical results. Summaf{d Structure(neglecting the strange quark mass

and discussion of our main results follow in Sec. V. In Ap-

e2

- (57*PLb) (17, 75)),

pendix A, we list the QCD Wilson coefficients necessary for 11— _ 4Gk e_ZV*V _ 2IC,(mp)my

the rareB—K transition. In Appendix B, we show the deri- eff 2 1672 tsVtb o

vation of the differential decay rate f@—KI*l~ in the . . . o
case of nonzero leptom(#0) mass. In Appendix C, we XSUWq”PRny/‘I+C§ﬁ(mb)SyﬂPLbI7f‘I

show the generic form of our analytic solutions for the weak
form factors in the timelike region.

+Cyo(My)sy,PLbT Y ysl |. (3)

Il. OVERVIEW OF EFFECTIVE HAMILTONIAN IN

OPERATOR BASIS The effective Wilson coefficien€g"(s=qg%/m?) is given

by [6,28,29
The rareb—sl*|~ decay process can be represented in
terms of the Wilson coefficients of the effective Hamiltonian Cf(s)=C:M(s)+ Y p(s)
obtained after integrating out the heavy top quark and the

W* bosong2], i.e., as(pm)

o(S) |+ Ysp(S)+Yp(S), (4)

(1) where the functiorYs5(S) is the one-loop matrix element of

4G, .
He=——=Vyp Vi C; O, , A
NI tSEi {)0ilp) Og, Y.p(S) describes the long distance contributions due to
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FIG. 1. The effective Wilson coefficier@" as a function of
=qg%M3. As the real part oE", the thick(thin) solid line repre-
sents the results witfwithout) the LD contribution, i.e. Cgﬂ(ce“)

The imaginary(dotted ling part ofcgff is the result without the LD
contribution.

the charmonium vectord/, ', resonances VviaB
—K@/y, ¢, ... )—=KITI~, and »(s) represents the one-
gluon correction to the matrix element 6f. Their explicit
forms are given in the literatufe,4,28—-30 and also in Ap-
pendix A of this work. For the numerical values of the Wil-
son coefficients and relevant parameters in obtaining4g.
we use the results given by Ref29,30;:

=175 GeV, m,=4.8 GeV, m.,=1.4 GeV,

ag(My)=0.12, ay(m,)=0.22, C;=—0.26,

C,=1.11, C,=0.01, C,=-0.03, C5=0.008,

Ce

—0.03, C;=-0.32, Cy=4.26, andCyy= —4.62.

In Fig. 1, we plot the effective Wilson coefficie@S" as a
function of s. As the real part oﬁgﬁ, the thick(thin) solid
line represents the result witlvithout) the LD contribution,
i.e., ReCSM[Re(CE™]. The imaginary(dotted ling part of
C" is the result without LD contribution, In@§"). In our
numerical calculation ng“ (thick solid lineg, we include
two charmonium vectod/#(1S) and ¢'(2S) resonances
(see Appendix A The cusp of ReCS™ at s=4(m¢/my)?
=0.34 as shown in Fig. tthin line) is due to thec?—loop
contribution fromYsp(s) [see Eqs(Al) and(A2) in Appen-

dix A]. In Fig. 1, one can also find that R’égﬁ)>lm(C ).
The long-distance contribution to the exclusBe>K de-

cay is contained in the meson matrix elements of the bilinear

quark currents appearing iR given by Eq.(3). The
matrix elements of the hadronic currents for Bie:K tran-

with s=g?/M2, m=

PHYSICAL REVIEW D 65 074032

_ 1
J¢=(K|sy*P_b|B)= §[F+(q2)P“+ F_(99)g*], (5
and

J¢=(K[sio*"q,Pgb|B)

)[qZP“—<M§—M§)qﬂ]FT<q2). (6)

" 2(Mg+ My
where P=Pg+ Py and q=Pg— Py is the four-momentum
transfer to the lepton pair and<g?<(Mg—My)?. We
use the conventioo”= (i/2)[ y*,y"] for the antisymmetric
tensor. Sometimes it is useful to express Ej.in terms of

F. (g% andFy(g?), which are related to the exchange of 1
and 0", respectively, and satisfy the following relations:

q2
———F_(g?).
M2—MZ g

(7)

B
With the help of the effective Hamiltonian in E¢3) and
Egs. (56) and (6), the transition amplitude for theB
—KI*I~ decay can be written as

F1(0)=F(0), Fo(q®)=F.(q*)+

M=(KI"1 ™| Hes B)
4G|: o

-

cs'y,

Zmb
Vi th| - ?cr];

X Ty#1+Cyod .1 y* sl ] , (8)

wherea=e?/4 is the fine structure constant. The differen-
tial decay rate for the exclusive raBe—KI|*|~ with nonzero
lepton mass rfy#0) is given by(see Appendix B for the
detailed derivation

~ 1/2
dF M3 G R m
2|V |2¢1/2( 1_4T|
ds 3><29 5 s
x| ¢ 1+2 FT++6 'Foul, 9
where
2
2C,
Fr.=|C§"F — —Fq +|Cul?F.[%
NG
Fo+=|Cad[(1—1)?|Fo|>— $|F |21, (10)

b=(s—1-r)2—4r,

m2/M2, and r=M2/M%. We used

sition can be parametrized in terms of hadronic form factorsn,=Mg in derivation of Eq.(9). Note also from Eqs(9)

as follows:

and(10) that the form factoF _(q?) [or Fo(g?)] contributes
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only in the nonzero leptonng; #0) mass I_imit: Divi(_jing Eq. pi=(1-x)P7, pqizxpir,
(9) by the total width of theB meson, which is estimated to
be[7,34] > + - > s
P =(1=x)Py +k, pg=xP1y =k,
fM2G2 (14)
o= Vel =30, (1) N
192 P, =(1-x)P;, pg =xP;,

one can obtain the differential branching rattBR(B - - . , - .
KI*I7)/d5=[dT (B—KI*17)/T o /ds P2, =(1=X)Pa ki, Py =xPa —ki,
As another interesting observable, the LPA, is defined as _ P -,
which require thap -=p;,~ andpq, =p, . ForB—K tran-
. dly-_,/ds—dIl',_,/ds sitions, one hasm;=m,, m,=mg, and mg=m,. Our

PL(s)= < = (120 analysis forb—sl*I~ decays will be carried out in thig*
dlh-—y/ds+dlh-,/ds =0 frame and the decaying hadroB (eson is at rest, i.e.,

whereh=+1(—1) denotes rightleft) handed ~ in the final '5u =0.
state. From Eq(9), one obtains foB—KI*I~ The matrix elements of the current® in Eq. (5) and J¥

in Eq. (6) are obtained by the convolution formula of the
initial and final state light-front wave functions as follows:

1/2
m
2( 1-4—
S

$CioF ¢

2¢,
F,ReCS"— —F
+ 9 l+\/? T

PL(3)= (Pl aulPy=3 [ 6Btk by(xK)
\'s

. m, my
¢ 1+2€ FT++6€F0+ .
(13) ot M(P2) M“M(pl) 0

XR)\Z)\ =T ¥ Rxlf’
Note that our formulas for the differential decay rate in Eq. \/E \/E
(9) and the LPA in Eq.(13) are written in terms of (15
(F,,Fqo,Fy) instead of £, ,F_,Fy) as obtained in Refs.
[8,10]. However, our formulas and those i8,10] are  Wherel'*=y*P_for J* in Eq. (5) andio*"q,Pg for J7 in
equivalent with each other once we rearrange our formulas i&q. (6), respectively. The measu[rd3ﬁg] in Eq. (15) is writ-
terms of ¢, ,F_,F1). One nice feature of usingq in the  ten in terms of light-front variables as
decay rate formula is to separate thgcontribution from the

total rate as we shall show later. 35— bt dy i [ok, [k,
d pq—Pl dx ki E W' (16)
Ill. FORM FACTOR CALCULATION IN LIGHT-FRONT
QUARK MODEL wheredk,/dx is the Jacobian of the variable transformation
A. Analytic calculation in the g*=0 frame {x,k }—k=(kz,k.) defined by
As shown in Eq(9), only two weak form factor§ . (q2) K m2—m2) 2
andF(g?) are necessary for the massleag+0) rare ex- 2: L 1—| 24 (17)
clusive semileptonido—sl*I~ process. The form factors x  4Ax(1-x) MS '
F. (g% and F(g? can be obtained in thg"=0 frame
with the “good” component of currents, i.ey =+, without 2,122 2, 12
) LTE mi+kS mo+kT
encountering zero-mode contributiof®7]. Thus, we shall M§= q + 4 ) (18)
perform our light-front quark model calculation in ttg" 1-x X

=0 frame, where)?=q"q~ —g°=—0g°<0, and then ana-
lytically continue the form factor§i(df)(i=+,T) in the ) o ]
spacelike region to the timelikg?>0 region by changing the interaction-independent Melosh transformation. The ex-
plicit covariant form for a pseudoscalai< 0,J,=0) meson

is given by

The spin-orbit wave functior‘RiJZ Ax,lﬁ) is obtained by
q'q

q, toiq, in the form factor.

The quark momentum variables f&%(q,q)— P«(9,q)

L X +_ . .

transitions in theg™ =0 frame are given by roso, - u(pq ,)\q)ysv(pa,ha)
R zZ 0 (x,k, )=

with f=3 and the central value ¢¥.,|=0.0402[31], we obtain

5=1.688 ps WhneTgxf‘:(l_esgt 0.028) ps. Since our numerical Where\'s are light-front helicities. Our radial wave function
results of the branching ratios are obtained from using @@, IS given by the Gaussian trial function for the variational
approximately 2% theoretical error due to the lifetimeBahesonis  principle to the QCD-motivated effective light-front Hamil-
understood. tonian[20]:

(19
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1\ ) factors. We describe in Appendix C our procedure of analytic
d(x.k, )= ( 7 3> exp( —k2/28%), (200 continuation of the weak form factors.
B Our analytic solutions will be compared with the follow-

. . ing parametric form used by many oth¢rs-9,13,29
which is normalized agd3k|¢(x,k, )|?=1, wherek?=k?

+k? andk, is given by F(0)
’ ’ F(g?)= PR —— (25
1 mé‘ m% 010"t 02(
2 2Mg where the parameteks, and o, are determined by the first

and second derivatives &%(q%) atg?=0.
Then, the sum of the light-front spinors over the helicities in

Eq. (1) is obtained as B. Effective calculation in g*>0 frame
: — _ Our effective calculation of weak form factors is per-
> Ux(Pa) y5ux2(p2)u)\2(p2) formed in the purely longitudinal momentum frarf22,27]
Ms where q*>0 and F31L=F32L=O so that the momentum
—_— 2_ + —_ . B .
Xr”le(pl)Ux (p1) ),50)\4%) transfer squarg“=q q >0 is t.|meI|ke.
One can then easily obta@f in terms of the momentum
=Tl (Pq— mg) ¥°(P2+ M) L#(py+my) ¥°]. fracion a=P;/P{=1-q"/P; as ¢?>=(1—a)(M3?
(22) - M%/a). Accordingly, the two solutions fow are given by
Using the matrix element of the+” component of the cur- :& M§+ M%—qz . \/ M§+ M%—qz 2_1
rents w=+), and the partlcle on-mass shell condition, i.e., My 2M M, T 2M M, '
the light-front energyp;” = (p? +m?)/p;" (i=1,2 andq) in (26)
Eq. (22), we obtain the weak form factors . (q7) and The +(—) sign in Eq.(26) corresponds to the daughter me-
F1(q?) as follows: son recoiling in the positivénegative z direction relative to

the parent meson. At zero recoij{= q,znax) and maximum

. 1 . [ok, ok recoil (g?=0), «. are given b
P [ ax[ a2 5 (7=0). - are given by

Mz
A1A2+k k’ a’+(qmax) a_ qmax) |\/|
X ha(x,K]) a(x,K,) 3 —
VAZ+ K2\ AZ+K! M, 2
(23) @.(0)=1, a (0)= (Ml) - (27)
and The quark momentum variables in th&¢ >0 frame are simi-
. lar to Eq.(14) in theq* =0 frame but the momentum trans-
N ld 2K [9Kz [k, fer g% in q* >0 frames flows through only the longitudinal
ran)= 0 X LN ox V ox component of quark and antiquark momenta, i.e.,
M p; =(1-x)P7, piZXPI, 51L:_5EL:EL!
X (XK ) (X, l)— K
(1_ )M MO + ' + 1+ o+ = g »
PG P =(1-x")Py, py =x'Py, Ppa=-pg =k,
q (28)
X | (my— ml) +A; ], (29
L

wherex’=x/a and Pu P2L 0 has been usetsee Fig.
2).
The a - -independent form factors .. (q?) defined inq*

A=xm+(1—x)mg(i=1,2), Mo: m, >0 frames are then obtained as follows

I, - (1Fa )] (ay)—(1Fay)]  (a-)
andk| =k, —xq, . The primed factors in Eq$23) and(24) F.(g9)== J e s , (29

N aL—a_
are the functions of final state momenta, elgsk}(x,k|) ’
andMg=Mg(x,k]). Since the weak form factofs, (q?) in  wherej*(a.)=(K[sy" P b|B)|, /P; from Eq.(5).
Eg. (23) and FT(qf) in Eq. (24) are defined in the spacelike ~ As shown in Fig. 2, thg* >0 frame requires not only the

(9?<0) region, we then analytically continue them to the particle-number-conservingalence Fock state contribution
timelike q>>0 region by replacing|, with iq, in the form in Fig. 2(b) but also the particle-number-nonconserving

where

074032-5
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®) 1-a
.X 2
1-x oa-X 1 =
v 1
X
1 o

FIG. 3. Non-wave-function vertetblack blob linked to an or-

FIG. 2. The covariant diagraia) corresponds to the sum of the dinary LF wave functior(white blob.

LF valence diagrantb) defined in 0<x<« region and the nonva- . . . .
lence diagran(c) defined ina<x<1 region. The large white and ~ EQuations(30) and (31) are integral equations for which
black blobs at the meson-quark verticesfin and (c) represent the  ON€e needs nonperturbative QCD to obtain the kernel. We do
ordinary LF wave function and the nonvalence wave function ver-N0t solve for the BS amplitudes in this work, but a nice
tices, respectively. The small black box at the quark-gauge bosofeature of Eq(31) is a natural link between the nonvalence
vertex indicates the insertion of the relevant Wilson operator. BS amplitudeW’ and the valence on# which enables an
application of a light-front CQM even for the calculation of

(nonvalencg Fock state contribution in Fig. (&); i.e., the nonvalence contribution in Fig(@. In (1+1)-QCD
jT(as)=j(as)+]} (as) in EQ. (29). In our previous models[35,36, it is shown that expressions .for the nonva-
works[22,23, we have developed a new effective treatment®nce vertex analogous to our form given in Eg§l) are
of the non-wave-function vertepblack blob in Fig. 2c)]in  obtained. With the iteration procedure given by E8f) in
the nonvalence diagram arising from the quark-antiquarkhis d”>0 frame, we obtain the current matrix element of
pair creation or annihilation. Since the detailed procedureghe nonvalence diagram in terms of the light-front vertex
for obtaining the effective solution for the non-wave- function and the gauge boson vertex function. The interested
function vertex have been given [@2,23, here we briefly ~reader may consult Ref§22,23 on this subject.
present the salient points of our effective methd#,23 and The matrix element of the valence currepf,, in Eq.
the final forms of the current matrix elements for both va-(29), is given by
lence and nonvalence diagrams.

The essential feature of our approach is to consider the @ . ok. ok
light-front wave function as the solution of the light-front J':a|=f de d2%k, \/—\/—
Bethe-Salpeter equatiqhFBSE) given by 0 ax' Y ox

. R - R B.B,+k?
(M= M)W (X ki) X (X' k) p1(X K TH—T5—= (32
VB2+K2\/B2+K2
:f [dy][d?l I ki sy L)Wy 1), (30 where
where/C is the BS kernel which in principle includes all the Bi=xm+(1-x)my, Bo=x"my+(1—-x")myg,
higher Fock-state contributions\t3=(m2+Kk2 )/x,+ (m3 (33

+K2,)/x,, andW(x; ki, ) is the BS amplitude. Both the va- , L ,
lence (white blob and nonvalencéblack blob BS ampli- ~ @ndkz=kg(x",k,) n Eq. (21). The matrix element of the
tudes are solutions to E¢30). For the normalor valencg ~ nonvalence currenf,,, in Eq. (29), is obtained as

BS amplitudex; =x andx,= a—x>0, while for the nonva-

lence BS amplitudex;=x andx,=a—Xx<0. As illustrated - 1 dx . K, o .

in Figs. 2Zb) and Zc), the nonvalence BS amplitude is an J””:me dk, \ X OGK ) da(x.ky)
analytic continuation of the valence BS amplitude. In the

LFQM the relationship between the BS amplitudes in the K2+ BB+ x(1—x)(1—x')(M2—M?2)

two regions is given by22,23

VX(1—x)Mg
(MZ_MS)"P’(XIJZU') - 27 ﬁIZK(X!EnylrL) g
XJdYJd Iy WW%(V.M),
= [y, 1oc Ky Fowey, G, @ ol
(34)

where W’ (x; ,IZu) represents the nonvalence BS amplitudewhere
and again the kernel includes in principle all the higher Fock
state contributions because all the higher Fock components . 1
of the bound state are ultimately related to the lowest Fock x9(x,k, )= 5 — TR > (35
component with the use of the kernel. This is illustrated in o a- Ki+mp  ki+m;
Fig. 3. -« 1-x X—a
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is the light-front vertex function of a gauge bodeand dy TABLE I. Model parametersr,) and the decay constants
=dy/\y(1—y). In derivation of Eq.(34) with the “+”-  defined by(0|q,¥"ys0s|P)=ifpP* for , K andB mesons used
component of the current, we also separate the on-mass sh#ljour analysis. We also compare our decay constants with the data
propagating parfi.e., the term proportional td2§+ B.B,)] [31] and the lattice resuli37].

from the instantaneous pajite., the term proportional to

- — expt.
X(1—x)(1—x")(MZ—M3)], where the struck quarksm; Meson Q) ™Mo (GeY) Aqg (GeV) f(MeV) f
=my andm,=m) are on-mass shell and the spectator quark T 0.22 0.3659 130 131
(mg=m,) is off-mass shell. Note that the instantaneous con- K 0.45 0.3886 161.4 159:81.4
tribution exists only for the nonvalence diagram as far asthe 5.2 0.5266 171.4  20830[37]

“+" component of the current is used. As we shall show in
the next numerical section, the instantaneous contribution to

2 . .
the weak form factors..(q%) for the B—K transition is metric formula given by Eq.25 where the thin solid

quite substantial near zero recoil. dashed i tsE . (E o vt luti
Note that Eq(31) was used to obtain the last term in Eq. éi\%sn egiy :Sgs (rgg)reasnedn(z 4)+(a reT)W e“u; pgpo?(i}/rggtesg Eylolga
(34). While the relevant operatdg is in general dependent (25) up tog?=<15 Ge\? but show some deviations near zero

on all internal momentax K ;y.0)), the integral ofC over  recoil point. We summarize in Table Il our numerical results
y andl, in Eq. (34) depends only ox andk, , which we  for the weak form factor§ , (q°) andF(g?) atg?=0 and

define the parameters; defined in Eq(25) and compare with other
o theoretical result§7,9,13,29. As one can see from Table I,
- [~ e [KK YL our results forF, (g% and F(g?) in the g?>—0 limit are
GBK(X*kL)zj dyJ d*l, ‘TVW quite comparable with other theoretical results. As other the-

oretical schemes predicted, our results also shHow(0)
(=0.348)=—F(0)(= —0.324).

For the analysis of heavy decay process, the weak form
In this work, we approximat&g(x,K, ) as a constant which factor F_(g?) [or equivalentlyFq(q?)] is necessary for the
has been tested in our previous wofR&,23 and proved to ~ calculations of the decay rate and the LPA and we obtain it
be a good approximation. As we shall show in the next sectsing our effective methof22,23 in the q*>0 frame as
tion, the reliability of this approximation can be checked bydescribed in Sec. IlIB. In Fig. 5, we show our effective

examining the frame independence of our numerical resultdd”>0 frame solution of F, (q?) (thin solid line with a
constantGg = 3.9 fixed by the normalization df_,(g?) in

theqt =0 frame(thick solid ling at theq?=0 limit. As one
can see in Fig. 5, our effective solution®f (q2) (thin solid

In our numerical calculation for the process & line) is very close to the analytic orféhick solid line for the
—KI*1~ transition, we use the linear potential parametersentire kinematic region. It justifies the reliability of our con-
presented in Ref21]. Our predictions of the decay constants stant approximatiorGgy of the kernelk. For comparison,

X oy, T)). (36)

IV. NUMERICAL RESULTS

for K and B were reported [20,2] as fg
=161.4 MeV (Expt=159.8-1.4) [20] and fp 20 . , , . ,
=171.4 MeV[21], respectively Our model parameters and F (@ ing"
. . — F,(q)) in q =0 frame
decay constants are summarized in Table | and compare 15[ ___ Fl(ging'=0 frame
with experimental dat§31] as well as lattice resultg37]. F#(qz) from F,(0)1[1-c,q2+cgq“]
Note that in the numerical calculations we takg=5.2 GeV 10 L ——- Fi(d) from F(0)[1-0,q+0,0]

in all formulas except in the Wilson coefficie@", where
m,=4.8 GeV has been commonly used.
In Fig. 4, we show our analyticg(" =0 frame solutions

0.5

B—> K Transition

for the weak form factorsF, (g?) (thick solid ling and 0.0 ¢ ]
Fr(q?) (thick dashed ling for —5 GeV?=q’<(Mjg 05 T —— ———— ]
—M)?. We also include the results obtained from the para-® ‘:*§~~‘§_\§
40 F \\::‘\~
\\

2While one can in principle also consider the BS amplitudey®r 15[ N
we note that such an extension does not alter our results within ou
approximation in this work because both the hadron and gauge -20 : ' : : '
boson should share the same kernel. -5 0 5 qz[Ge:/?] 15 20

3The difference of decay constants between this work and Refs.

[20,21 is only due to the definition, i.e., we use the definition FIG. 4. Analytic solutions ofF , (g%) (thick solid lin® and

(0[q,y*vsq:|P)=ifpP* in this work so that f®"'=130.7
+0.1 MeV while we used0|g,y*ysq;|P)=i2fpP* in Refs.
[20,21].

F1(g?) (thick dashed ling compared with the resultghin lines
obtained from the parametric formula given by EB5) for the B
—K transition.
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TABLE Il. Results for form factord=(0) and parameters; defined in Eq.(25).

Model

F.(0) o1 (Y] F+(0) o1 g2
This work 0.348 4680102 5.00<10 4 —0.324 45X10°2 4.66x10 4
QM [7] 0.30 6.0 10?2 1.08<10°3 —-0.30 6.0x 1072 1.09x10°3
QM [9] 0.36 4.8<1072 6.3x10°4 —0.346 4.%10°? 6.4x 104
SR[13] 0.341 5.06< 102 5.22x 104
SR[29] 0.35 4.9 1072 4.50x10™4 —-0.39 4.9 1072 4.76x1074

we also show the valenddotted ling and the instantaneous
(dot-dashed ling contributions toF,(g?) in the q*>0

the branching ratios and the longitudinal lepton polarization
asymmetries. We shall also discuss how we take the effect of

frame. Although the valence contribution dominates over thehe vector meson dominan€¢MD) into account at the end

nonvalence one fog?<10 Ge\?, the nonvalencgespe-
cially the instantaneouiscontribution is not negligible for
0°=10 Ge\,.

Using the same constant operag=3.9, we are now
able to calculate the scalar form factdtg(q?) andF _(qg?)
in g*>0 frames and the results are shown in Figsélid
line). As in the case oF , (g?) in Fig. 5, we also include the
valence contributions(dotted line@ to both Fy(g?) and
F_(g?) and the instantaneous contributitdot-dashed ling
to Fo(g?). It is very interesting to note especially from

of this section.

We now show our results for the differential branching
ratios forB—KI*1 (I=e,u) in Fig. 7(@ andB—Krt 7~
in Fig. 7(b), respectively. The thickthin) solid line repre-
sents the result witbwithout) the LD contribution Y, p(S)]
to Cgﬁ given by Eq.(4). In plotting Figs. Ta) and 1b), we
setm=0 andm_=1.777 GeV, respectively. As one can see
the pole contributions clearly overwhelm the branching ratio
near J/4(1S) and ¢’ (2S) peaks; however, suitable"|~

F_(qg?) that the nonvalence contribution, i.e., the differencelnvariant mass cuts can separate the LD contribution from
between the solid and dotted lines, is very substantial even #f€ SD one away from these peaks. This divides the spec-

the maximum recoil point?=0) and is growing ag)?
increases. As a reference, our numerical results=forob-
tained from our effectivglvalence solution at maximum-
and zero-recoil limits areF_(0)=-0.14(—0.34) and
F,(qzmax)=—0.9(—2.23), respectively. Our result for

trum into two distinct region§24,38: (i) low-dilepton mass,
amP=g?<M%,— 6, and (i) high-dilepton massM?, + &
<g?<q?,,, whered is to be matched to an experimental
cut. The branching ratios witfwithout) the pole(i.e., LD)
contributions forB—KI*I~ are presented in Table Il for

F_(g?) presented in Fig. 6 agrees very well with the light low (second columy high (third column, and total (4th

cone QCD sum rulgLCSR) result for F_(g?) by Aliev
et al.[15] [see their Fig. (b)]. Similarly, our effective solu-

column dilepton mass regions a@f°. Although the contribu-
tion of scalar form factoF 4(q?) to massless lepton decay is

tion for Fo(g?) is in a close agreement with the LCSR resultsnegligible (zero for m;=0), its contribution tor decay as

given by Ball[13] and Ali et al. [16]. Our effective solution
of Fo(g?) as well as the analytic solutions &, (g?) and
F1(g?) shown in Fig. 4 will be used for the calculations of

2.5 T T T T
Analytic sol. from g'=0 frame
2.0 f —— Effective sol.(=val.+nv.) from q">0 frame ]
------------ Valence part from q">0 frame
150 77 Instantaneous part from q">0 frame
1o
T
S
uw 05
0.0
-0.5
-1.0 1 1 1 1

10
q[GeV?]

FIG. 5. Effective solution of , (g?) (thin solid ling for the B
—K transition. The line code is in the figure.

shown in Fig. Tb) (dotted ling is very substantial, e.g.,
~75% contribution to the totalnonresonantdecay rate in
our model calculation. Thus the reliable calculation of
Fo(g?) is absolutely necessary and our effective method of
calculating the nonvalence diagram seems very useful.

It is worthwhile to compare our results for the branching
ratios with other light-front quark mode[8,10]. While the
authors in Ref[8] used the simple parametric formula, Eq.
(25), to obtainF, and F; and the heavy quark symmetry
(HQY9) to extractF _, the authors in Ref.10] used the dis-
persion representation through tl€aussiap wave func-
tions of the initial and final mesons and then analytically
continue the form factors from the spacelike region to the
timelike region. The common aspect in these models is to
have the same form factoFs, andF+, which are free from
the zero-mode contribution, not in the timelike region but in
the spacelike region as far as the same model parameters are
used. Indeed our method of analytic continuation of the form
factorsF, and Ft is equivalent to that of Ref.10]. How
ever, the difference is in the calculation®f , which is not
immune to the zero-mode contribution. The zero-mode con-
tribution must be properly taken into account for the calcu-
lation of F_. Thus, it is not quite surprising to note that
although our branching ratisee Fig. 7a)] for the massless

074032-8
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1.0 T T T
—— Effective sol. from g'>0 frame
b Valence part from q'>0 frame
0.8  —-— Instantaneous part from q'>0 frame b

Fyo(9?)

02 _
00 Lo e | |
0 ° r 15 20
q’[GeV?]
0 LI U B B N N N B Y L B B B B L B B B B L B

N; L -

=

m . - o

u-‘ - -
-1.5- —

2k _
= 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1
2'50 5 10 15 20
qTGeV)

FIG. 6. Effective solutiongsolid line) of F,(q?) andF_(g?)
compared with the valence contributiofdotted ling for the B
—K transition.
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B->Kli(=e, p) (@)

Y
o

-
'S

-
N

-
(=]

= ]

[e2]
T
L

'S
T
1

(10'|V NV, [)IBR/(G M)

—— resonance + nr
2 | —— nonresonance(nr) ]

0
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

B—>K 1t (b}

»
T
L

(8]
T
L

H
T

w
T

(10| vV, [)dBR/d(q°My’)

n
T

resonance + nr
—— nonresonance(nr)
------------ F, contribution

sy
T

0.6 0.7
q2/M52

0
0.4

FIG. 7. The branching ratios faB—KI*I~(I=e,u) (& and
B—K ' 7~ (b) transitions. The thickthin) solid line represents the
result with (without) the LD contribution toCS" in Eq. (4). The
dotted line in(b) represents thé& (g2 contribution to the total
branching ratio ofr decay.

lepton (=e,u) decay is not much different from the results
in Ref.[8] [see their Fig. (a)] and Ref.[10] [see their Fig.
3(a)], our branching ratidsee Fig. )] for the 7 decay is
quite different from the results in Ref8] [see their Fig.
1(b)] and Ref[10] [see their Fig. &)].

TABLE Ill. Branching ratio (in units of |Vis/V¢p|?) with (without) the pole contributions foriB
—KI*I~ for low, high, and total dilepton mass region.

Mode 1=<q?<8 16.5<0?<22.9 Am?=<q?<22.9 (GeV)
(e,) 2.59x 107 3.34x10°8
(2.25x1077) (3.70<1079) (4.96x10°7)
T 7.20x10° 8
(7.47x10°9) (1.27x10°7)
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TABLE IV. Nonresonant branching ration units of 107X |V,s/V¢,|?) for B—KI*1~ transition com-
pared with other theoretical model predictions within the SM as well as the experimental data taken from the
Belle Collaboration(Abe et al,) [1].

Mode This work [10] [15] [16] Exp. [1]

e 4.96 4.4 3.20.8 5.7 <1.2x107°
4.96 4.4 3.20.8 5.7 (0.99" 33351 x10°°

T 1.27 1.0 1.7%0.40 1.3

Our numerical results for the nonresonant branching radilepton channel is sensitive to the form factors. In other
tios (assuming|Vy,|=1) are 4.96<10 /|V,s/V,|2 for B words, as in the case of branching ratios, although our result
—KI"lI™ (I=e,u) and 1.2K10 /|V,s/V|? for B of the LPA for the muon decay is not much different from the
— K77, respectively. While the CLEO Collaboratigi]  results in Ref[8] [see their Fig. &)] and Ref[10] [see their
reported the branching ratio BB(-Ke'e )<1.7x10 ¢, Fig. 4@)], the result for the tau decay is quite different from
the Belle Collaboration(Abe etal) [1] reported BrB  the results in Refl8] [see their Fig. )] and Ref[10] [see
—Kete )<1.2x10°° and BrB—Ku*tu~) their Fig. 4c)].
=(0.99" 5351 x 1076, respectively. Our nonresonant re- ~ Comparing our results for the weak form factors with
sults for the branching ratios &—KI| "I~ are summarized Other phenomenological models, one may find that there is in
in Table IV and compared with experimental data as well as
other theoretical predictions within the SM. 1.0 . . . .

The exclusiveB—K7" 7~ has been computed via the 08 [ B—>Kup (a)
heavy meson chiral perturbation theory by Btal. [18],
where the branching ratio of the exclusive decay was found 0.6 ]
to be about 50—60 % of the inclusive one. Although calcula- 04
tions of exclusive decay rates are inherently model depen:
dent, chiral perturbation theory is known to be reliable at __ 02| ]
energy scales smaller than the typical scale of chiral symme‘wgnn 00 b
try breaking, Acgg=4mf./\2. In B—K7" 7", the maxi- ‘g
mum energy of theK meson in theB rest frame is {13 o 02
+M2—4m?)/2Mg~1.5 GeV, which places most of the -04 N
available phase space around the schigg [18,24]. From

the above argument and our exclusivéranching fraction, Bl 1
we can estimate the branching ratio of inclusiig -0.8 [ ]
— X777 as (2.12-2.54)X 10 7|V, /Vp|? which is quite 10 g ,
comparable to the prediction given by Hewg24] where ~0.0 0.2 0.4 0.6 0.8
BR(B— Xt 77)=2.5x10"7 was obtained. qMg°

In Figs. 8a and 8b), we show the LPA forB 0.2 . . . .

—Ku"u~ andB—Kr* 7 as a function ofs, respectively,
and with (thick solid ling and without(thin solid line LD
contributions. For th@ —Ku " u~ case, we use the physical
muon massm,, =105 MeV. In both figures, the longitudinal 01 | .
lepton polarization asymmetries become zero at the enc
point regions ofs. Our numerical values o®, without LD
contributions and away from the end point regions are
—0.97>P,>—0.98 in 0.3<5<0.6 region forB—Ku "~

and —0.15>P,>-0.18 in 0.5<s<0.7 region for
B—Kr* 7, respectively. In fact, the, for the muon decay

is insensitive to the form factors, e.g., dey=—0.98 (away =01 1
from the end points regigris well approximated by11]

B->K 1 (b)

o

0.0 -

P.(qPM?)

CyoReCe" .
-1, (37 “0.4 05 0.6 0.7 0.8

PLZ =
|C§"I2+Cud? q'M,

in the limit of C;—0 from Eq.(13). It also shows that the FIG. 8. The longitudinal lepton polarization asymmetriggs)
P for the u dilepton channel is insensitive to the little varia- for B—KI*1~ (a) andB—K+" 7~ (b) transitions. The same line
tion of C; as expected. On the other hand, the LPA for the code is used as in Fig. 7.
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general a good agreement for the small and intermedgate

PHYSICAL REVIEW D 65 074032

[43,44. In the limit where the heavy quark massy(Q

region. Nevertheless, there are some differences for the largec,b) goes to infinity there are flavor-independent relations

2

q
(VMD) especially forF, (g?). For example, both results of

the LCSR in[13,39 and our LFQM analyses show that the
direct solution forF . (g?) is well approximated by E¢(25)

up toq?<15 Ge\?. However, the large momentum behav-
ior of F, (g% [as well asF{(q%)] is somewhat different
since our model does not include the VMD effect.

region where vector mesons are expected to dominateetween coupling constants

fr fr

g:MgD*DW: NBQB*BW! (41)

Following the same method used in recent LCSR analysi¥/heref ;=131 MeV and the coupling constagiappears in

[39], we use the VMD formula(i.e., B*-pole with Mg«
=5.325 GeV) given by

c

FVMD 2): (38)
S 1-g% M3,

at the largeg? region and match the parametric formula

F. (g% in Eq. (25) by the following constrainf39]

FYMP(g%)=F, (g% in Eq. (25),

d ,
F.(g®) in Eq. (25),

d
VMD [ 2\ _
Fi (q)—dq2

de?
(39

the interaction Lagrangian of the effective meson field theory
[17,43,44.

In our numerical calculation ot for the exclusiveB
—Tev, process, we obtainc(qé):(0.312,15.12 Ge¥)
from Eq. (39) and (0;,0,)=(4.75x10 2,5.50< 10 %) in
Eq. (25), which was obtained in our previous analypi$].
Since we also obtained thB* meson decay constant as
fg+=185.8 MeV [45], we can now extract the coupling
constant of theB* to B#r pair and the result i9g+g,+
=17.88 andg=0.23 while the recent fit46] to the experi-

mental data gives two possible solutioms; 0.27° 335 093

0.02-0.02
org=0.76"333"32. We acknowledge the remark [j46] that

for the B—wly, form factors with E,<2m_, analytic
bounds combined with chiral perturbation theory giyés
=50 MeV [47]. That means while the solutiog=0.27
givesfg=<190 MeV, g=0.76 givesfz=66 MeV, which is

to make both parametrizations a smooth connection at a trameughly a factor of three smaller than lattice QCD re§8if],

sition pointg?=gq3, wherec is fixed atq?=q3 in Eq. (39).
We should note that the., (g2) in Eq. (25) is almost equiva-
lent to our LFQM prediction F5™°™(g?) up to @
<15 Ge\ and the transition poirtqg is expected to be at
q°~15 Ge\ (see also Ref39)) in order for interpolation
betweenF-FM(g2<q3) and FYMP(g?=q3) to make more
sensé. In our case for theB—K transition, we obtain
(c,95)=(0.388, 14.38 Ge¥) for F2¢(q?). For the tensor
form factor, we get Q,qé)=(—0.358, 14.23 Ge¥) for
F1(9?).

It is necessary to discuss the excluskes 7l v| process
in that the constartt has a direct physical implication for the

i.e. fgat: 200+30 MeV. Note that our LFQM prediction is
given by f5FeM=171.4 MeV. As a reference, other theoret-
ical calculations forg are 0.2—0.4 for the QCD sum rules,
1/3—-0.6 for the quark modélsnd 0.424)(8) for the lattice
calculation(see Ref[48] for the survey ofg values obtained
from different models

In Fig. 9, we show the VMD corrections to bok£*(q?)
(solid line and FE‘_”(qz) (dashed ling i.e.,
F.(0?) =F*"(g*<q5) + F1"°(q°>qg). Comparing Fig.
4 (Fig. 3 in[21]) and Fig. 9, we find the enhancement of
FBX(9?)[F27(g?)] at g?>=q? 4, by around 4p70]%. Our re-
sult for F®7(g?) including the VMD correction is quite com-

B— wl vl process, i.e., it is related to the physical couplingsparable with that obtained from QCD sum rules in R&8]

as[39,41,423
f * * T
c— B Os*B , (40)
2M g«
where fgx is the decay constant of thd* meson

defined by (0|by*u|B*)=Mg«fg«e” and gg«p, is the
(axial-current coupling defined by(B°(P)=*(q)|B* *(P
+0))=0dge+~(0- €) and can be extracted from the soft pion

q?—0 limit in the heavy meson chiral perturbation theory

4As discussed ifi40], a naive extrapolation of the VMD formula
in Eq. (38) to the pointg?=0 is not consistent with the monopole
formulaF (g% =F,(0)/(1—qg%A?) used in many theoretical an-

where the authors used the same method to enhance
FB7(g?). Our result forF2X(g?) in Fig. 9 is also comparable
with those of Refs[13,16. However, the branching ratio for
B—KI*I (I=e,u) increases less than 2% by including the
VMD effect. It is not surprising to note that the large en-
hancement of the weak form factors near the zero-recoll
(q2=q§]ay) region does not affect the differential decay rate
very much, since the phase space of the largeegion is
highly suppressed in Ed9).

SUsing similar LFQM to ours, Jaugt0] obtainedg=0.56 from
the direct calculation of the hadronic matrix element in the soft pion
limit and argued that the calculatgdw-7 and K*-K-7r coupling
constants within the same model are in fair agreement with data.
The reason for the discrepancy of th&alue is not yet understood.

satz since the relevant parameters are in general different, i.eHowever, the computed decay constahtsand fg« are in good

F_ (0)#c andA;#Mgs.

agreement between R¢#0] and ours.
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S D e L B L e w channel is insensitive to the model for the hadronic form
] factors. Thus, the experimental data of the LPA fodecay

. VMD C tion to LFQM: J . . "
orrection to LFQ '] would provide useful guidance for the model building of
hadrons and make a definitive test on existing models.

[ FO/1-0,d"+06,a'a’=10.4)D
4| + Mg’ G =le, 5’ D) a
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] APPENDIX A: FUNCTIONS Yg(S), Y.p(S), AND @(s) IN
EQ. (4)

The functionYgp(S) in Eq. (4) is given by

. A A A 1 -
v by e by e by e by by YSD(S):h(mC'S)(3C1+C2+C(O))_Eh(l’s)(4c3+4c4

00 5 10 15 20 25
q'[GeV7]

1 A 2
— —_c(0)
FIG. 9. VMD corrections to the LFQM predictions f62%(q?) +3Cs+ Co) 2 h(05)(C5+3Cy)+ 9 c

(solid line) and F27(q?) (dashed ling i.e., F..(q")=F4"*"(q” VAV
<qp) +Fi"(a=qp). ° S M, S
) +FY : ~ 5(3C1+C)[h(08) ~h(Me.8)],  (AD)
tsVtb

V. SUMMARY AND CONCLUSION

In this work, we investigated the rare exclusive semilep- . N
tonicB—KI*l~ (I=e,u and 7) decays within the SM, us- where C(?)E.3C3+C4+3(_:5+C6' The function h(mfl
ing our LEFQM which has been tested extensively in space=Mq/My,S) in Eq. (A1) arises from the one loop contribu-
like processe$20,23 as well as in the timelike exclusive tions of the four quark operatorsO;—0Os and
semileptonic decays of pseudoscalar mes@#is22. The  h(m,,s),h(1,s), andh(0,s) represent quark,b quark, and
form factorsF . (g°) andF+(q?) are obtained in thg* =0 u,d,s quark loop contributions, respectively. The explicit
frame (@%<0) and then analytically continued to the time- form of h(rhq ,S) is given by
like region by changingy, toiq, in the form factors. The
form factorF_(q?) is obtained from our effective treatment

(mb) 8

of the nonvalence contribution in addition to the valence oneh " A 8I nf 8 4 )
(mg,s)= g oinMg+ 55+ 3Yq §(

in g*>0 frames ¢°>0) based on the BS formalism. The
covariance(i.e., frame independengef our model has been

checked by comparison d¢% ., (q?) obtained from bothg™
=0 andq” >0 frames. Our numerical results for the form +Yg) V1Yl

factors are comparable with other theoretical calculations as

In——=

_yq

1+ \/1—yq )
=i
1-yJ1 i

®(1_yq)

shown in Table II. Using the solutions &, and F; ob- 1
tained from theg* =0 frame andF_ obtained from they™* +0(y,—1)2 arctar ——

>0 frame, we calculate the branching ratios and the LPA for VYq—1
B—KI ™1~ including both short- and long-distance contribu-

tions from QCD Wilson coefficients. Our numerical results o

for the nonresonant branching ratios are in the order of 10 Wherey,=4mj/s and

which are consistent with many other theoretical predictions

as shown in Table IV. Of particular interest, we were able to 8 8 /m 4 4
estimate the inclusive branching ratio f&—X,r" 7~ as &9 o [Mp) =& -~ &

BR(B— X' 7 )~ (2.12=2.54K 107 7|V, /Vy|? With the h0s)=7% 9'”( M) ghstgim (A3
help of chiral perturbation theor{18]. For the LPA as a

parity-violating observable, we find that the LPA for the .
channel is sensitive to the form factors while the LPA for theThe functionY p(s) in Eq. (4) is given by

(A2)
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3k|  VeVep For all possible spin configurations, we make the replace-
YLD(S)=_2 __—— (3C1+C2+C(0)) ment
@ ts th
1
|- | M= M[?=
V*V (0)1 al'(Vi—1"17)M (2Sg+1)(25¢+1)
VY vy, MZ—smi—iM Ty’
tb Vi=dly', o Ny, b vily, % 2 |./\/l|2 B2)
(A4) all spin states

where ['(V;—1717), Ty, and My, are the leptonic decay WhereSg(Sx) is the spin ofB(K) meson and we sum over
the spins of the lepton pair. After summing over all spin

rate, width and mass of theth 1™~ cc resonance, i oo for the lepton pair, we obtain

respectively. In our numerical calculations, we use
LI/ p—1"17)=5.26x10"° GeV, My,=3.1 GeV, I'y, 2
=87x10°% GeV for J/(1S) and I'(y'—1717)=2.12 M2
X107° GeV, M, =3.69 GeV, I',=277<10"° GeV
for '(2S) [31]. The fudge factorx is introduced in Eq.
(A4) to account for inadequacies of the naive factorization (B3)
framework(see[32] for more details We adoptk=2.3[30]
to reproduce the rate of decay chd@n-XJ/¢— X 1. whereF 1, is given by Eq.(10) and

In the SD contribution ofb—sl*1~, the u-quark loop
contribution is neglected due to the smallness of the contri-  Fy, =|C192((q%P?—(P-q)2]|F , |2+ (P-q)?|Fq|?).
bution V¥ V,p/ViV,=0(A\?) (A=0.22 is the Wolfenstein
parameter compared withViVep=—ViVy. The term

(VX Vb /VEV)C© in the LD contribution is also ne- Here, we usean,=Mpg in the derivation of Eq(B3)..
glected forb—>s|*|f In the B-meson rest frame, EGB3) can be rewritten as

The functionw(s) in Eq. (4) represents th®(a;) correc- M2G2
tion from the one-gluon exchange in the matrix element of [, 2 |M|2= ZBTF L,
7T

PZ 2 -
FT++2 -7:o+

2(P-p)(P-pp)—

m
[|PK|2 (E—ED?IFrs + ?MZBFO+

O, [33]; ’
- ~ 2 . ~ B5
w(S)=—§772 §Li2(s)—§lnsln(1—s) B9
. where|Py|?=M3g/4.
B 5+45‘A In(1—3) The differential decay rate f@—KI*1~ is given by
3(1+2s
f A) . - M d3pP, d3Pr
3 25(1+S)(1_23)|n§+ 5+9s—-6s " 2M, (2m)%2E (2m)%2E, )\ (2m)32E;
3(1-5)2(1+25)  6(1-5)(1+25)° ) “ ! '
(A5) X(21) 54(PB—PK—P|—P|_). (B6)
where Li(x)= — [3dtIn(1—xt)/t. After doing thePy integration, one obtains
. M Gz
APPENDIX B: DERIVATION OF THE DECAY RATE BYF
FOR B—>K|+|_ dF 64 5 2 [|P |2 (ZE +EK B)z]FT+

In this appendix, we show the derivation of the decay rate m
for B—KI*I~. For simplicity, we shall omit the factor + T'|\/|§|:0+
ViV, in the following derivation.

The transition amplitude foB—KI™*1~ is given by

dEdE, . (B7)

The lepton energ¥, in Eq. (B7) satisfies the following up-

M=(KI*I~|H|B) per (E,") and lower €,") bounds
4G|: o off Zmb T " - ~ A~
__ 0 Mg—Ex) = |Pk|V1—4(m,/s
\/_ 477[ Cod, 7 Cad, |1y E|t=( 8~ Ex) =[Pl (m, ). (B9)
2
+C10JM|_‘y"y5l] . (B1) Finally, the integration of Eq.B7) over E, with dEg
=(Mg/2)ds gives Eq.(9).
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APPENDIX C: ANALYTIC FORM OF THE WEAK FORM from the exponent o, ¢4, and
FACTORS IN TIMELIKE REGION
. . , [ok,  [ok
In this appendix, we show the generic form of our ana- 2 T T2 0PV ki T2 g2 ca
lytic solutions for the weak form factors , (g°) [Eq. (23)] ax N ox—JrlL.a JTIAAAL.a). (€Y

andF1(g?) [Eq. (24)] in timelike region. _ .
In our numerical analysis, we use change of variables agrom the Jacobi factor. The separations of HS) and(C4)
are common for bottF_ (q?) andF+(g?). The main differ-

I, xBZ . ence between the two form factors comes from different ver-
kK=l +———a., tex structures and we denote generically as
Bit B3
ot xB2 . o D ROOT sz(pz)r+ u}‘l(pl)ROO,
= - . AN f i NN
1 € Bi_’_ﬂgql ( ) NS 2 p; p]J-r 1

Since the form factors in Eqg23) and (24) involve the = Mg(I2,0%) +iM(12,0%). (CYH
terms proportional to I(; - q,)°% which are related to the
imaginary parts of the form factors by changiﬁg to i(iL ,
we separate the terms with even powers if %) from

Combining Egs.(C3)—(C5), we separate the “Real” and
“Imaginary” parts of the weak form factors:

those with (, -q,)°in the form factors. One useful iden- , 1 1 - _
tity in this separation procedure is F(g%)= —3,J dXJ’ d°l exp(— 1R [ TrMR
(mB1B2)" /0
\2\Ja+b(p, -4,)= Va+ Va2—b%(p, -q,)? — LM [cog §ily) —isin(51))]
) b(p.-q.) + 8L TeMi+ T MRI[Sin(S 1)) +i cog 51T,
Va+a2-b%(p, -q,)? =Fr(0?) +iF im(a?). (C6)
(C2

We do not list here the detailed functional forms of other
By changing p, -q, —ip,-q, =i|l,|Jo%cose=i§ where terms. However, since only the terfis of odd power inl |
q°>0, we separate the “Real” parts from the “Imaginary” andq, , one can easily check the imaginary term of the form
parts in Eqs(23) and(24) as follows: factor F,,(g?) vanishes aftet, integration due to the fact
that [ d?l', 1 °%%xp(~1°®Y=0. In fact, we also found that the
T2, q?)+is (2.,  (C3 term 31, is small enough to make cal()=1 and singl,)

28383 =481, with very high accuracy.
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