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We compute important ratios between decay widths of some exclusive two-body nonleptonic and semiteptags, which could be test

of factorization hypothesis. We also present a summary of the expressions of the decay widths and differential decay rates of these decays,
tree level, includind = 0 (ground state), = 1 (orbitally excited) and = 2 (radially excited) mesons in the final state. From a general point

of view, we consider eight transitions, namély — P, V, S, A, A',T, P(25),V(2S). Our analysis is carried out assuming factorization
hypothesis and using the WSB, ISGW and CLFA quark models.
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Calculamos varias relaciones importantes entre los anchos de decaimiento de canales exclusivosaus egemilefnicos del mesn B,

las cuales pueden servir como prueba a lateipis de factorizadn. Tambén, presentamos un resumen sobre las expresiones de los anchos
de decaimiento y los anchos de decaimiento diferenciales, para estos procesosadoliyicluyendo mesones cor= 0 (sin excitacbn
orbital),! = 1 (excitados orbitalmente) ¥ = 2 (excitados radialmente) en el estado final. Desde un punto de vista general, consideramos
ocho transicionesdH — P,V, S, A, A ,T, P(25),V(2S). Nuestro aalisis se desarrolla asumiendo digsis de factorizaén y utilizando

los modelos de quarks WSB, ISGW y CLFA.

Descriptores: Fisica delB; decaimientos semilefhicos; decaimientos no l€pticos.

PACS: 13.20.-v; 13.25.-k; 12.39.-x

1. Introduction modes) where the quark-gluon sea is suppressed in the heavy
guarkonium [9].

Exclusive semileptonic and two-body nonleptonic decays of We also present an important summary and a genera|
heavy mesons offer a good scenario for studying, at theoretinalysis on the expressions of the decay widths and differ-
cal and experimental levels, CP violation and physics beyon@ntial decay rates of two-body nonleptonic and semileptonic
the Standard Model. Some of these channels provide methtecays of heavy mesons, respectively, includirg0, 1 and
ods for determining the angles of the unitarity triangle, allow,, — 2 mesons in the final state. For= 0, we have con-
to study the role of QCD and test some QCD-motivated mOdsidered pseudosca|aPI and vector (/’) mesons, fol = 1
els (see for example some recent reviews in Ref 1). Thesge have included orbitally exciteg-{vave) scalar$), axial-
topics are of great interest in particle physics and the knowlyector A, A’) and tensor T) mesons, and fon = 2,
edge of them will be improved with forthcoming experiments we have studied radially excitel(25) and V' (25) mesons
at Large Hadron Collider (LHC) [2]. (see Table I). We have classified eight transitions, namely
The purpose of this paper is to compute useful ratios — P, V, S, A, A', T, P(25), V(25), in three groups.
between two-body nonleptonic and semileptonic decays oft allows us to manipulate, in an easy way, all these decays.
heavy (7) mesons, at tree level, that could be tested exper-  The paper is organized as follows: In Sec. 2 we present,
imentally. Specifically, we work with exclusivB channels i, 5 general way, the parametrization of the hadronic matrix
although we also consider a couple/8f processes. We as- element(M|J,|H) for eight cases. Sec. 3 contains expres-
sume naive factorization and use the WSB [3], ISGW [4] andgjons forl(H — M; M,) anddT'(H — Mlv)/dt and a brief
CLFA [5] quark models. discussion. In Sec. 4, we analyze vector and axial contribu-
It is expected that naive factorization approach works reations of the weak interaction tdf — (P,V, S, A, A, T)lv
sonably well in decays where penguin and weak annihilationlecays assuming a meson dominance model. In Sec. 5, we
contributions are absent or suppressed, sué¢h as DK [6], compute some important ratios between decay widths of ex-
K° — 7m, DY — K*nF, DY — K*K~, #tn~ and clusive B (and B,) decays, which allow us to get tests to
Bs — J/yo[7], DT — K*)Oﬂ andD} — forr™ [8] chan-  factorization approach. Concluding remarks are presented in
nels. Also, factorization assumption works well in two-body Sec. 6. Finally, in the appendix we briefly mention the quark
hadronic decays aB. meson (without considering charmless models used in this work.
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TABLE |. Classification of mesons considering the**! L ; and
the J¥¢ notations. n is the radial guantum numbel,is the or-
bital angular momentuny is the spin, and’ is the total angular
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is possible to transformify, Fy) — (fy, f-) using the
relations showed in the appendix.

2.2. H — M(J =1) transition

momentum. P and C' are parity and charge conjugate operators,

respectively.
n 1 s J n¥*tL, JP¢ Meson
0 0 0 118, 0"  PseudoscaldiP)
1 1 138 1~ Vector (V)
0 1 1P 1t Axial-vector (A’)
1 1 0 1%p, o+t Scalar(S)
11 1%pP 1T Axial-vector(A)
2 13P, 2t Tensor(T)
2 0 0 0 215, ot P(28)
11 238, 17~ V(2S)

2. Hadronic Matrix Elements

In this section, we present the parametrizations of the eight

Considering theM meson withJ=1, this group has four
transitions (see Table )/=V, A, A', V' (25). The hadronic
matrix element(V (A(13P;), A(1' Py),V(2S))|J,|H) can

be parametrized by means of the following linear combina-
tion which is Lorentz-covariant [4]:

(M (pa, €)|Ju|H (pu ))=iGe pupo€™ (pa+pM)* (PH—DM)
+F€Z+A+(E*~pH)(pH‘|’pM)u
(2

whereG, F, and Ay are form factorse is the polarization
vector of mesonM and pg(as) is the 4-momentum of the
mesonH (M). Following the notation used in the appendix
of the ISGW model [4], these form factors are:

+A_(¢".pu)PE—PM) 4>

eForM =V: G=g, F=—-f, Ay = —ay and
A_=—qa_.

H — M transitions, wherd{ denotes a pseudoscalar heavy

meson and\/ can be aP, V, S, A, A", T, P(25), V(2S)

meson, classified in three grodpdn the first case, théd/

meson has/ = 0, in the second,/ = 1, and in the third
groupJ = 2.

2.1. H — M(J = 0) transition

In this group, there are three transitiondfis a meson with
J = 0 (see Table I):M can be the pseudoscal&rmeson,
or the scalarS meson, which is an orbitally excited meson
or the radially excited mesoR(2S5). The hadronic matrix
element(M|J,|H) for M = P, S, P(25) has the same
Lorentz structure and it is defined as follows [4]:

(M (pa)|Ju|H(pr)) = Fi(pa +pu)u
+ F_(pr — PM) s 1)

whereJ, is theV,, — A, weak currentpy ,r) is the 4 - mo-
mentum of the meso#l (M), F. and F_ are form factors.

Following the notation displayed in appendix of the ISGW

model [4], these form factors are:

e ForM = P: (P|J,|H) = (P|V,|H), F1 = f+ and
F_=f

e ForM = S: (S|J,|H) = —(S|A,|H), Fy = uy and
F_o=u_.

o For M = P(25): (P(2S)|J,|H) = (P(2S)|V,|H),
Fy=f. andF_ = f

e ForM =A(13P)=AG=—q¢ F=1A4; =cy
andA_ =c_.

e ForM=A1'P)=A"G
andA_ =s_.

-, F=r, Ay =54

o ForM =V(2S):G=g,F=—f,A; = —d, and
A_=—d .

The parametrization of the matrix element for ftie— A
" transition has the same structure that the matrix element of
the H — V transition just interchanging the role of vector
and axial currents(V'|V,,(A,)|H) < (A|A,.(V,)|H).

Reference 3 ([5]) works with another parametrization for
the H — V (A) transition, which is very useful because it
allows to write the decay width of two-body nonleptonic de-
cays of heavy mesons as a function of helicity form factors
(see for example the Refs. 3 and 10). It is easy to transform
the parametrization given by the Eq. (2) into the parametriza-
tion given in the Refs. 3 and 5 by using the relations between
form factors showed in the appendix.

2.3. H — M(J = 2) transition

This group contains only one transition (see Table I): when
M is a tensor mesoril{), which is ap-wave. The Lorentz-
covariant parametrization of the hadronic matrix element
(T'|J*|H) given in the ISGW model is [4]:

- 2 vpo
Itis important to note that the parity operator requires that (T(pr, )| J*|H (pm)) = ih(g”)e""?

(P|A,|H) =0and(S|V,|H) =0.

X €vapy (Pr + 01)p(PH — PT)0 — k(@)™ (D1)w+

Reference 3 uses a different parametrization for

(P|J,|H) using dimensionles$’ and F; form factors. It

ensPhipy [b+(a) (pr +pr)" + b (¢*)(pr — pr)*] . (3)
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TaBLE |I. Differential decay widths ot — (P,V, S, A, AT, P(25),V(25))lv.

H — My, dU(H — Mlw)/dt
H — (P, S, P(28))in A PN+ BOIE (1) PA]
¢G(t)
H— (V, A, A', V(28))lw CENV2 [[H (8P + [H-(8)|* + | Ho ()]
¢ {cp(t)/\5/2 + p(H)N? 4 0(t))\1/2}
H— Ty ¢ {a(t))\7/2 + BHNY2 + 'y(t)/\3/2}

wheree,, is the polarization tensor of the tensor meson, G(t) = 26|V (t)[? n (my +my)?| AL (t)]?
pr(r) IS the momentum of the heavy mesa@h(T'), and (mpg +my)? 4m?,
h, k,by are form factorsk is dimensionless antl, b have

2 2

dimensions of GeV2. _(my —my Z)Al(t)f‘b(t)] \3/2
In the literature [11, 12], there is another parametriza- 2my

tion of (T'|J*|H), which is constructed in analogy with the | A (t)]?

5/2
parametrization ofV|J#|H) given in Ref. 3, using the ten- A

am2,(my + my )2
sor polarizatior¥,,,, of theT meson. v

+3t(mp +my)?| A (H)PAV?, (7)
3. dI'(H — Mlv)/dt andT'(H — M, M>) () = s ®)
=T
In this section we collect, in a compact form, using the clas- A
sification of the last section, the expressions, at tree level, of (t)= 1 [r2+8m2 o2 +2(m% —m3 —t)rs. | 9)
the differential decay rate dff — My, (see Table Il) and 4m? ’
the decay width off — MM’ (see Table IIl), wherdd is a 0(t) = 3t 12 (10)
heavy mesonp, D, B, B, or B.), andM (M) can be any ’
of the eight meson®, V, S, A, A", T, P(2S), V(25). vz

In the first row of Table II, we display the differential de- al(t) = 24mi,’ (11)

cay rate of the semileptonif — MIv; decay, wherelf is

a meson with/ = 0, i.e, M = P, S, P(2S), using the B(t)= L o [F*+6m3th*+2(m3; — mi—t)kby], (12)
parametrization given in the WSB model [3]. The second 24my
row shows the differential decay rate 8f — My, where 5tk
M is a meson with/ = 1,i.e, M =V, A, A", V(29), (t) = 12m2 (13)

using parametrizations given in the WSB [3] and ISGW [4] . . .

quark models, and in the last row we give the differential deWhereG'r is the Fermi constantnp, v, 4, 7 IS the mass
cay rate forH — T'(J = 2)ly, using the parametrization of of the H(P, V, A, T) mesonym, is the mass of the lepton,
the ISGW model [4]. V(t) and A, »(t) are form factors [3] (1), p(t) andd(t) are

- 2 o guadratic functions of the form factoss, » andv (¢, ! and
In Table Il, A = A(miy, miy. t), where g)for H — APy (H — ACGP)w), at), B(t) andny(t)
A=Az, y,2) =2 +y® + 2% — 20y — 2wz — 2z are quadratic functions [13] of the form factdrsby andh.
All these form factors are explicitly given in the appendix B

is the triangular function, = (py — pas)? is the momentum  of the Ref. 4.
transfer and 1. ( are helicity form factors [3]. The factar The dependence o' (H — MIlv)/dt with

and functionsA(t), B(t), G(t), (1), p(t), 0(2), a(t), B(t) AT I=N2 2myy.

and~(t) are defined by:
wherep is the three-momentum of the/ meson in thef

= GRlVy, (4 Mmeson rest frame) is given by,
192m3m, dT/dt ~ N3,
2
A(t) = t—m? 2t + m? 5) wherel is the orbital angular momentum of the wave at which
t 2t ’ the particles in the final state can be coupled. Assuming con-
92 o 92 servation of total angular momentushand a meson domi-

B(t) = %mf <t — M > (mjr —mp) 7 (6)  nance model we can find specific values fim each exclu-

2 t t sive H — MIiv decay. Thus, inH — M(J = 0)lv the
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particles in the final state are coupledte- 0, 1 waves (see We have used the notatidd — M, M, [17] to mean that
the first row in Table Il). Whenn; = 0 (I = e, u), the co- M, is factorized out under factorization approximatios,,
efficient B(t) vanishes, so the contribution of thevave is M, arises from the vacuum. Fé&f — T M decays there is
negligible; inH — M (J = 1)lv the particles in the final not any possibility to produce tHE meson from the vacuum
state can be coupled to= 0, 1, 2 waves (see the second row with the V' — A current, becausér'|(V — A),|0) = 0. So,
in Table Il); and inH — T(J = 2)lvtol = 1,2,3 waves this decay has only the contributidh — T, M. Recently, it

(see the last row in Table II). has been reported that it is possible to produce tensor mesons
It is also possible to write in a compact expression thefrom the vacuum involving covariant derivatives [12, 18].
differential decay rate of the semileptonit — My, de- Using the parametrizations given in Sec. 2 for eight tran-

cay, wherel is a p-wave (orbitally excited) meson: scalar, sitions, namelyd — M(J = 0, 1, 2), we display, in Ta-
vector-axial or tensor meson, in terms of helicity amplitudesble 1ll, expressions of decay widths for 40 different types of

(see Ref. 14). H(quq') — Mi(qq')M2(q:q;) decays, which are produced
As for two-body nonleptonic decays of heavy mesonsby theqy — ¢g;¢; transition.
the effective weak Hamiltonia. ;s has contributions from In the first row of Table Ill, we show the decay

current-current (tree), QCD penguin and electroweak penwidth for six different types of channelsH — P, P’;

/

guin operators [15]. In general.;; ~ 3, C;(1)O;, where P, P'(2S); S,P'; S,P'(2S); P(2S), P'; P(2S), P'(25).
C;(p) are the Wilson coefficients ar@; are local operators. They are produced by thd — A (J = 0) transition. The

The amplitude for théd — M; M, decay is hadronic matrix element&P (S, P(25))|J,|H), which are
neccesary in order to calculate the decay width, have the same
M(H — My Ms) ~ Z Ci(){(0);. (14)  parametrization. In this case, we have used the parametriza-
i tion presented in Ref. 3. In these decays the particles in the

final state are coupled to & wave becaus® ~ \0t1/2,
In a similar way, in the second row of Table Ill, we dis-
o _ play the decay width of nine different mode$i—P, V;
MUH = MiMz) & Ci() (M| (i) 10) P, A;P,V(25); S,V S, A; S,V (25): P(28), V; P(25), A;
X (My|(J2)H|H) + (M7 < M), (15)  P(25),V(2S). These nine channels have in common the
H — M(J = 0) transition. In these decays, the particles in
whereJ, is theV,, — A, weak current and the hadronic ma- the final state are coupled tgavave { = 1).
trix element of a four-quark operator is written as the product  In the third row of Table Ill, we present the de-
of a decay constant and form factors [16]. cay width for eight different types of decaysH—V,
This factorization presents a difficulty because the Wil-p; v, P(25); A,P; A, P(2S); A, P; A, P(25);
son coefficients arg scale and renormalization scheme de-V/(25), P; V(25), P(2S). The hadronic matrix elements
pendent while(O); are . scale and renormalization scheme (V (A, A'; V(2S))|.J,,|H), which correspond to thél —

In the scenario of naive factorization, it is assumed that

independent, so clearly the physical amplitude depends op/(J = 1) transition, have a similar parametrization.
the ;. scale. The naive factorization disentangles the shortThe particles in the final state in these decays are cou-
distance effects from the long-distance sector assuming thaled to ap-wave ( = 1). In the fourth row of Ta-

(0);, atp scale, contain nonfactorizable contributions in or-ble 1Il, we display the decay width for twelve different
der to cancel the: dependence and the scheme dependencgecays: H — Vi, Va; Vi, Ay Vi, Va(29); Ay, Ve

of C;(u). Thus, the naive factorization is an approximation A,, Ay; Ay, Va(25); AL, Va; Ay, Ay; AL, Va(25): V4 (25),
because it does not consider possible QCD interactions bés,; V;(295), Ay; V4(2S5),V5(25). They also arise from the
tween the meson/, and theH andM; mesons. In general, H — M(J = 1) transitiori’. The two.J = 1 particles in the
it does not work in all two-body heavy meson decays [16]. final state can be coupled te= 0, 1, 2 waves.

Assuming naive factorization, we have considered only In the fifth row of Table Ill, we show the decay widht
those decays which are produced by the color-allowed exfor the H — T, P(P(2S5)) channels, which are produced by
ternal W -emission tree diagram or the color-suppressed inthe H — T transition. We have used the parametrization
ternal W-emission diagram. It is expected that naive fac-for (T'|.J,|H) given in the Ref. 4. In this case, the parti-
torization works reasonably well in decays where penguircles in the final state can be coupled tb-a 2 wave. Using
and weak annihilation contributions are absent or neglithe same parametrization, we present in the last row of Table
gible, as for example inB — DK [6], K° — =, I, the decay width for three different mode¢i — T,V
D — K*rF KTK-,ntr~ and B, — J/y¢ [7], (A, V(29)). In this case, the particles in the final state can
Dt — FSOH andDf — fom™ [8] channels. Also, factor- be coupled td = 1,2, 3 waves.
ization assumption works well in two-body hadronic decays In Table lll, all form factors and the functiok are eval-
of B. meson (except in charmless processes, because thegted inm3, because the momentum transfer(py —p;)?
are produced only by annihilation contributions) where the= p3 = m3, .¢(M2) FH=T and the decay constants are
guark-gluon sea is suppressed in the heavy quarkonium [98iven by
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TaBLE Ill. Decay widths ofH — M, M, whereM; >, = P,V, S, A, A', T, P(25),V(2S)

H — My, M I'(H — My, M2)
H — (P1, 81, Pi(29)), (Ps, P5(25)) EM2) (m —miy, )2 Fy M (miy,) A
H — (P1, 81, P1(29)), (V,A,V(2S)) M) | M (3, )2 A3/2
H— (V,A,A",V(28)), (P, P(25)) g | AT (m3,, )[PA32
H — (Vi, A1, A}, Vi(28)), (Va, Aa, Va(2S)) MGt = m3,)
5(M2)m§>\1/2 [\H+(m?\42)|2 + |H_(m?\42)‘2 + ‘Ho(mi[2)|2:|
H — T, (P,P(25)) €M) (1/24m3) | FH=T (m3, ) P A2
H — T> (‘/7 A7 V(QS)) 5(1\{2) [a(m?\fz))\7/2 + /B(m?ﬂg)AS/Q + V(m?ﬂz))‘g/z]

TABLE IV. Vector and axial contributions to semileptodit — (P,V, S, A(®Pyor' Py), T)lv decays.

Contribution JP of W* H — Plv H -V H — Sly H — Aly H — Tl
Vector 0ot =0 =1
1- =1 =1 1=0,1=2 1=2
Axial 0~ I=1 =0 =2
1+ 1=0,1=2 =1 =1 I=1,1=3

of the weak interaction. We need to combine parity and total

angular momentum conservations in the stréhg- M M*
G%”/:IQH |2|V i4j |2a%(2)f12v12

g(M2) — . ’ (16)  Process.
32mmiy In Table IV, we show the specific waves in which particles
FH=T (2 _ . 2 _ 23 20 17 inthe final state of — (P, V, S, A, T')lv decays can be cou-
(mp) =k + (mig —mz)bs +mp (7 pled and determine if they come from the vector or axial con-
D =ifMDu, =P, ; tributions. We must keep in mind that the off-s oson
(M(p)|J.]0) =ifmpu, M =P, P(2S) (18) ibuti W keep in mind that the off-shiéli b

has spin0 or 1. Thus, in the vector coupling there are two
possibilities: Sy« = 0 with Py« = +1, and Sy - = 1 with
Py~ = —1 (Sw+ and Py~ denote spin and parity di*,
respectively). In a similar way, in the axial coupling there are

<M(p, E)‘JM|O> = me'MEua M = V7 A7 V(2S), (19)

where & and by are form factors given in the ISGW

model [4], evaluated at = m?%, a9 are the QCD factors

3 P 1(2) ] . . _ . _ _ .
and|V,,,, | and|V,,,.| are the appropriate CKM factors. two options: Sy - = 0 with Pyy - 1 andSy . = 1 with
. R . Py~ = +1. Thus, there are four cases for thHé* boson:
Finally, we do not consider decays where a tensor me- g R I . :
; ; J¥ =0%7,17,0" and1t. They are displayed in the sec-
son, or a scalar meson or an axial-vector mesow; arises

from the vacuum. In the first case, as we mentioned beforeond column of Table IV. Assuming total angular mementum

(T'|J.]0) = 0; in the second case, the decay constant of théﬂ’ind pan.ty conservations of the §troﬁg—> MM process,
scalar mesons, defined S|J,[0) = fsp, vanishes or is we obtain the values of the orbital angular momentuai

small (of the order ofng — 1, my — my.q); and in the last the particles in the final state ¢f — MIv (see Table IV).

: : These values can be verified with the exporient(1/2) of
case, the decay constant of thé P, meson vanishes in the . . !
SU(3) limit by G- parity [19]. A in the expressions fail'/dt in Table Il. We can see in the

third (fourth) and the fifth (sixth) columns in Table 1V, that
the vector and axial contributions interchange their roles in
4. Contributions of the vector and axial cou- H — Plv(H — Viv)andH — Slv (H — Alv), respec-
plings tively.

In Table V, we show the respective form factors with the
In this section, we illustrate how the particles in the final statecorresponding poles il — P(V)lv decays. In the second
of H — Mlv andH — M, M, decays can be coupled to column, we list the quantum numbef§ of poles, which are
specific waves, obtain the quantum numbers of the poles thaihe same/” options for the off-shellV* boson (see the sec-
appear in the monopolar form factors, and explain the correend column in Table IV). In this case, we must check the form
spondence between the form factors and the respective wavéxctors that appear in the parametrization of the hadronic ma-
in the final state. We show that these numbers depend anix elements M|V, |H) and(M|A,|H) for M = P, V. Fol-
the vector and axial couplings of the weak interaction. Letlowing this idea, we obtain the quantum numbers of the poles
us consider the decay chati — MM* — MW* —  for H — Mlv whereM is ap-wave meson: foH — Siv
Mlv(MM"), whereW* is the off-shell intermediate boson the poles ar@~ and1™; for H — Alv, the poles aré™, 1~
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TABLE V. Form factors and the vector and axial contributions of fJ/dJ
the weak interaction té/ — (P, V')lv decays. m =1.41+0.13 (1.51 +0.32),
Xel
Contribution J¥ of Pole H — Plv H— Viv !
\Vector 0+ a (t) el — 1.65 + 127,
- Ine(28)
1 Fi(t) V(t) s
Axial 0~ Ao (t) 7 e —=2.63+0.52,
1+ AL (E), As(t), As(t xco(1P)

taking (M1=J/1, Ma=1(25), P=K(r)), (M1 = J/,
and1*; and forB — Tlvthe polesaré—, 0~ and1*. These M2 = Xxa(1P), P = K(x)), (My = ne, My = n.(25),
values are important if we are interested in constructing & = K), and(My = ne, My = xo(1P), P = K), re-

quark model with monopolar form factors féf — S, A, 7 SPectively. The mostimportant sources of uncertainties come
transitions. from experimental values of branching ratios and form fac-

Let us illustrate, as an example, the situationtba Pl tOrs. However, the error in the last ratios is dominated by the
from Tables IV and V. This decay has two contributions: Uncertainty in the branching ratios. These quotients between
I = 0 andl = 1 (see exponents of in Table 1) which arise  decay constants with orbitally and radially excited charmo-
from the vector coupling of the weak current (see Table |V)_nium states are a good test of the factorization hypothesis.
The respective poles have quantum numbersand1— and On the other hand, taking;;,, = (416.3 + 5.3) MeV
the form factors aréy, and F; (see Table V). [21,22] andf,, = (335 + 75) MeV [23], we obtain:

Ju2s) = 361.74£22.5 (322.7 £ 42.7) MeV,

Fro1py = 295.24 + 27.48 (275.7 + 58.5) MeV, (20)

In th_is sec?ion, we present some rat.ios between exclusive Foo(25) = 203.03+£102.12 MeV,
semileptonic and two-body nonleptonic decaysBoand B, ‘
mesons, using the expressions @t(H — MIv)/dt and fxeo(1p) =127.4+£38.1 MeV.

T'(H — M, M) (see Tables Il and Ill, respectively), that From these values we obtaffy,/ f 1654009
could be a test of factorization hypothesis with forthcoming o/ Ine(25) LY

. and f;/,/ fy2s) = 1.15 £ 0.07(1.29 £ 0.17) while in the
measurements at LHC. We have worked with decays wher&ef 21'is obtained,, / f — il f 41
it is expected that naive factorization works well. In order™ "2 " K+(;C+) nj(/zzi)d_eca{/z A et test 1o
to obtain the numerical values presented in this section, W%aivé factorization is i\7/en b y P
have evaluated the form factors in the WSB [3] and CLFA [5] 9 y

5. Useful ratios

2

quark models and taken from the Particle Data Group [20] T(BT — K*,J/4) F1B—>K(m3/w)

the values of the CKM factors, branching ratios, masses and : = (1831 +1.51) | g5~
o (Bt — «t, J/4) Ff=m(m?2, )

mean lifetime of mesons. I/

5.1 B — P, M(cc) decays:Let us consider exclusive two- —33.21 4+ 5.14,
body nonleptonid3 decays with orbitally or radially excited

charmonium mesons in the final state, which are produced byhere the errors come from the numerical values of the
the color suppressell — ces(d) transition. The following CKM and form factors (which are evaluated in the CLFA

ratio model [5]). The experimental value of this ratic2i$.7 + 1.8
_ [20]. This sizable difference means that these exclusive chan-
+ +
D(BY — P7, Mi(cc)) nels have large nonfactorizable contributions [24]. Some au-

[(B* — P+, My(c?)) thors have explored the possibility of new physics in these
f 2| FE=P(m2, ) 2 decays [25].

= (kinematical facto)( Ml) SO . o
fan ) | Fory " (myy,) 53BY — Df(K'),K~(Dj) decays:The ratio between

the branching ratios oB? — D}, K~ (mediated by the
Sb' — cus transition) andBY — KT, D; decays (mediated
by theb — wues transition), which are color favored, is

allows to obtain decay constants of charmonium meson
The form factor Fyy(1) corresponds whed/; and M, are
J = 0(1) mesons.

Evaluating the form factors in the CLFA model [5], we B(BY — D+. K~ - 2
obtain r = BB =Dy, 7) _ (3.04) [ L=
; B(BY — K+,Dy) fp:
I/
—— =1.15+0.07 (1.29 £ 0.17), _ 2
fu2s) Fy P (mf)

X

F(FS_’K(m%_)

s
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This ratio is sensitive to the value of the decay constanbbtain:

[p-- Evaluating the form factors in the CLFA model [5], we
obtainR = 9.82+1.27 (11.34 £ 1.43) with fD,: =259+7
[26] (241 £ 3 [27]) MeV. The sources of the uncertainty

come from the CKM factors, the decay constants and the
The dominant error comes from the value

form factors.
of V,,. From the experimental valuB(BY — DFKT)
= (3.0 £ 0.7) x 10~* [20] it is obtainedR = 1 while we
computeR =~ 10. Thus, with improved measurements, this
ratio is a good test to the numerical inputs o, and f,- .
54H — P'P and P — lv, decays:Let us compare the
two-body nonleptonid? (gg;) — P’(Ggz), P(g3q4) and the
leptonic P(g3q4) — lv; decays. It is well known that the
decay rate o (g3q4) — v is
2
<1 - ) |

The ratio betweel’(H — P’, P) and the last expression
is given by

G%‘Vzlslk |2J11237np7nl2
s

2
D(P —ly) = my

2
mp

L(H — P\ P) _ |Vyglat

L(P—ly) 4

(m3 —m3,

3
my

1
)2AZ (mEy, mp,, mb)

X —
mimp (1 — ,,Tz;)z

H—P' 2
x | Fy (mp

) (21)

’2
This quotient is independent of the decay constgnt

and could be used as a test for the form fadtdh— " (m3).
For some exclusive channels, we obtain

‘FOB*HDO (m2

2
D;)‘ = 0.301 4 0.037 (0.293 + 0.053),

BOLKt, o |2
‘FO . (mD,)‘ = 0.765 = 0.216 (0.681 £ 0.197),

F(H — Pl,PQ)
I(H— P, V')

=)
%(

1—m3, /m3_

~ |

2
P>

(A3 m3, m?,

2 /2
L —m3p, /mg,

2,02
y [A(m3;,m% ,m 2,

(22)

mfpl)Q.

This ratio provides information on the quotiefy, / fv-.
As an example, we obtaiff,+/f,+) = 0.631 &+ 0.045
using theB® — D~ 7T and B® — D~,p" decays
which branching ratios aré2.68 + 0.13) x 10~* and
(7.6£1.3)x 1073, respectively [20]. The main uncertainty
arises from these experimental values. On the other hand,
taking f,+=(130.7£0.4) MeV and f,+ = (216 £+ 2) MeV
[5] it is obtained(f.+/f,+) = 0.605 £ 0.006. So, in this
case factorization assumption gives a good approximation to
the value of this quotient.
5.6 H — P', Vi, decays:In order to obtainfy, / fv,, we
can consider the ratio between the decay rateH of> P/,

Vi(¢:,q;) andH — P', Va(q:q;), whereP’ = P, S, P(25)
andVi o =V, AP, V(25):
D(H = P\ Vi) _ (fn)
F(H—>P/a‘/2)_ fV2
2 y13/2

F{'=" (m3,)

F=F (mi,)

)

| ]

Let us choose, as an application, the — P,V and
B — P, A processes. From the expressions in Table Il and
using monopolar form factors [3] we obtain:

G

I(B— P A \fa
A(mQvaPvmv)

[z | Pl

A(m%, m%, m?
Taking the B° — D~,p* and B® — D~,af de-
cays we get(f,/f.,) = 1.06 £ 0.31. The dominant er-

2 2
A(mg, mp,, mi,

2 2

X
2
A(mip, mp,, my,

(23)

[\

I'(B— P,V)

1—m?/m3_

1—mi /m3_

with [ = 7= (u™). The error comes basically from the ex- ror comes from the experimental vallB° — D—ay)
perimental value of the branching ratios. We can see that (6.0 + 3.3) x 1073, With f,=(216 % 2) MeV [5] it is

the value of| i7" (mp, )| is approximately equal when obtainedf,, = (0.203 + 0.059) GeV. This value is smaller
the lepton/ is 7 or ui. The situation foi /s~ (m%, )|*is  than the one reported in the literature. For example, in the
different because the value &f,, also is a source of uncer- Ref. 29, f,, = 0.238 & 0.010 GeV while the Ref. 8 gives
tainty. On the other hand, the value Bf’* " in¢> = 0 f, — 0.229 GeV (extracted from the~ — M~v, de-
depends strongly on phenomenological models, ranges froggay) andf,, = 0.256 GeV (from theBY — D**, a; and
0.23 to 0.31 [28]. Thus, the improvement of these experi-B0 —, p*+ ;= decays). On the other hand, in Ref. 30 ob-
mental ratios in future experiments, as LHCb, will be a testainedf,, = 0.215 (0.223) GeV forf = 32° (58°), where

of the respective form factors.

55 H — P, P,(V') decays: Another important ratio is
given by the decay widths off P, P, and H—P;,V’,
whereP, andV’ have the same quark content with = P,
S, P(2S), P, = P, P(2S)andV’' =V, A(3P,), V(2S).

Using the expressions given in Table Ill and monopolar form

factors with the fact thafy’ =" (0) = F7~"1(0) [3], we

f is the mixing angle between thé,; , and Ky 5 mesons. As
the error inB(B° — D~aj) is too big, it is important to
get a more precise estimation of this branching in future ex-
periments in order to test hypothesis factorization with these
exclusive decays.

It is also possible to obtain the quotieny,/f.,)
from B(BY Df,p7)/B(B® — Df,a;) and

—
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B(B, — ne,p”)/B(B; — n.,ay ). At present, there are constants. For examplg, can be obtained from

not experimental values of these branchings. So, in the future
(B~ —D%p")

these decays will be a test of naive factorization by means of R_=
the ratio(f,/ fa, )- P dD(BT — DOl /dt|i=m2
I'(B) — Df,p”)
57 H — Vy,Vy3) decays: Another important ratio in = dT(BY — DXl /dt|i—m
order to compute the quotienfy, /fv, comes from the ® B
H — V1, Va(q;q;) andH — Vi, V3(¢,G;) processes, where _ (B, — ne,p7) 7
=1V, A(lpl), A(gpl), V(?S) and‘/273 =V, A(Spl), - dF(BC_ — nclyl)/dﬂt:m‘f)’ ( )

V(2S). As an example, we consider tii¢ — V.V’ and

B — V, A decays. From expressions displayed in Table lllwhereR,,- = 67°|Vy.a|*(af)* f2_.

we obtain: We also can use the equation (26) in order to obtain ratios
between decay constants.6= 1 mesons:

I(B-VV) [ fv\ G(m}) R ,
L(B—V,4) (fA> G(m%) 2) Ty (j”tl

Ry
Taking the B — D*~ pT and B — D*~,af de- 5.9 B?S) — D(J;),r‘(K‘) decays: Taking pairs of decays
cays and evaluating with appropriate monopolar form fac- that are U-spifi* partners, we get
tors [3], we ge +.) = 0.81 £ 0.07, where the source of —
[3], we getf,/ f,) BT - D+ 1)

2
), Vi, =V, ACP), V(25).  (28)

uncertainty are the form factors. This value agrees with the R/l = —et
one reported in Ref. 29, although is smaller than the value B(BY — D*,K~)
obtained in previous subsection. pB.—D (m2) 2
., can also be obtained from = (12.45 Zo__WMa)) 13.07 £ 0.32
fp/f 1 ( ) FOBﬁD(m%()
[(BY—D:T p7)/T(B? — Dt ay) andR /. = 0.082 & 0.002, evaluating the form factors in

the CLFA model [5]. The dominant source of error comes
andT'(B= — J/w,p=)/T(B= — J/i,a7). At present from these form factors. In the first (second) case, the ratio
there is ;ot experitjnental inférmation o7f t1r1e§e decays ir,1 or—b etween the experimental values of the branching ratios [20]
- . is16.04+5.4 (0.112+£0.027). In both cases, the experimental
der to test the factorization hypothesis. ratio is bigger than the theoretical one. Therefore, with im-

5.8B — M, M, and B — M,lv, decays:Itis well known  proved measurements at future experiments as LHCb, these

that the ratio ratios will be a good test of the breaking of U-spin symmetry
through the ratio of the form factors. On the other hand, they
R=T(B — M, My)/[dT(B — Milv)/dt|;_.> ] provide an alternative strategy in order to determfre’ f7

and compare with other methods (see for example in Ref. 34).

provides a method to test factorization hypothesis and may be
used to determine some unknown decay constants [29,31. Summary

Also, it is possible combining exclusive semileptonic andW ted | ful ratios bet d idths of
hadronicB decays to measure CKM matrix elements (see for € computed several usetul ratios between decay widins o

example Ref. 32). If\/; is any of the eight mesons showed tWO.'bOdY npnleptonlc and semlleptonR and B, Qecays, .
in Table I,Ms(¢:7;) is aJ — 1 meson andn; ~ 0, we obtain which with improved measurements in forthcoming experi-

' i ’ ments as LHCb, could be test of factorization approach by
means of quotients between form factors or decay constants.

Ry = I(H — M, V") The ratios withB decays considering charmonium states and
dU(H — M) /dt] ;2 , light mesons in final state (see subsection 5.1) could be the

v more likely scenario to test the factorization scheme. It is

= &’ = 67m2|Vi;]2 (a2 f2,, (26)  important to mention that divergences from the results ob-

¢ tained assuming the current approximations do not imply a

failure of the QCD itself or the factorization approach alone.
whereV' = V, A(P)), V(2S). Thus, Ry, which is It would be required a more exhaustive and comprehensive

model-independent, is a clean and direct test of factorizatioanalysis for getting more conclusions on these and possi-
hypothesis. On the other hand, assuming the validity of théle new physics effects in these decays. We also presented
factorization with a fixed value fary, it provides an alterna- a summary of the expressions f6(H — M, M) and

tive use: it may be used for determination of unknown decayll'(H — M,lv)/dt, at tree level, including eight types of
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mesons in final stateM; » can be a ground state meson wherem ;- is the mass of the pole. The Ref. 3 provides the
(I = 0), or an orbitally excited meson & 1) or aradially ex-  values of F¥=M(0) andm ;» for the H — M transition.
cited meson«{ = 2), assuming factorization hypothesis and We use these form factors in order to compute the numerical
using the parametrizations ¢7|.J,|B) given in the WSB  values showed in subsections 5.5, 5.6 and 5.7.

and the ISGW quark models. The form factors were evalu- We can obtain the form factors of the WSB
ated in the WSB and CLFA quark models. We classified inmodel [3] in function of the form factors of the
three groups thé — M, » transitions and explained some ISGW model [4] comparing the parametrizations given

aspects related with the dynamics of these processes. in both models for the H—P(V) transition. Making
<P|Ju‘H>WSB:<P|J;L|H>ISGW we obtain:
Acknowledgements "
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and from(V|J,|H)wsg = (V|Ju|H) rsqw itis obtained:

Appendix ;
Ag(t) =

In this appendix, we briefly mention the quark models and o) 2my
their form factors that are used in this work. % [f(t) +ta_(t) + (m% — m%/)aJr(t)] . (33)

1. The ISGW model [4]it is a hybrid model that com- Ar(t) = if(t) (34)
bines a nonrelativistic quark potential model with a phe- (mg +my)’
nomenological ansatz. Itis consistent with heavy quark sym- .y _ _; " 35
metry at maximum recotl,,. Their form factors are modeled 2(t) ilm +my) a(t) (35)
by a gaussian and normalizeddg,,,.. All the form factors V(t) = —i(mg +my) g(t). (36)

in this model are in function of
. 1 n Using these relations it is straightforward to get
FH—M(g2) (“W) (ﬁgﬁM) eAn—a)  (29) dD(H—P(V)lw)/dt or T(H — P(V),M) with the
myg B parametrization of the WSB model from respective expres-
where A = m2/(4x2mma ). M is the mock — Sionsin the ISGW model, and viceversa.
mass of theH (M) meson,s is a variational parameter and
x = 0.7 is a relativistic compensation factor of the model. 3. The CLFA model [5]:The relativistic light-front quark

The appendix B of the Ref. [4] has all the required inputsmodel gives a fully treatment of quark spin and the center-
for evaluating the form factors for th& — M (J = 0,1,2)  Of-mass motion of the hadron. In a covariant approach of this

transition. model the decay constants and the form factors are calculated
by means of Feynman momentum loop integrals which are
2. The WSB model [3]lt gives the form factors in terms Mmanifestly covariant [5]. The form factors in the spacelike
of relativistic bound state wave functions taking the solutiong€gion are given by the three-parameter form
from a relativistic harmonic oscillator potential. The form

factors are calculated as wave function overlaps in the infi- FH=M ()

nite momentum frame at> = 0. The mononopolar form FH=M g2y = 2 5 (37)
in thi i 1—a(q?/m;) + b(q*/m;)?

factors in this model present a vector meson dominance form H H

of the¢? dependence and are given by

FH—>M( 2): FH_J\I(O)
1—@/m%,
q /mJP

We have taken from the Ref. [5] the valuesiof =4 (0), a
and b for obtaining the numerical values presented in Sub-

(30)  secs. 5.1, 5.2, 5.3 and 5.9.
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