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Using heavy quark spin symmetry in semileptonicB. decays
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The form factors parametrizing thB, semileptonic matrix elements can be related to a few invariant
functions if the decoupling of the spin of the heavy quark8inand in the mesons produced in the semilep-
tonic decays is exploited. We compute the form factors as an overlap integral of the meson wave functions
obtained using a QCD relativistic potential model, and give predictions for semileptonic and nonldhtonic
decay modes. We also discuss possible experimental tests of the heavy quark spin symBettgdays.

PACS numbd(s): 13.20.He, 12.39.Pn

I. INTRODUCTION elements relevant for the semileptonic decays, were com-
The discovery of thé8, meson by the Collider Detector puted in Refs[11,6,12. These analyses identified a diffi-
at Fermilab(CDF) Collaboration at the Fermilab Tevatron culty in correctly considering the Coulomb pole contribution
[1] opens up some interesting investigations concerning thi the three-point functions needed for the calculation of the
structure of strong and weak interactions in the quarkoniumsemileptonic matrix elements. Attempts aimed at taking this
like bc hadronic system. The studies will be further devel-correction into account are described[i8]; however, the
oped at the hadronic machines currently under constructiomroblem of including the contribution of the Coulomb pole
such as the Large Hadron CollidétHC) accelerator at for all the values of the squared momentum transfier the
CERN, where a copious production Bf meson and of its lepton pair has not been solved yet. Extending to all values
radial and orbital excitations is expectg?|3]; at these ex- of t the expression of the Coulomb contribution valid g
perimental facilities, together with the measurement of thesnly allows us to conclude that it represents a large correc-

mass of the particles belonging to the (b?) family, it will tion to the lowest order quark spectral functions.
be possible to observe the decay chains reaching'se It is worth looking at the outcome of constituent quark
ground stateB. which decays weakly. models which, although less established on the QCD theo-

A peculiarity of theB. decays, with respect to the decays retical ground, can nevertheless provide us with significant
of the B, 4 and Bs mesons, is that both the quarks are in-information to be compared to the experimental results.
volved in the weak decay process with analogous probabil- The models in Refs[14,15 have been used in the past
ity. The weak decays of the charm quark, whose mass ig4,16] to estimate the semileptoni&, decay rates. More re-
lighter than theb quark mass, are mainly governed by the cently, different versions of the constituent quark model have
Cabibbo-Kobayashi-MashaweCKM) matrix elementVes  peen used to analyze the decays induced both bybthe
which is larger tha/.,, mainly controlling theb quark tran- —c(u) andc—s(d) transitions[17,18. It is noticeable that
sitions; the result is that both the quark decay processes cofhe calculations can be put on a firmer theoretical ground if
tribute on a comparable footing to tii decay width. An-  some dynamical features of tH&. decays are taken into
other peculiar aspect is that the annihilation amplitude, account. Such features are mainly related to the decoupling
proportional toV.,,, is enhanced with respect to the analo- of the spin of the heavy quarks of tBe meson, as well as of
gous amplitude describing tH&" annihilation mode. the meson produced in the semileptonic decays, i.e., mesons

The above considerations have inspired several theoreticgbmnging to thece family (7,J/, etc) and mesons con-
analyseg§4-8] aimed at predicting th&; lifetime. Namely, taining a single heavy quark{*), B$), D™)). The de-

a QCD analysig7], based on the OPE expansion in thecoupling occurs in the heavy quark limitg,me> A ocp),
inverse mass of the heavy quarks and on the assumption gf, produces a symmetry, the heavy quark spin symmetry,
quark-hadron duality, provides fo'rBC a prediction in agree- allowing us to relate the form factors governing g de-
ment(at least within the current experimental accupaeith  cays into a 0 and 1~ final meson to a few invariant func-
the CDF measurementr(B,)=0.46"312 (sta)=0.03 tions[19]. The main consequence is that the number of form
(syst)10 *2s[1]. The agreement supports the overall picturefactors parametrizing the matrix elements is reduced, and the
of the inclusiveB, decays. description of the semileptonic transitions is greatly simpli-

The calculation of théB, exclusive decay modes can be fied.
carried out either using QCD-based methods, such as lattice However, at odds of the heavy quark flavor symmetry,
QCD or QCD sum rules, or adopting some constituent quarkolding for heavy-light mesons, spin symmetry does not fix
model. So far, lattice QCD has only been employed to calthe normalization of the form factors at any point of the
culate theB, purely leptonic width[9]. As for QCD sum phase space. The normalization, as well as the functional
rules [10], the B, leptonic constant, as well as the matrix dependence near the zero-recoil point, must be computed by
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some nonperturbative approach. . velocity v, apart from a small residual momentugn The
] So farr,] the bumversatl' fotrrrclj facFors of Serlnllfapt?_nﬁc initial and final meson momenta can then be writterpas
ecays have been estimated using nonrelativistic meson _ L ¢
wave functiong19] and employing the ISGW model at the MBcV andpe, MBaY+q’ with v-q=0(1/mg). The re
zero-recoil point[20]. An analysis in the framework of a lation between the residual momentgpand the momentum

different quark model is described i 7]. k transferred to the lepton pair is
In this paper we present a calculation based on a constitu- "
ent quark model which has been used to describe several kt=pg —pg,=(Mg —Mg )v*—q*. (2.)

aspects of the heavy meson phenomenol@jy. The pecu-

liar features of the model are related to the interquark poteni this kinematic situation, exploiting the decoupling of the
tial, which follows general QCD properties, such as scalaspin of the heavy quarks in the mesons, several relations can
flavor-independent confinement at large distances, and ake worked out among the semileptorBg form factors. A
ymptotically free QCD Coulombic behavior at short dis- straightforward way to derive such relations is to use the
tances. Moreover, the use of the relativistic form of the quarkrace formalism[22,23.1 This has been done in Rdf19],
kinematics allows us to describe heavy-light as well asand we repeat here the derivation for the sake of complete-
heavy-heavy mesons, and to account for deviations from theess.

nonrelativistic limit. As a result, th8. form factors can be One introduces a4 matrix HEP describing the doublet
written as overlap integrals of meson wave functions, ob- * - ; )

tained by solvingrihe wgve equation defining the model. As(Bc /Bc) of cb mesons of four-velocity [19]
discussed in the following, the representation as overlap in- B
tegral of meson wave functions allows us to predict, in the Heb=
heavy quark limit, the normalization of the invariant func-

tions at the zero-recoil point and to obtain, for example, the

suppression factor between the form factors of Baetran- ~ WhereB¢* andB, annihilate a vectoB and a pseudoscalar
sitions into heavy-light mesons with respect to the correB. meson of four-velocityv. Under spin rotations of the
sponding functions governing the decés— 7.lv andB;,  heavy quarksH®? transforms agqcbﬁschb%_

(1+v) (1—-v)

—Jlylv. _ _ On the other hand, for heavy-ligBt, andB} mesons, the
The calculation of the overlap integrals and of B  gn510g0us %4 matrix describing theR, ,BX) spin multiplet
semileptonic form factors is presented in Sec. lll, after havyg,4s
ing reviewed in Sec. Il the consequences of the heavy quarlk
spin symmetry inB. decays. In Sec. IV, using the obtained (1+V)
invariant functions, we analyze the semileptonic decay Ha=— [Bi*Y.—Bavysl 2.3
modes, and in Sec. V, assuming the factorization ansatz, we
estimate several nonleptonig, decay rates. Section VI is i ) .
devoted to the conclusions. all the fields in Egs(2.2),(2.3) contain a factor,/M B, » and
have therefore dimension 3/2.
IIl. HEAVY QUARK SPIN SYMMETRY Applying the trace formalism, one gets that the hadronic

matrix elements relative to the decaBs—B{*)I v have the

Heavy quark spin symmetry amounts to assume the defllowing general form, compatible with heavy quark spin
coupling between the spin of the heavy quarks in Bie  symmetry:
meson, since théc spin-spin interaction vanishes in the B
infinite heavy quark mass limit, as well as the vanishing of (g{*) ,V,Q|aaFC|Bc,V>= — \/WTr[ﬁaQI‘HCb],
the heavy quark-gluon vertex. This symmetry has been in- c e (2.4)
voked in[19] to work out relations among the semileptonic
matrix elements betweeB, and other heavy mesorioth  yhere) is the most general Dirac matrix proportional to the
heavy-heavy and heavy-lightThe main difference with re-  foyr.velocityv and to the residual momentugn The calcu-

spect to the most well known case of the heavy-light systemg,tion using Eqs(2.2),(2.3 shows that the various matrix
is that in the latter case one can exploit heavy quark flavog|ements reduce to

symmetry, which also holds in the heavy quark limit and
allows us to relatd3 to D form factors. a a
. B,,v,q|V,|B.,v)=/2Mg 2Mg [Q]Vv , +a,() ,

In order to apply spin symmetry B, decays one should (Ba,v,qV,[Be.v) 8, 2Me [ 21V, T 80fl0,]
distinguish decays due to charm transitions fronguark _
transitions. To the first category belong processes such as (B3 .v,0|V,.|Bc.v)=—i/2Mg 2Mgrag}
B.—(Bs,B%)lv andB.—(Bgy,B})I v, induced at the quark v
level by the transitiong—s andd, respectively. Sincen, X €uvap€ q VT, (2.9
<my, the energy released in such decays to the final had-
ronic system is much less tham,, and therefore thb quark
remains almost unaffected. As a consequence, the Bpal  !For a discussion of the heavy quark formalism applied to the
meson[a is a light SU(3)g index| keeps the samB, four-  quarkonium system see R¢R4] and references therein.
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B ,v,q|A,|B.,v)=/2Mg 2Mg«[Q2e* Also in this case Eq92.7) are only valid near the zero-
(B2 ”' V) Be™ Bk recoil point. Nevertheless, in the following we use them, as
+ag05e* qv,], well as Egs.(2.6), for all physical values of the momentum

transfert, in order to compute semileptonic and nonleptonic

where V,, and A, represent the weak flavor-changing ( Bc decay rates. This is admittedly a strong assumption, and

polarization vector. Therefore, as shown by Ej5), the six cpming from fini.te mass and QCD corrections.that in prin—
form factors parametrizing the, into B, and B* matrix ciple relate the invariant functions to the physical semilep-
Cc a a

elements can be expressed in terms of two invariant funcinic matrix elementg19]. However, assuming Eq$2.7)

tions, O and Q5. The main difference with respect to the and(2.6 'B the I\I/vhoI%.klrr]]ematlc range, Ia nurrber.fl)fhpredlc-
spin-flavor symmetry, holding in heavy-light mesons, is thatt'pnS can be co _ectg ; the experlmentg resu ts will then pro-
the normalization of the form factors is not predicted at anyVIde us with indications on the numerical importance of the
point of the kinematic range and, in particular, it is not fixed corrections.
at the nonrecoil poing=0.

Actually, the form factor)$ give rise to terms propor- Ill. B, FORM FACTORS FROM A CONSTITUENT
tional to the lepton mass in the calculation of the semilep- QUARK MODEL
tonic rates. Moreover{)3 do not contribute at zero recoil.
The scale parametey is related to the size of tHg, meson, . S . :
it can be assumed as proportional to BieBohr radius and 3., by using a relativistic potential model which allows to

represents the typical range of variation of the form factor@cqount for two QCD effect_s. The first one IS confinement,
[19] which produces a suppression, at large distances, of the me-

son wave functions, due to the linearly increasing interquark
eootential. The second effect is represented by the deviation
of the quark dynamics from the nonrelativistic limit. By tak-
ing such two effects into account, we are able to compute the
form factor A in Eq. (2.7) as an overlap integral d. and
J/ ¢ wave functions. Moreover, we can apply the formalism
to the transition8,—B{*) ,B{*) andD{*’ at the nonrecaoil
point, and then extrapolate the result to the whole kinematic
region spanned by the various semileptonic transitions.

Let us considen in Eq. (2.7). In order to compute it, we
a(fonsider the costituent quark model studied 24], whose

b—u transition. In this case, the energy released to the fin essential features can be easily summarized. First, we write
meson is small only near the zero-recoil point, where . T Y C n
down an expression for thB, meson state, in thB_ rest

<m§. At such kinematic point one can repeat the COnSideri‘rame in terms of quark and antiquark creation operators
ations for the transitioB.— B¢l v, obtaining the relations : q q P '

and of a meson wave function:
(D,v,q|VM|BC,v>= ,/ZMBCZMD[ElanLaOEZqM],

Yy = ﬁ%f K bt —Kk tR
(D WV, B ) = i 2y 2 pvacs, 871 ) oK el Cknais e lo)
(3.9

In this section we compute the form factaks Q2, and

The relations(2.5) are valid near the zero-recoil point,
where bothB; and the meson produced in the decay ar
nearly at rest. In the case of the transitidhs—B{*) ,B{*)
the physical phase space is quite nari@le maximum mo-
mentum transfet to the lepton pair ig =1 GeV?) and
therefore one can assume that E(5 completely deter-
mine the semileptonic matrix elemer{teodulo a set of cor-
rections mentioned belowThe situation is different for pro-
cesses induced, at the quark level, by lthguark transitions.
Let us consider the decayg.— (D,D*)lv, induced by the

X €vap€” rqevA, (2.6

where o and 8 are color indicesy ands spin indices. The
* _ * * >
(D 'V’Q|A#|BC'V>_ VZMBCZMD*[21€M+a0226 1av,]. operatorb® creates an ant- quark with momentum—Kk,

I . . while c' creates a charm quark with momentimA similar

Far from the nonrecaoil point, the light recoiling quark keeps _ —
a large momentum, and therefore terms of the ordey/of, ~ €XPression holds for thg, (cc) state, as well as for vector
cannot be neglected in the effective theory leading to Eql  States, as described[i1]. In the meson state, as written
(2.6). in Eqg. (3.1), the contribution of other Fock states, such as,

Finally, we consideB. decays into quarkonium states, €9 states containing one or more gluons, is neglected.
such asy, andJ/y. The spin decoupling of both the beauty ~ The wave function/g (k) describes the momentum dis-
and charm quark allows us now to relate the six form factorsribution of the quarks in the meson. It is obtained by solving
to a single one: the wave equation

V,q|V,|Be,v)=+2Mg 2M , Av — = R
(7 A1Vl Bo )= V2 Mo 2M 5 AV, (VR s R e Mg i, (R

JIyv,qlA,|IB.,vY=/2Mg 2M 5, A €* . R . R
(34,v,alA,[Be V) B 2MuyA e, o +Jdk’V(k,k’)‘//Bc(k’):0 (3.2
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stemming from the quark-antiquark Bethe-Salpeter equation, . ug (K, (k)

in the approximation of an instantaneous interaction repre- A(q=0)= f dk—s "

sented by the potential. Equation(3.2) partially takes into 2\2Mg 2M,, Jo VERE.

account the relativistic behavior of the quarks in the kinetic

term; m, andmy, represent the mass of the constituent charm y (Ep+mp)(Ec+me) —k? 3.6

and beauty quark, anil B, the mass of the bound state.
The QCD interaction is described assuming a static inter-
quark potential having the form, in the coordinate sf@%,  where the reduced wave functiong (k) are related to the
L =0 wave functions},, according to

fW)} ke (|K])
r————|, (3.3 k)=
UM( ) \/5’77

Ar
: . The covariant normalization is adopted:dk|uy(k)|?
with A a scale parameten; the number of active flavors, —2M,, pteddkum (k)|

and the functiorf(t) given by

[(Ep+mp)(Ec+me)]H2’

8 A
33— 2n;

V(r)= (3.7

The wave l‘unction:mBC andu,,C can be obtained by solv-

ing Eq. (3.2 by numerical methods, choosing the values of
the massesn, and my, of the constituent quarks, together
—2}. (3.4  with the scale parametey, in such a way that the charmo-
q nium and bottomonium spectra are reproduceg=4.89
GeV andm;=1.452 GeV, withA=397 MeV[21]. A fit of
the heavy-light meson masses also fixes the values of the

1
In(1+9?)

4 (= sin(qt
f(t>=;f0 dqsmf]q )

The infterest for this form of the pot_en_tial is that_ it continu- constituent light-quark massem,=my=38 MeV andm,
ously interpolates the linearly confining behavior at large 115 MeV [21]. It i h ob ing that. for thbe
distances with the QCD Coulombic behavior at short dis- eV[21]. It is worth observing that, for thbc sys-

tances, where the logarithmic reduction of the strong coute™ all the input parameters needed in E812) are fixed

pling constant, due to the asymptotic freedom property offom the analysis of other channel_s_, and the predictions do

QCD, is implemented. A further smoothing of the potential not depend on new ex_ternal quantities.

at short distances is adopted, according to quark-hadron du- The_numerlcal solution of E¢3.2) produces the spectrum

ality argumentg21]. of the bc bound states; the predicted mass and the leptonic
The wave equatioii3.2), together with the form(3.3) of ~ constant of the firs&wave resonance af@8] Mg =6.28

the potential and Eq(3.1) of the meson state, completely GeV (the value we use in our analy}sisndec:432 MeV,

determines the model, which has been extensively studied @ agreement with other theoretical determinations based on

describe static as well as dynamic properties of mesons corgpnstituent quark model29], QCD sum rules K1 5,=6.35

taining heavy quark$26—2§. Notice that the spin interac- GeV [6]) and lattice QCD Klg =6.388+9+ 98+ 15 GeV.
tion effects are neglected since, in the case of heavy mesons c

the chromomagnetic coupling is of the order of the inversé30). Within the errors, theB; mass agrees with the CDF

heavy quark masses. Therefore, both the pseudoscalar afRfult:Mg =6.40+0.39 (sta)+0.13 (sysh GeV [1].

the vector mesons, being degenerate in mass, are describedThe obtained; wave functionug (k) is depicted in Fig.

by the same wave function. 1. In the same figure we plot the wave functions of the other
An equation for the form factoA(q=0) in Eq.(2.7) can  mesons involved ifB, semileptonic decay$, andBy, the

be obtained expressing tie—c flavor-changing weak cur-  ¢c statesz, andJ/ ¢ together with the first radial excitation

rents in terms of quark and antiquark operators; for the vec;’ and y(2S), and theD meson.

tor current, the expression is Let us come back to Eq3.6) which provides the form

factor A. For quark masses larger than the typical relative

quark-antiquark momentum Eq. (3.6) becomes

vim 2 gadg| o rlz-[i(& DbYG.r, )
= — s S . y JI,a
(2m? En(@E()] MG=0)= 55— | AR (RU3,R)
+vp(d,1)dy(a,1, @)1y [Ue(d’,)be(d',5,8) VTR e
- . N 1
+ve(q',9)di(a’,s,8)]: 3.5 =—fd>?\1f8(>2>\p*(>2), (3.9
J2Mg 2M o e

[Eq(K)=Vk?+m3, k=|K|]; an analogous expression de- whereW (x) is defined as

scribes the axial current. Then, writing down the matrix ele- 1

ments (2.7) and applying canonical anticommutation rela- > f 2 ik-x >

tions[21,26), we obtain Ymx) (2m)° dke™ (k). 3.9
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FIG. 1. Reduced-=0 wave functionsuy (k) of heavy-heavy < 0.4 f— —f
(B¢, I/, (2S)) and heavy-light B, By, D) mesons. The wave R ——
functions are obtained by solving the wave equatiBr®); they T
describe both the pseudoscalar @Gnd vector I mesons. 01 1.05 1.1 115
y

Equgﬂon_(S._B) S_hOWS that the form factoA_, at the zero- FIG. 2. Form factors oB. semileptonic decays. The variable
recoil point, is S'mP'y g“_/en by the OYerlap integral Of. e is related to the squared momenttintransferred to the lepton pair,
and 7, wave functions in the coordinate space. This resultyy the relationy=(M2 +M%—t)/2M .My . The solid lines cor-

has alrgady been obtained [9], as it is typical of the egpond to the form factors obtained by the model discussed in the
calculation of form factors by quark modef26,31. The  paper; the dashed lines refer to the model in RES).
interest in Eq.(3.9) is that no factors appear in the integral

other than the wave functions; this implies that, in the limit

. 1 -
where theB. and 7. wave functions are equamodulo the A(a): f dx eid- X2y ()z)q,* (;)
normalization conditiopy the form factorA is 1. Although V2Mg 2M B e

such an overlap is not constrained by symmetry arguments, (3.10

as in the case of the flavor symmetry in heavy-light mesons,
from Eq.(3.8) it turns out that the deviation from unity of the 4 using the relatiorivalid near the zero-recoil pointy

invariant function at the zero-recoil point is due to the actual IMa M _m We ch ¢ ‘
shapes of the meson wave functions. In our specific case, asPBPr.Me My = a n;: VW€ CNOOSE 10 perform

reported in Table |, the deviation from unity is a 5% effect. &N extrapolation of the result in the whole kinematic region,
The calculation ofA near the zero-recoil point, for a small obtaining the form factor depicted in Fig. 2. The extrapola-

- o tion provides a form factor having a nearly line@vith a
gqiggig;udmi?[,lg?n be performed by modifying E(.8), as small curvature teriny dependence in the kinematic range of

the decayB.— 7 v andB.—J/ ylv.

The same method and the same formulas can be used to
calculate the form factoh’ of B.— 7, andB.— (2S); the
only new ingredient is the wave function of tii€2S) radial
excitation. Due to the oscillating behavior of,,g , the
function A’ is suppressed with respect tg interestingly

TABLE I. Parameters of the form factofs)’ = #(2S)]. The
functional dependence is in E(8.15.

channel Form factor  F(1) o’ ¢ enough, it has a negligibiedependence, as one can observe
B.—Bs(BS) (0} 0.66 8 0 in Fig. 2.

B.—Bqy(BY) oh; 0.66 8 0 Before discussing the phenomenology of the deddys
Be— 7c(3/4) A 0.94 2.9 3 — (1)1 v andB— 7L(4(2S))l v, let us consider the ma-
Bc— ne(¢') A’ 0.23 0 0 trix elements relevant for the transitioBs— B¢(B% ). A fea-
B.—D(D*) 3, 0.59 1.3 0.4 ture of the model we are considering is that both heavy-

heavy and heavy-light mesons are described by the same
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formalism. Therefore, E¢(3.6) can be applied to calculate The value ofQ)$ at zero recoil is reported in Table I, and
Qi(ﬁ:o), substitutingm, with mg and the wave function the plot of the form factor, extrapolated in the whole kine-

u,, with ug_. In the limitms— 0 and for a large value of the matic region, is depicted in Fig. 2; the form factor presents a
b—c?uark mgss Eq3.6) becomes softy dependence in the narrow kinematic range spanned by

the semileptoni®.— Bg,B% transitions.

The same procedure can be applied to comm@eand
$(q=0)= — —j dx ¥ (X)PE (%), 3., and the results are also depicted in Fig. 2. The only new
14=0) V2 \2m 8. 2Mpg_ o0V, information is that, keeping finite values of the light quark

(3.1 masses, &U(3) breaking effect betweeﬁl‘f and QF of
less than 3% is predicted.
which differs by a factor 12 with respect to the analogous Al the invariant functions can be represented by the
relation forA. This factor is a consequence of considering athree-parameter formula
heavy-light meson in the final state instead of a heavy-heavy
meson, and produces a suppression of the corresponding F(y)=F(0)(1—p%(y—1)+c(y—1)?) (3.19
form factor. Equation(3.11) suggests that, for similar
(modulo the normalization conditipB. andBg wave func- in terms of the value at zero recoil, the slop® and the
tions, the form factoﬂi((j:o) is close to the valuéli(ﬁ curvaturec; the corresponding values are collected in Table
=0)=1/\/2. The actual value, reported in Table I, differs 1.
from this value by a 7% effect. A remark concerns the invariant functiofi® and 3 ,.
The two resultsA(G=0)=1 and Qi(& 0)=1/2 are As mentioned in Sec. Il, such form factors do not contribute
At the zero-recoil point, since they appear in the term propor-
jonal to the small momenturg. In our approach, based on
onsidering overlap integrals of wave functions of mesons at
rest, we cannot provide an independent caIcuIatiomgif’
and X,, which therefore will be neglected in our analysis.
Such an approximation, however, could have relevant conse-

the main predictions of our analysis. They would deserv
independent checks by different theoretical methods, namely
by QCD sum rules in the heavy quark limit.

From Eq.(3.1)) it is also possible to derive a relation,
proposed in19], between the form factof) and the lep-
tonic constant of thd8g meson. As a matter of fact, in the . - ) -
framework of the constituent quark model, tBe leptonic ~ duences only in the case of the tl‘anSI(tL()B'§—>D l”'(f‘)s
constant, defined by the matrix eleme(®|A,|By(p)) already underlined, for the decafz—Bs™’ andB.—B
—ifg p,, is given by[21] the contr|but|c_>n fromQ_2 is always proportional to the mo-

BsFu
mentumg, which remains small in these processes.
12 Let us conclude the section comparing our form factgrs
f dk kug (k)[(Ekﬁ' Mp) (Es+ ms)} Qf and3, with the outcome of the ISGW modEl5], which
EbEs has been widely applied to describe the heavy meson decays.
2 In the ISGW approach, the form factors exponentially de-
1— } (3.12 pend on the squared momentum transfer to the lepton pair,
(Ep+myp)(Eg+myg) and at zero-recoil they are given by products of parameters
relative to the mesons involved in the decays. We depict in
For vanishingm and largem,, fg_is simply related to the Fig. 2 the various invariant functions obtained in this ap-

fe,= 27Mp

X

B, wave function at the origin: proach, observing some agreement with our results in the
case ofA; as for()3, the result based ofi5] deviates con-
J3 siderably from the value Y2 suggested by our model.
fBS:W‘I’BS(O), (3.13

IV. B, SEMILEPTONIC DECAYS

a relation analogous to the van Royen—Weisskopf formula The form factors)$ andQ9, A, A and3; can be used

for the quarkonium state. Expandinigs (x) near the origin (4 predict the semlleptonlB decay rates, as well as various
in Eq. (3.11), we obtain decay distributions. Before doing the calculation let us stress
again that an extrapolation is performed for the relevant ma-

. R trix elements far from the symmetry poinzero-recoi)

Q5(q=0)= f \/—B J dx ¥g (x) where the form factors are originally computed. Such a pro-

V2 cedure would require the calculation of the corrections,

which could be sizable far from the symmetry point, an
analysis beyond the aim of the present work. Considering the

The numerical comparison of E@3.14 with Eq. (3.10) small range of momentum transtrinvoIveq in_c—>(_s,d)
however, suggests that the next-to-leading corrections in E&ransmons it is plausible that the extrapolation is quite under
(3.14) are sizable, and therefore the expansisancated at  control for the decaysB. —BM1y, B{Iv. As for B,
the first term leading to Eq.(3.14) appears to be of limited — 7., J/zpl v, the extrapolation is done on a wider range of
usefulness. momentum transfer to the lepton pair. However, also in this

+ corrections. (3.19
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TABLE Il. SemileptonicB; decay widths and branching fractions.

Channel I'(10 *° GeV) ' (1071° GeV) I't+(10 ° GeV) BR

BS —~Bse'v 11.112.9 - - 0.8(0.9)x 102
B, —Bfe'v 33.537.0 19.1(21.4 7.27.9 2.3(2.5)x 102
By —Bgev 0.91.0 - - 0.06(0.07)x 102
B, —Bie'v 2.83.2 1.6(1.8 0.600.9 0.19(0.22)x 102
B — et 2.1(6.9 - - 0.15(0.5x 10?2
B, —Jdlye v 21.648.3 13.233.2 4.2(7.6) 1.5(3.3)x10°?
B —7letv 0.30.3 - - 0.02(0.02)x 10 2
B, —y'etv 1.71.7) 1.1(1.2) 0.30.3 0.12(0.12)x 102
B —D%"v 0.0050.03 - - 0.0003(0.002%x 102
Bl —D*%"p 0.120.5 0.080.35 0.020.05 0.008(0.03)x 102

case it is interesting to make predictions and to comparé. The agreement of this result with other calculations in the

them with the experimental results. Notice that we only con{iterature suggests that the finite mass corrections, respon-

sider massless charged leptons in the final state. sible of subleading form factors in the matrix elements,
Concerning the parameters needed in the analysis, we usbould not be large. Tests on the size of such corrections can

the experimental values of the massesnpf J/ ¢, (29),
D™, B*), andBs mesons; for thep. we useM ;= 3.66

GeV, and forM Br We setM B:=MBS+(MBE—MBd). For

the CKM matrix elements we us¥.,=0.039 andV,,
=0.0032; the values ol s and V.4 are fixed toV g

=0.975 andV.4=0.22. The results for the decay widths are
reported in Table Il where we also report the corresponding I =

branching fractions, obtained assuming fgg the CDF cen-
tral vaIue:rBC=0.46 ps.
In order to understand the effect of thelependence of

the form factors, we also report in Table Il the results ob-

tained assuming independent invariant functions, with the

values fixed at the zero-recoil point. The results provide us

be performed by measuring tli& decay rates into longitu-
dinally and transversely polarized)/y: I'| 1=I'(B,
—J/ 1lv), together with the corresponding decay distribu-
tions. Using the parametrization in E@2.7) the decay
widths are given by

2\/2 np5
GFVch NI

1+6
2 2__ _ 1712
1273 L dy [A(Y)]7Vy —1[ry—1]%,

2\/2 pp5
GFVCbMJ/l//
=

1278

1+6
L dy [A(y)]2Vy*~1

X[r2+1-2 ry], (4.9

with an upper bound for the various decay widths. As ex-
pected, the momentum transfer dependence is mild in thehere r=Mg /M, and 5=(MBC—MJ,¢)2/2M B .My -

case of thé8,—B{*) ,B{*) decays, where it only provides an

The measurement afT’; /dy provides information om\ and

effect of less than 10% in the decay rates. This is mainly du&/  ; in particular, if the curvature term i (y) is neglected,
to the narrowt range spanned in such decay modes. In thehe ratiol';/I", gives access to the slopé. The combina-
case ofB.— 7. andJ/¢, there is a sizable effect due to the tion V.,A(1) can be obtained from the measurement pf
t dependence of the form factors. On the contrary, in the casgnd from the total width, and therefore a measurement.gf

of decays into radial excited stateg, and (2S), the t
dependence is negligible. Thelependence is important for
the Cabibbo suppress&] decays intoD andD* .

is possible using this decay chanfa#,32. Such new de-
terminations of the CKM element.,,, even though not ac-
curate as fronB4 andB,, decays, would represent an impor-

From Table Il we conclude that the semileptonic modesant consistency check of the standard model.

are dominated by two channeB,— B¢l v and B.—B} v,

Tests of the spin symmetry are provided by the measure-

in spite of the small phase space available for both the tranment of the decay distributions in thyevariable, whose de-
sitions; the two modes nearly represent the 60% of the semiviations from the distributions related to a unique form factor
leptonic width, a result in agreement with the predictionsA would imply the presence of spin symmetry-breaking

available in the literature.
As for the b—c induced semileptoni®. transitions, a
peculiar role is played by thB. decay intoJ/, due to the

terms.
Let us finally observe that our prediction for the rates of

the decays into 0 (?c) statesB.— 7.l v andB.— 5/l v, is

clear signature represented by three charged leptons from tRgnaller than the value reported by other analyses.

same decay vertex, two of them coming frd. This sig-
nature has been exploited to identify tBg meson at Teva-

tron[1], and will be mainly employed at the future colliders

[34]. Our prediction for the width of the decd,— J/l v is

V. NONLEPTONIC B, DECAYS

Estimates of the decay rates of several two-body nonlep-

I'(B.—J/4lv)=21.6x 10 *° GeV, with an upper bound of tonic B, transitions can be obtained adopting the factoriza-
48x 10 ® GeV obtained using &independent form factor tion approximation. Such an approximation finds theoretical
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support in few casefarge N, limit; my—oco limit in b—u
transitions involving heavy-light meson systefi3§]); nev-
ertheless, it is widely used to estimate nonleptonic decay
rates of mesons containing heavy quarks.

Let us first consider nonleptoni®, decay modes induced,
at the quark level, by thb—c andu transitions. The effec-

PHYSICAL REVIEW D61 034012

Q5P =[Vig(cu)y—a(db)y_at+ Vidcu)y_a(sb)y_a

+VEg(cC)y-a(db)+VE(ce)y_a(sh)], (5.2

with (g102)v-a=017,(1— v5)q,; analogous relations hold

tive Hamiltonian governing the processes reads

:% cb cb ub
Hets {Vepl €1(1) Q17+ Co( 1) Q57T+ Vyp[ €1 (1) Q7

V2

+ cz(,u)ng] +H.c}+penguin operators;

(5.9

for QU° andQyP.

As well known, the factorization approximation amounts
to evaluate the matrix elements of the four-quark operators in
Eq. (5.2 between the initiaB, state and the final two-body
hadronic states as the product of quark-current matrix ele-
ments. We adopt this approximation in the calculation of the
rates, neglecting the contribution of penguin operators, since
their Wilson coefficients are small with respectapandc,

Gg is the Fermi constany/;; are CKM matrix elements and (interferen_ce effects_of peng_uin _diagrams are _of p_rime im-
ci(1) scale-dependent Wilson coefficients. The four-quarkPortance in producingCP violating asymmetries inB,

operatorsQS” and QS are given by

gb: [de(aU)V—A+ VSS(EU)V—A"‘ V:d(EC)V—A

+VE(SC)y_al(ch)y_a,

decay$. Moreover, we do not take into account the weak
annihilation contribution represented byBa meson annihi-
lating into a chargedV; in this amplitude, the final hadronic
state is entirely produced out of the vacuum, and therefore
the contribution should be characterized by a sizable form
factor suppression. Annihilation processes are presumably

TABLE IlI. Nonleptonic (b—c,u) BY decay widths and branching fractions.

Channel I'(10 ° GevV) BR Channel I'(10 '° GeV) BR

e aZ 0.28 2.6x1074 7K™ aZ 0.023 2x1075
nep” a3 0.75 6.7x1074 K> T a7 0.041 3.6x107°
nea; aZ 0.96 8.6x10°4 7Ky a? 0.05 4.4x10°°
nem* aj 0.074 6.6x10°° A aj 0.0055 5x10°6
nep” a3 0.16 1.5x10°* nK* T a3 0.008 7.4x10°°
nia; a3 0.15 1.4x10°* 7Ky aj 0.0075 6.7x10°°
I pmt aZ 1.48 1.3x10°3 K aZ 0.076 6.8X10°5
p™ as 4.14 3.7x1078 Il K>+ a? 0.23 2x1074
Jlya; aZ 5.78 5.2x10°° I yK a’ 0.3 2.7x10°4
't a3 0.22 1.9x10°4 YK* a3 0.01 9.3x10° ¢
W'p* aZ 0.54 4.8x1074 YK a? 0.03 2.6x10°5
y'ay a3 0.65 5.8x10°* WK a3 0.033 3x10°°
D*D° a3 0.15 8.4x10°° D/ D° a3 0.01 6x10°7
D+D*0 a2 0.13 7.5x1076 DI D*° a2 0.009 5.3x10°7
D*+DO a3 1.46 8.4x107° D**D° a3 0.087 5x10°°
D**+D*0 a3 2.4 1.4x10°4 D *D*0 a3 0.15 8.4x10°8
7¢Ds (a; 7.8+a, 1.6°x10 ¢ 5x10°3 D" (a; 0.86+a, 0.46Yx 10! 5x10°°
n.D¥ (a; 3.6+a, 6.05fx10°* 3.8x10°4 7D** (a; 0.7+a, 0.9°x 10 * 2x107°
7.Dg (a; 1.5+a, 3.2°x10* 3.7x10°° 7.D" (a; 0.28+a, 0.7°x10°* 1x10°8
7.D¥ (a; 0.79+a, 1.8°x10* 1x10°° 7D* " (a; 0.17+a, 0.8°x10°* 6x10°8
I/ YDy (a; 6.7+a, 2.3¢Px10* 3.4x10°3 J/IyD* (a; 1.31+a, 0.47¢x10°* 1.3x10°4
JIyD* (a; 11+a, 10.4¥x 10! 5.9x10 3 J/yD** (a; 2.02+a, 2.3°x 107! 1.9x10°4
' Dg (a; 1.4+a, 1.33¢x 1071 1x10* y'DF (a, 0.35+a, 0.36Yx10°? 5.8x10°°
%' D¥ (a; 2.75+a, 7.8)°x10°* 5.7x107° y'D* (a; 0.55+a, 1.76¢x 10 * 8.7x 1077
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TABLE IV. Nonleptonic (c—s,d) B} decay widths and branching fractions.

Channel I'(10 *° GeV) BR Channel I'(10 ° GeV) BR
Be™” a3 30.6 4x10°2 BK™ aj 2.15 2.7x10°3
Byt a2 13.6 1.7x 1072 BK** a? 0.043 5.4x107°
Brmt as 35.6 4.5x10°2 BXK* a3 1.6 2x10°3
BXp* a? 110.1 1.4x10°*
Bym* a3 1.97 2.5%x10°3 BgK* aj 0.14 1.8x10°*
Bap™ a3 1.54 2x10°3 BgK* " a? 0.032 4x10°5
at a3 2.4 3x10°° BAK® a3 0.12 1.6x10°*
Bip* aZ 8.6 1x102 BAK** a3 0.34 4.4x10°4

relevant mainly for rare or suppressBd decays; in these experimentally confirm this prediction, even though the final
cases they deserve a dedicated analysis. state presents severe reconstruction difficulties. From the ex-
A further remark concerns the Wilson coefficietg w) perimental point of view, more promising are the decay
andc, (). Writing the factorized amplitudes and taking into modes having &/ meson in the final state; among such
account the contribution of the Fierz reordered currents, itnodes, the decay channeds —J/¢7" and B —J/¢p™
turns out that the relevant coefficients are the combinationsare particularly useful for the precise measurement oBthe
a;=c;+éc, anda,=c,+ écy, with the QCD parametef  mass, by the complete reconstruction of the final state. Also
given by é=1/N.. Several discussions concerning this pa-the decay intaa, is of particular interest, due to the large
rameter are available in the literature. We choagec, and  decay rate.
a,=C,, i.e., £=0, in the spirit of the large\, limit, and use Several tests of factorization can be carried out, mainly
¢, andc, computed at an energy scale of the ordemgf A using the decay channels havind/a/ in the final state. For
detailed analysis of N, corrections to the coefficients ,a, = example, the assumption of the factorization approximation,
as well as of the role of color-octet current operatordBin together with the heavy quark spin symmetry, implies that
decays can be found {186]. Analogous considerations hold the relation
for the decays induced by the—s(d) transitions; in this

case we choose the coefficiemtsandc, at the scale of the (B —Jlym™) 3m2V2 @2t

charm mass. dr(B: -3/l v) = TMM (5.3
The factorized amplitudes can be expressed in terms of c Iy BV Iy

the form factors in Eqs(2.5), (2.6), and (2.7), and of lep- dy y=y.

tonic decay constants defined by the matrix elements

(0|A,IM(p))=ifyp, and (O|V,|V(p,e))=f Mye,. We , - . — (M2 2

use the following valuesf +=0.131 GeV, f, +=0.208 holds in the “mltM_” 0Ly (MB°+MM’)/.2.MB°.MJ/¢]'

GeV, andf, =0.229 GeV:fy+=0.159 GeV,fyx+=0.214 An analogous relation holds for thB, transition into the
, ,=0. ; . , .

GeV, andfy,=0.229 GeVif,, =0.31 GeV.f,,=0.23 Gey, '@ exciled state/(25):

f,=0.38 GeV, f,,=0.28 GeV, and finallyf;=0.2 GeV, n " N2 262
fi5=o.24 GeV and px —0.23 GeV,fp: =0.275 GeV. Such LB _””(283” ) 37 Vueifs
values correspond to experimental results or to average val- dr'(Be —¢(25)1 "v)
ues from lattice QCD and QCD sum rufes. dy

The decay rates of several nonleptoBictransitions, ob-
tained usingc,(m,)=1.132, c,(m,)=—0.286 andc;(m,)
=1.351, ¢y,(m;)=—0.631, are collected in Tables Ill and
IV. Also in this case we use the physical phase space to- N .
gether with the expression of the matrix elements in Egs. I'(B; —J/yp™)
(2.9—(2.7). dr(B; —J/yl " v)

A few comments are in order. We observe the dominance dy
of the decay modes induced by the charm transition, and in
particular of the chann@8, —B* p*, which represents more
than 10% of the totaB, width. It would be interesting to

- . (5.4
Mg M y(2s)

Y=Ynr

In the case of @ meson in the final state one has

Y=Y,

3m?Viqaif I 8M3yMa+ (Mg — M3, —M2)?]

AV
8M BCM Ny
2A description of the current theoretical situation concerning the AllZ(MZC,Mg,L/,,Mi)
heavy meson leptonic decay constants is reported in Appendices C X , (5.5
and D of Ref,[33]. Jy2=1[r?y2—6ry,+2r2+3]

034012-9



PIETRO COLANGELO AND FULVIA DE FAZIO PHYSICAL REVIEW D61 034012

A being the triangular functionfr=Mg /My, andy, sitions into heavy-light mesons, at zero-recoil point, are sup-
=(M§ +M§,¢—M§)/2MB My pressed by a factor1/y2 with respect taA. These results
c C

To test Eqs.(5.9—(5.5 two-body decay rates and the have several phenomenological consequences, in semilep-

differential B, — J/1 * v decay width are required; the mea- tonic and nonleptoni, decay processes, which can be ex-

surement of such quantities, possible at the hadronic faciIi-pfc:::rgggéi"ysaiitz(l' rgﬂé)i;etg/\:ee;iaf/gerycr?;fr?g@gzg; |;n[§%rtant
ties, would provide us with important information on the P ' Y

h : .__..—and CP violating B, transitions[38,18. In particular, the
eavy quark spin symmetry as well as on the factorization . . ; ;
approximation inB, decays. !nvar!ant functions computed in this paper can be useful to
identify the B, decay channels characterized by a clean ex-
perimental signature, a large branching fraction, and a visible
VI. CONCLUSIONS C P asymmetry; the identification of this kind of decay mode
We have presented a determination of the invariant funciS of paramount importance for the physics program of the
tions parametrizing the semileptor®;, matrix elements in  €Xperiments at the future accelerators.
the infinite heavy quark mass limit. The form factors are
ot_)taineq as overlap integrals of meson wave f_unctions,' ob- ACKNOWLEDGMENTS
tained in the framework of a QCD relativistic potential
model. An interesting result is that, although not constrained (F.D.F) thanks Professor R. Gatto for hospitality at-De
by symmetry arguments, the normalization of the form factopartement de Physique Téréque, Universitale Genee, and
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