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Study of exclusive semileptonic and nonleptonic decays of B, in a nonrelativistic quark model
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We present results for different observables measured in semileptonic and nonleptonic decays of the B,
meson. The calculations have been done within the framework of a nonrelativistic constituent quark
model. In order to check the sensitivity of all our results against the interquark interaction we use five
different quark-quark potentials. We obtain form factors, decay widths, and asymmetry parameters for
semileptonic B, — c¢¢ and B, — B decays. In the limit of infinite heavy quark mass, our model
reproduces the constraints of heavy quark spin symmetry. For the actual heavy quark masses we find
nonetheless large corrections to that limiting situation for some form factors. We also analyze exclusive
nonleptonic two-meson decay channels within the factorization approximation.
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L. INTRODUCTION

Since its discovery at Fermilab by the CDF
Collaboration [1], the B, meson has drawn a lot of atten-
tion. Unlike other heavy mesons it is composed of two
heavy quarks of different flavor (b, c) and, being below the
B-D threshold, it can only decay through weak interactions
making an ideal system to study weak decays of heavy
quarks.

It is known [2] that one cannot apply heavy quark
symmetry (HQS) to hadrons containing two heavy quarks:
the kinetic energy term, needed in those systems to regu-
late infrared divergences, breaks heavy flavor symmetry.
Still, there is a symmetry that survives: heavy quark spin
symmetry (HQSS). This symmetry amounts to the decou-
pling of the two heavy quark spins since the spin-spin
interaction vanishes for infinite heavy quark masses.
Using HQSS, Jenkins et al. [2] were able to obtain, in
the infinite heavy quark mass limit, relations between
different form factors for semileptonic B, decays into
pseudoscalar and vector mesons. Contrary to the heavy-
light meson case where standard HQS applies, no determi-
nation of corrections in inverse powers of the heavy quark
masses has been worked out in this case. So one can only
test any model calculation against HQSS predictions in the
infinite heavy quark mass limit.

With both quarks being heavy, a nonrelativistic treat-
ment of the B, meson should provide reliable results.
Besides a nonrelativistic model will comply with the con-
straints imposed by HQSS as the spin-spin interaction
vanishes in the infinity heavy quark mass limit. In this
paper we will study, within the framework of a nonrelativ-
istic quark model, exclusive semileptonic and nonleptonic
decays of the B, meson driven by a b— cor ¢ — d, §
transitions at the quark level. We will not consider semi-
leptonic processes driven by the quark b — u transition.
Our experience with this kind of processes, like the analo-
gous B — 7 semileptonic decay [3], shows that the non-
relativistic model without any improvements under-
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estimates the decay width for two reasons: first at high
g* transfers one might need to include the exchange of a B*
meson, and second the model underestimates the form
factors at low ¢ or high three-momentum transfers. We
will concentrate thus on semileptonic B, — ¢¢ and B, —
B transitions. As for two-meson nonleptonic decay, we will
only consider channels with at least a cc or B final meson.
In the first case we will include channels with final D
mesons for which there is a contribution coming from an
effective b — d, s transition. As later explained, this is not
the main contribution to the decay amplitude and besides
the momentum transfer in those cases is neither too high
nor too low so that the problems mentioned above are
avoided.

The observables studied here have been analyzed before
in the context of different models like the relativistic
constituent quark model [4—6], the quasipotential ap-
proach to the relativistic quark model [7,8], the instanta-
neous nonrelativistic approach to the Bethe-Salpeter
equation [9-11], the Bethe-Salpeter equation [12,13], the
three point sum rules of QCD and nonrelativistic QCD
[14-17], the QCD relativistic potential model [18], the
relativistic constituent quark model formulated on the light
front [19], the relativistic quark-meson model [20], or in
models that use the Isgur, Scora, Grinstein, and Wise wave
functions [21] like the calculations in Refs. [22—-24]. We
will compare our results with those obtained in these latter
references whenever it is possible. Besides, we will per-
form an exhaustive study and compile in this work all our
results for exclusive semileptonic and nonleptonic B,
decays, paying special attention to the theoretical uncer-
tainties affecting our predictions and providing reliable
estimates for all of them.

In the present calculation, we shall use physical masses
taken from Ref. [25]. For the B, meson mass and lifetime,
we shall use the central values of the recent experimental
determinations by the CDF Collaboration of mp =

6285.7 + 5.3 + 1.2 MeV/c? [26] and 75 = (0.463 4073+
0.036) X 10712 s [27]. This new mass value is very close to

© 2006 The American Physical Society


http://dx.doi.org/10.1103/PhysRevD.74.074008

E. HERNANDEZ, J. NIEVES, AND J.M. VERDE-VELASCO

the one we obtain with the different quark-quark potentials
that we use in this work (see below) from which we get
mp = 6291.6713 MeV.

We shall also need Cabibbo-Kobayashi-Maskawa
(CKM) matrix elements and different meson decay con-
stants. For the former we shall use the ones quoted in
Ref. [4] that we reproduce in Table I. All of them are
within the ranges quoted by the Particle Data Group
(PDG) [25].

For the meson decay constants, the values used in this
work are compiled in Table II. They correspond to central
values of experimental measurements or lattice determina-
tions. The results for f, and f- have been obtained by the
authors in Ref. [4] using 7 lepton decay data. Our own
theoretical calculation, obtained with the model described
in Ref. [32], gives f, =0.189 ~0.227 GeV, fx =
0.180 ~ 0.220 GeV depending on the interquark interac-
tion used, results which agree with the determinations in
Ref. [4]. We shall nevertheless use the latter for our calcu-
lations. For f, we have been unable to find an experimen-
tal result or a lattice determination. There are at least two
theoretical determinations that predict f, = 0.484 GeV
[4] and f, = 0.420 £0.052 GeV [33]. Again our own
calculation gives values in the range f, = 0.4385~
0.500 GeV depending on the interquark interaction used.
Here we will take f, = 0.490 GeV.

The rest of the paper is organized as follows. In Sec. Il
we introduce our meson states and the potential models
used to obtain the spatial part of their wave functions. In
Sec. III we study the B, meson semileptonic decays into
various c¢¢ channels, both for a final light charged lepton
(e, ) and for a heavy one (7). In Sec. IV we study different
exclusive nonleptonic two-meson decay channels of the
B_ meson with one of the final mesons being a ¢¢ one. In
Sec. V we study semileptonic B, — B decays and in

TABLE I. Values for Cabibbo-Kobayashi-Maskawa matrix el-
ements used in this work.

Ivudl IVus I IV(rdl | Vcsl | Vcbl
0.975 0.224 0.224 0.974 0.0413
TABLE II. Meson decay constants in GeV used in this work.
S ) fp*,po fK’,KO fK*’,K*”
0.1307 [25] 0.130 [25] 0.210 [4] 0.1598 [25] 0.217 [4]
I, S
0.490 0.405 [28]
I S Jo; Jor
0.2226 [29] 0.245 [30] 0.294 [31] 0.272 [30]
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Sec. VI nonleptonic two-meson decays with one of the
mesons having a b quark. We briefly summarize our results
in Sec. VII. The paper also contains four appendices: in
Appendix A we give different sets of polarization vectors
used in this paper, Appendices B and C collect the ex-
pressions for all the matrix elements needed to evaluate the
different observables analyzed, finally in Appendix D we
give the expressions for the helicity components of the
hadron tensor to be defined below.

II. MESON STATES AND INTERQUARK
INTERACTIONS

Within a nonrelativistic constituent quark model, the
state of a meson M is given by

|M, AP)\g = deP Z é’%é\;(f’)
ay,a

(_ 1)(1/2)—52

@m)Y2\2E, (1)2Er, (5)

X

« S mg, }-; s
q, X1 pq e+ . p
mp, mpy,
X |G aspy = ——L B+ p 1
q; ar Py + pP) ( )
mp, mpg,

where P stands for the meson three momentum and A
represents the spin projection in the meson center of
mass. a; and «, represent the quantum numbers of spin
s, flavor f and color ¢ [a@ = (s, f, ¢)], of the quark and the
antiquark, while (Efl (ﬁ]), ﬁl)’ mp, and (Efz([_sz), 1_52), my,
are their respective four-momenta and masses. The factor
(—1)1/27%2 is included in order that the antiquark spin
states have the correct relative phase.' The normalization
of the quark and antiquark states is

(a'P'lap) = 8uo ) 2E(P)S(' — p).  (2)

Furthermore, qﬁa Lty ( p) is the momentum space wave func-
tion for the relative motion of the quark-antiquark system.
Its normalization is given by

[&p3 @GN LD = 0 O
aja,
and, thus, the normalization of our meson states is
M, NP'|M, APy = 5)J,/\(27T)35(13/ -P). @

In this calculation we will need the ground state wave
function for scalar (07), pseudoscalar (0), vector (17),

'Note that under charge conjugatlon ©) quark and anthruark
creation operators are related via Cel(p)ct = A/2D=sql( p)
This implies that the anthuark states with the correct spin
relative Phase are not dj (p)|0> |g, ap) but are given instead
by (=D)1275dl(5)I0) = (=1)1/27g, ap).
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axial vector (1%), tensor (2*), and pseudotensor (27) mesons. Assuming always the lowest possible value for the orbital
angular momentum we will have for a meson M with scalar, pseudoscalar, and vector quantum numbers:

O + . 1 S (M) 1 = .
Pule(p) = 7 61L2¢E§Tf})l)?232,f2)(p>=ﬁacl,czz¢‘fff}2 YUBDS (1/2,1/2, 1551, 55, =m)(1, 1, 0:m, —m, 0)Y,,,(p)

m
due) () = 7 S0 () = ﬁ Beper (DB VUBN(1/2,1/2,0; 51, 55, 0) Yoo ()
&%;W(ﬁ)=7661,02$§Qf§£l}?@jﬁ<) f 8oy (=DM VUBNA/2,1/2, 1551, 55, )Y o (), 5)

where (j, jo, J3;my, my, m3) are Clebsch-Gordan coefficients, Y,,,(p) are spherical harmonics, and (;S(M) (Ipl) is the
Fourier transform of the radial coordinate space wave function.
For axial mesons we need orbital angular momentum L = 1. In this case two values of the total quark-antiquark spin

S4q = 0, 1 are possible, giving rise to the two states:
& (M(1*,8,3=0),A) 1 2 (M(17,5,3=0),1)  » M(1+,8,,=0)) /| .
apay (p) = T5c1,c2 (Slyfl):(:z({fz) (p) = T c1, cz( l)d)fl £ CP/2,1/2, 0554, 52, 0)Y (D)
A(M(1F,8,5=1),A) A (M(1+,5,7=1),1)
¢a1 a; . ( ) T cy,Cp ¢(51 fl)(sqzqu) (P) (6)
MU*,S5=1) | » S
= T e (DB ST BN S (1/2,1/2, sy, 50 A = m)(L 1, Lim, A = m, A)Y,(5)
m
Finally, for tensor and pseudotensor mesons we have the wave functions:
(M(2 ). A) AM2TA)
d’ xna ( )= 7 C1>c2¢(51vf1)v(52vf2)(p)
1 ) o .
= 7 e ® M ABDY (1/2,1/2, 1551, 50, A = m)(1, 1, 25m, X = m, A)Y1,,(B)
; (7)
FMQ27),0) (> M27)0) (3
d)al,az (p) T clLz¢(‘],lfl),(“~2,f2)(p)

(M(27))
fufa

\/— Beper(— 1)

All phases have been introduced for later convenience.
To evaluate the coordinate space wave function we use
five different interquark interactions, one suggested by
Bhaduri and collaborators [34], and four others suggested
by Silvestre-Brac and Semay [35,36]. All of them contain a
confinement term, plus Coulomb and hyperfine terms com-
ing from one-gluon exchange, and differ from one another
in the form factors used for the hyperfine terms, the power
of the confining term, or the use of a form factor in the one-
gluon exchange Coulomb potential. All free parameters in
the potentials had been adjusted to reproduce the light (7,
p, K, K*, etc.) and heavy-light (D, D*, B, B, etc.) meson
spectra. These potentials also lead to good results for the
charmed and bottom baryon (A, ;. 25, 2550 Eep Sy
E: 0 Q. and Q7 ) masses [35,37], for the semileptonic
A)— AfI"p; and EY — ES 1”9, decays [38], for the
decay constants of pseudoscalar B, D and vector B*, D*
mesons and the semileptonic B— D and B — D* decays
[32], for the B — 7 semileptonic decay [3], and for the

(lﬁl)z(l/z’ 1/2: 17 S1, 52, A— m)(2) 1) 23 m, A— m, A)YZm(ﬁ)

[

strong 2. — A7, 25— A.m, and B} — E. 7 decays
[39]. Preliminary results for the spectrum of doubly heavy
baryons [40] also show excellent agreement with previous
Faddeev calculations and lattice results. For more details
on the interquark interactions see Ref. [37] or the original
works [34-36].

The use of different interquark interactions will provide
us with a spread in the results that we will consider, and
quote, as a theoretical error added to the value obtained
with the AL1 potential or Refs. [35,36] that we will use to
get our central results. Another source of theoretical un-
certainty, that we cannot account for, is the use of non-
relativistic kinematics in the evaluation of the orbital wave
functions and the construction of our states in Eq. (1)
above. While this is a very good approximation for the
B, itself it is not that good for mesons with a light quark.
That notwithstanding, note that any nonrelativistic quark
model has free parameters in the interquark interaction that
are fitted to experimental data. In that sense we think that at
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least part of the ignored relativistic effects are included in
an effective way in their fitted values.

III. SEMILEPTONIC B, — cc DECAYS

In this section we will consider the semileptonic decay
of the B, meson into different c¢ states with 0, 0~, 1%,
17, 2%, and 2~ spin-parity quantum numbers. Those de-
cays correspond to a b — ¢ transition at the quark level
which is governed by the current

<CC(O ) Pccl-]Cb(O)lBCJ PB > - <CC(0 ) Pccl-] (0)|Bc’ PB >
(ce(17), AP I (0)IB,, Pp,) = (ce(17), AP |J5}, (0) —

-1
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T, (0) = JL,(0) =W ,(0)y,(I - y5)¥,(0), (8)
with W a quark field of a definite flavor f.

JiP(0) =

A. Form factor decomposition of hadronic matrix
elements

The hadronic matrix elements involved in these pro-
cesses can be parametrized in terms of a few form factors
as

P,u,F+(q2) + CI,LLF—(CIZ)
I (0)|B,, Py)

el (P PRgPV(g) — i{<m3(_ — m)ely, (P Aola)

mB + mez
P 8(/\)(Pcc)
mB + mez

(cE(2%), AP 2| (0)IB,, Py )

(ce(2"), AP |J5h, (0) —
& uvapelty (Pec)PsP qPT4(g?)

(P,AL(q*) + q,A- (qz))}

JL. 0B, Py)

— ife}y) 16 (Pec) PPT1(q?)

+ PPl o (Poc J(PLTo(q?) + 4, T5(g%)}- ©)

In the above expressions P = Pp + Pz, q = Pp_ — Pcc’
being Py and P : the meson four— momenta, mp_ and Mz
are the meson masses, e*”*# is the fully antlsymmetrlc
tensor for which we take the convention %2> = +1, and
a(,\)M(P) and s(A),_W(P) are the polarization Vector and
tensor of vector and tensor mesons, respectively.” The
latter can be evaluated in terms of the former as

el (P) = "(1,1,2:m, A — m, Nl (el (P).

(10)

Different sets of & A)(I3) used in this work appear in
Appendix A.

Besides the meson states in the Lorenz decompositions
of Eq. (9) are normalized such that

(M, N'P'|M, AP) = 8,/ ,(2m)}2E)(P)6(P' — P), (11)

where Ey;(P) is the energy of the M meson with three-
momentum P. Note the factor 2E,, of difference with
Eq. (4).

For the 07, 17, and 2~ cases, the form factor decom-
position is the same as for the 0, 17, and 2% cases,
respectively, but with —J5’ (0) contributing where J;/, (0)
contributed before and vice versa.

*Note we have taken A to be the third component of the meson
spin measured in the meson center of mass.

[

The different form factors in Eq. (9) are all relatively
real thanks to time-reversal invariance. F, F_, V, Ay, A,
A_, and T are dimensionless, whereas T, T3, and T, have
dimension of E~2. They can be easily evaluated working in
the center of mass of the B, meson and taking g in the z
direction, so that P, = —§ = —|§|k, with k representing
the unit vector in the z direction.

1. B, — n 1 v, x.l v, decays

Let us start with the B, decays into pseudoscalar 7, and
scalar y.o c¢ mesons. For B, — n, transitions the form
factors are given by

V34l
gl

V34D
]

Fol@) = o (V) + 5 B ) = )

1 . -
Fog) = 5,V + =P E, )+ my)),
mp,
12)
whereas for B, — x,q transitions we have

_ 3
Put) = (w007 + 2

— 3
F) = o (40030 + A5 )+ my )

(13)
with V#(|g|) and A#(|g]) (u = 0, 3) calculated in our

(B, (—3) — mg, ))
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model as

ve(lgl) = (n., — 11kl *(0)|B; , 0)

= \2mp 2E, (—§)wx{me — 131K #(0)1BZ, Ok

A#(13D) = xeo, —11KLTS# (01 B; ,0)

= \lszszXUO(_ZI)NﬁXcoy - |§|E|J,§bﬁ(0)|B;r6>NR

(14)

where expressions are given in Appendix B.

In Fig. 1 we show our results for the F, and F_ form
factors for the semileptonic B, — 7, X, transitions. The
minimum ¢? value depends on the actual final lepton and it
is given, neglecting neutrino masses, by the lepton mass as
q2.. = m3. The form factors have been evaluated using the
ALL1 potential of Refs. [35,36]. For decays into 7., and for
the sake of comparison, we also show the results obtained
with the potential developed by Bhaduri and collaborators
in Ref. [34] (BHAD). As seen in the figures, the differences
between the form factors evaluated with the two interquark

interactions are smaller than 10%.
|

iomg Fmyy
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In Table III we show F, and F_ evaluated at ¢2. and
@2« for a final light lepton (I = e, u) and compare them to
the ones obtained by Ivanov et al. in Ref. [5], and, when
available, by Ebert et al. in Ref. [7]. For the B, — 7,
transition we also show the corresponding values for the
F( form factor defined as

2
Folq?) = F(¢*) + ﬁF_(qz).

B. Ne

(15)

Our results for the 7. case are in excellent agreement with
the ones obtained by Ebert et al.. Compared to the results
by Ivanov et al. we find large discrepancies for F_.

2. B, — J/Wlw,, h v, x.l7; decays
Let us now see the form factors for the semileptonic B,
decays into vector J/¥ and axial vector h, (S = 0) and
Xci (845 = 1) cc mesons. For the decay into J/, the form
factors can be evaluated in terms of matrix elements as

V(g?) = = Vi__, (gD
1 V2 ch|Q| A=-11d
2 Jmp T myy myy 0 o mp — EJ/\P(_ZI) 3 > mBFEJ/‘I'(_‘?) o mg/q, 1 S
Ag) =i =A%) + 2T gl — V2 Al (b}
2mp_ |Glmp, g1 lGlmy v
mg +myy myy . mg + E;pp(—q) R mpg Ejpg(—q) + m3 )
Alg?) = =it TR BIEAAG (1g1) + " A — VAT AL (aD)|
2mp |Glmpg, gl lGlm;
: 1 -
Aolg?) = —iv2 Aj=1(1gD (16)
mp — My/,y
1 T T T T T
BC % nC

0,8} F+ -

0,6} o .

0,41 -
ALl

0 1 1 1 1 1 O " 1 " 1 " 1 " 1
0 2 4 6 8 10 0 2 4 6 8
2 2 2 2
q [GeV ] q [GeV ]
FIG. 1. F. and F_ form factors for B, — 1. and B, — x.o semileptonic decay evaluated with the AL1 potential of Refs. [35,36].

In the first case, and for comparison, we also show with dotted lines the results obtained with the Bhaduri (BHAD) potential of

Ref. [34].
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TABLE IIl. F, and F_ evaluated at qﬁm and ¢2,, compared to the ones obtained by Ivanov
et al. [5] and Ebert et al. [7]. Our central values have been obtained with the AL1 potential. For
the 7, channel we also show F|, (see text for definition). Here / stands for [ = e, u.

BL_ — “f]cl_ v, q,znin qﬁqax Bc_ - XcOl_ v qrznin q%mx
F, F.,

This work 0.491001 1.00_q This work 0.3010.01 0.6475:01
[5] 0.61 1.14 [5] 0.40 0.65

[7] 0.47 1.07

F_ F_

This work —0.113591  —0.25%0.03 This work —0.621001  —1.35%0:05
[5] —-0.32 —-0.61 [5] —1.00 —1.63

Fy

This work 0.490.01 0.91+0.01

[7] 0.47 0.92

with V4 (|gl) and A% (|gl) calculated in our model as

VE(GD = /%, A = [GIRIT (0)|BZ, 0) = y/2mp, 2E; pu(— @) izl /¥, A — 1G1RITS #(0)] B, O)ng

7)

AR(GD) = /W, A = 1GIkITS “(O)IBZ, 0) = /2mp 2E; jy(—§) wg /W, A — |GIKITS #(0)B;, O

where expressions are given in Appendix B.

The form factors corresponding to transitions to the y,;
and £, axial vector mesons are obtained from the expres-
sions in Eq. (16) by just changing

V(1)) « —AX (13 (18)

[
and using the appropriate mass for the final meson.
Obviously, in Eq. (17) J/W has to be replaced by x,
or h,.

In Table IV we show the result for the different form
factors evaluated at qfnin and g2, for the case where the
final lepton is light (I = e, u). For the decay into J/V we

TABLE IV. V,A.,A_, and A, form factors evaluated at qrznin and g2, compared to the ones obtained by Ivanov et al. [5] and Ebert
et al. [7]. Our central values have been evaluated with the ALI1 potential. For the J/W channel we also show A (see text for definition).
Here [ stands for [ = e, u. The asterisk to the right of a number means we have changed its sign to account for the different choice of

£%123 in Ref. [5].

B; = J/VI b, g, Ghax  |Bo = bl ain Tmax e Iax

v 14 14

This work —0.61_go3 —1.26%99" | This work  —0.040_y40; —0.078_¢03 | This work 0.9275%%  1.86_¢1»

[5] —0.83* —1.53* (5] —0.25* —0.365" [5] 1.18* 1.81*

(7] —0.49 —1.34

Al Al Al

This work 0.567003 ] 13+001 This work ~ —0.85%00L  —1.90*0:06 This work ~ —0.44_q0; —0.7870.04
[5] 0.54 0.97 [5] —-1.08 —1.80 [5] —-0.39 —-0.50

(7] 0.73 1.33

A A A_

This work —0.60_g03 —1.24_g0 | This work 0.12755) 0.36_g.06 This work 0967551 1.97_g3

[5] —-0.95 —-1.76 [5] 0.52 0.89 [5] 1.52 2.36

Ay Ay Ay

This work 1.4470.08  258%0.01 | This work 0.281002 0.52+0.02 This work ~ —0.50_g0 —0.32_00,
(5] 1.64 2.50 (5] 0.44 0.54 [5] —0.064 0.46

(7] 1.47 2.59

Ao

This work 0457093 0,96_4,

(7] 0.40 1.06
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also show the combination of form factors’:

~ mpg — Mj/p
Aolq?) = =5~ (Aola?) ~ Au ()
J

2
q
- A_(g%). (19)
2mypy(mg, + my y)

Our results for the B, — J/V¥ decay channel are in agree-
ment with the ones obtained by Ebert ef al.. They also
agree reasonably well with the exception of A_, with the
ones obtained by Ivanov et al.. For the other two cases the
discrepancies are in general large.

All the form factors are depicted in Figs. 2 and 3.

3. B, — W(3836)lv;, x.2lP;, decays

Finally, let us see the form factors for the B, decays into
tensor ., and pseudotensor W(3836)* mesons. For the
decay into y,, the form factors can be evaluated in terms
of matrix elements as

2m,
T\(¢%) = —i—%2

Ap—+1(4D)
m gl TA=+1

PHYSICAL REVIEW D 74, 074008 (2006)

S
BC_%J/‘P

FIG. 2. 'V (solid line), A, (dashed line), A_ (dotted line), and
Ao (dash-dotted line) form factors for the B, — J/V¥ semi-
leptonic decay evaluated with the AL1 potential.

1 3m?, . 3m? . .
Tz(qz) = l2m3{_\/; |Z]X|22 A(%)‘:o(kll) - \/; |(;|32 (Em(—q) - mB(.)AST).:o(k]D

B(.‘

2m E, (=9
+ e (1 ~Sxe M (g —m ))Al . (rl)}
|q| |q|2 Yaol™4d B, Ta=+1\4 (20)
o1 3m? R 3m? R .
T5(q*) = IW{_\/;FTZ-A%_O(MD - \g |(;|E32 (Ey,(—§) + mp )A3,_o(1g])
B,
2m,, E,.(=9) . R
(1 T B o) e D)
Ty(q?) = i 22V (1)
mBJQl
with V7, (Igl) and A%, (|g]) calculated in our model as
VE(dD) = (xea A = 11K #(0)IB;, 0) = \2mp 2Ey (=q) ng¥Xe2 A — |G1k175 #(0)| B, O)ng o1
AVGD = (e A = 1GIRLI #(0)IBZ, 0) = \[2mp 2E (=) nglxea A — 1G1ELTS #(0)IBZ, O)ng
{
where expressions are given in Appendix B. Vi gl) = =A%, (1g]) (22)

The form factors corresponding to transitions to
W(3836) are obtained from the expressions in Eq. (20)
by just changing

3This combination is called Ay by the authors of Ref. [7].

“Note that while the W(3836) was still quoted in the particle
listings of the former Review of Particle Physics [25], it has been
excluded from the more recent one [31]. We shall nevertheles
keep it in our study to illustrate the results to be expected for a
ground state pseudotensor particle.

and using the appropriate mass for the final meson. Besides
in Eq. (21) x,, has to be replaced by ¥(3836).

The results for the different form factors appear in Fig. 4.
In Table V we show T, T,, T3, and T evaluated at g2 and
g% for the case of a final light lepton, and compare them
to the values obtained by Ivanov et al. [5]. For the B, —
X transition we find a reasonable agreement between the
two calculations. For B, — W(3836) there is also a rea-
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2 T T T T T T . : 2 ' l ' | | |
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”,”’ A+
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—"’ ) AO
0$5'_ ALI ——————————————— i
..................... , | |
0O T r T |
2 2
q [GeV]

FIG. 3.V (solid line), A, (dashed line), A_ (dotted line), and A, (dash-dotted line) form factors for B, — h. and B, — yx,;
semileptonic decay evaluated with the AL1 potential.

2 — 1 . 1 rr T rr 1 T 1T ° T r 1 : I ' I ' I ' ! ' !

= 0,35F o - i
BC —+%s I BC — Y(3836)
0,3k i
1,5¢ E ]
0,25k i
_Tl 2 - | _ TI \(
. 0.2} ; ]
I TGV 4 T |- T, [Gev -
T [GeVAl 1 "B T [gevy ]
) 01_ 3 AL] -
0.5 —T,[GeV I 1 " |- T,[Gev? ]
ALl i 0’05_ 4 ......................................... -
Op=r== - [ oA s Inhrinialy Aenbriuiy Stk OF--o--- Lo—z-—= R —
0 1 2 3 4 5 6 7 0 1 2 " 3 5 4 5 6
q [ GeV’] q [GeV’ ]

FIG. 4. T, (bold solid line), T, (dashed line), T (dotted line), and T, (thin solid line) form factors for B, — y., and B, — ¥(3836)
semileptonic decay evaluated with the AL1 potential.

TABLE V. Values for Ty, T,, T3, and T, evaluated at ¢%;, and g2,, compared to the ones
obtained by Ivanov et al. [5]. Here [/ stands for [ = e, u. Asterisk as in Table IV.

Bc_ - Xch_ 1_/1 qIZnin qrznax Bc_ - \P(3836)l_ 771 qrznin qgax

T, T,

This work 0.97+5.98 1.95_0.06 This work 0.29_¢.02 0.22_g01
[5] 1.22 1.69 [5] 0.052 0.35

T, [GeV 2] T, [GeV 2]

This work —0.012_¢99; —0.02570.001 This work —0.01010006  —( 01870001
[5] —0.011 —0.018 [5] 0.0071 0.0090

T; [GeV 2] T; [GeV 2]

This work 0.013709010.030_,01 This work 0.025_0002  0.052_¢004
[5] 0.025 0.040 [5] —0.036 —0.052

T, [GeV 2] T, [GeV?]

This work 0.013+0'001 0.030,0_001 This work 0.022,0'001 0.045,0'003
[5] 0.021* 0.033* [5] —0.026" —0.038*
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sonable agreement for the absolute values of the form
factors but we disagree for some of the signs.

B. Decay width

For a B, at rest, the double differential decay width with
respect to g*> and x;, being x; the cosine of the angle
between the final meson momentum and the momentum
of the final charged lepton measured in the lepton-neutrino
center of mass frame (CMF), is given by’

d2F — G%’ |Vbc|2 /\1/2((12’ m123p m%c_‘
dg*dx;  64my 8’ 2my

g’ —mj
X Tg-[aﬁ(PBC) P.2) L (p, p,). (23)

where G = 1.16637(1) X 107> GeV~2 [25] is the Fermi

constant, A(a, b, ¢) = (a + b — ¢)> — 4ab, m, is the mass

of the charged lepton, H p and LP are the hadron and

lepton tensors, and Py, P., p;, p, are the meson and

lepton four-momenta. The lepton tensor is

L(py, p,) = 8(piph + plps — 8*Fp; - p,

Fie“PPpiapp)- (24)

As for the hadron tensor it is given by

HaB(PBUr Pcc") = Zh(z\)a(PBcr Pcc‘*)hz\)‘g(PBcr PCE) (25)
A

with
hna P, Pec) = (¢, AP I (0)B., Py).  (26)
The quantity
3-[ aB(PBU’ Pcﬁ)ﬁaﬁ(plr pv) (27)

is a scalar and to evaluate it we can choose 13“—, along the
negative z-axis. This implies also that the CMF of the final
leptons moves in the positive z-direction. Furthermore we
shall follow Ref. [5] and introduce helicity components for
the hadron and lepton tensors. For that purpose we rewrite

j_[oz,B(PBcr PCE)LaB(pl’ pv) = HUP(PBU’ Pcé)g(ragpﬁ

X L*(py, p,) (28)
and use [41]
Suv = grrs(r)y(q)szkr),,(Q); 8 = 1,
r=t,=1,0 (29)
g+10 = —1

with ef;(q) = ¢*/q* and where the &(,)(¢), r = =1, 0 are
the polarization vectors for an on-shell vector particle with
four-momentum ¢ and helicity r. Defining helicity compo-

>We shall neglect neutrino masses in the calculation.
®The = signs correspond, respectively, to decays into [~ 7, (for
B_ decays) and " v, (for B} decays).

PHYSICAL REVIEW D 74, 074008 (2006)

nents for the hadron and lepton tensors as
}[rs(PB() PCE) = Szkr)o-(q)j{(rp(PB[: PCE)S(s)p(q)

(30)
L. (p1, P)) = ea@LP (P, p)e; 5(a),

we have that
g-[aﬁ(PBC’PCE)ﬁaB(pl’ pu)z Z
r=t,+1,05=1,*+1,0

X g-[rs(PBC’ PCE)-Ers(pl’ pv)
(3D

Let us start with the lepton tensor. We can take advan-
tage of the fact that the Wigner rotation relating the origi-
nal frame and the CMF of the final leptons is the identity to
evaluate the lepton tensor helicity components in this latter
reference system

grrgss

-E rs(pl’ pv) = 8(r)a(‘1)£a'8(plr p,,)szks),g(q)
= s(r)a(q)‘ﬁayg(ﬁlr 131/)8:5)3(5), (32)

where the tilde stands for momenta measured in the final
leptons CMF. For the purpose of evaluation, we can use’

P = (Ep), —Ipily/1 — x2,0, —=|plx))

s = Upl 1pily1 — x7,0,|pilx)

with | p;| the modulus of the lepton three-momentum mea-
sured in the leptons CMF.

The only helicity components that we shall need are the
following:

33)

m2( 2 __ m2)
Ly(pr,)= 4%

mj(q> = mj)
Lio(pury)=Lop,p,) = _4361%

2 _ 2
Loin(prp)=(q*— m?)<4(1 *x)—2(1 —xzz)q qzml>

q2_m2
£_1_1<p,,py>=<q2—m%>(4<1:xo—zu—x%) - 1)

2_ 2
Loo(pi ) = 4(g? —m%)<1 s q;’”l ) (34)

As for the hadron tensor, it is convenient to introduce
helicity amplitudes defined as

h(/\)r(PBL.’ PCE) = Sz‘r)a(q)h&)(PBc, PC(‘)! r=1=*10

(35)

in terms of which

"Note this is in accordance with the definition of x; and the fact
that we have taken P_; in the negative z direction. Furthermore
there can be no dependence on the ¢; azimuthal angle so that we
can take p;, and then p,, in the OXZ plane.
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Hrs(PBC’ Pcc)

PHYSICAL REVIEW D 74, 074008 (2006)

Zh(/\)r(PB Pcc)h()\)s(PBcr Pcé)- (36)

We now give the expressions for the helicity amplitudes evaluated in the original frame:

— Case 0" —0,0":
2

77

h(PB’Pcc)

AVgP m

M e g () + R )

mgz 37)

B
- Fy (42)

hO(PBC’ PCE‘) =
h+1(PB(.’ P.) =

— Case 0" — 17, 1%;

Va

h*l(PB" P.:)=0

2

. )\1/2(q mB ) mcc 2 2 2
hoge(Py, Pee) = i8530 (<m3 me)(Ao(q?) — A4 () — A(q ))
2m .z mg_+ me;
: Al 2(61 m3 , m2;)
1P Pue) = =i8,o TRV + oy, = o) Ao(a?))
B. c (38)
A2 (g%, mg, , m2,
h(A)—l(PBC! P.) = _i5A+l<_ V(qz) + (mBC - mca)Ao(q2)>
mB + mcc
m2 - q - mLC /\(qz) m3 ’ m%é) A ( 2)
hoyo(Pg,, Pez) = iaAO((mB( — mgz) —— - Ay (g?) — B +d )
Mmez q2 2mcE q2 mp, + me;
— Case 0” —27,2%:
o [2AgH my, mZ,
ho (P, Pec) = —zsAo\g+m<q2> + (m}, — m2)T2(q>) + ¢*T3(q?)
4mzaA/q
1 AV2(g? my, m%
hy1(Pg, Peg) = i) —= VA m B (T (g% — AV2(g? m%‘_, m2:)T4(q%))
cc (39)

1 )\1/2(61 mB’m%c

Ti(g?) + A'2(g% m3,
(T\(q q-, mp,

hy-1(Pg, Peg) =

14
l).+1\/§

2m .z

hoyo(Pp., Pez) =
4m§5 ‘]2

We see that the helicity amplitudes, and thus the helicity

components of the hadron tensor, only depend on ¢*. The

expressions for the latter are collected in Appendix D.
We can now define the combinations [5]

Hy=H o+ H Hp = Hy
Hp=H oy —H Hg=3H, (40)
-~ om?
Hg =H, H,=2—q’2HJ; J=UL,S,SL

with U, L, P, S, and SL representing, respectively,
unpolarized-transverse, longitudinal, parity-odd, scalar,
and scalar-longitudinal interference.

2 M2 (g% my , m?;
15)\0\/; = (my — q* — mZ)Ti(q%) + Ag>, my,

m%E)T4 (qz))

m%a)T2(¢]2))-

Finally, the double differential decay width is written in
terms of the above defined combinations as

d’r G* Gty |2(q — m1)2 A2, m2
dq?dx, 87 "' 12m 24 2my,
3 3
X {g(l + )CIZ)HU + Z(l - XIZ)HL =+ ZXIHP

3 - 3, 1 - -
+ 1(1 - XZZ)HU + EX%HL + EHS + 3leSL}‘
(41)

Note that for antiparticle decay Hp has the opposite sign to
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the case of particle decay while all other hadron tensor
helicity component combinations defined in Eq. (40) do
not change (see Appendix C for details). The sign change
of Hp compensates the extra sign coming from the lepton
tensor. This means that in fact the double differential decay
width is the same for B, or B} decay.

Integrating over x;, we obtain the differential decay
width

dr G%: ) (q - ml )2 /\1/2(q mB , mgc

— = —I Viel

dq? BCq 2mp,
>QHU+HL+HU+H¢+HQ (42)

from where, integrating over g2, we obtain the total decay
width that we write, following Ref. [5], as

FZFU+FL+fU+fL+fS (43)

with I"; and ) 7 partial helicity widths defined as

G2 _ 2 Al/z m2 ’mz
FJ:f 3| bclz(q ml) (q B. cc H

87 12m 2my 4

c

(44)

and similarly for ) ', in terms of H,.

PHYSICAL REVIEW D 74, 074008 (2006)

Another quantity of interest is the forward-backward
asymmetry of the charged lepton measured in the leptons
CMF. This asymmetry is defined as®

rx >0 Fx <0
App = 1~ (45)
e [yoo + T <0
and it is given in terms or partial helicity widths as
+Tp + 41
_3 prMsL (46)
AT, +T, +T,+T, +T

being the same for a negative charged lepton [~ (B, decay)
as for a positive charged one [T (B} decay), as I'p for
antiparticle decay has the opposite sign as for particle
decay.

Finally, for the decay channel B, — J/WIp, with the
J /¥ decaying into .~ u* we can evaluate the differential
Cross section

— A2 /2 P i i
dUp -+ /wyis, _ (1 N V1 4mM/mJ/\II(FU +Iy -2, + T, +Ty) 2 >I‘J/q,_,MM+ 1
3 = ~ 3 -
x [Z(FL + Ty + )+ 2@ = T dmi /g )Ty + rU)} @7
{
where x, is the cosine of the polar angle for the final  Ref. [5]. The same is true for the forward-backward asym-
M

u~ " pair, relative to the momentum of the decaying
J/W, measured in the u~u* CMF, T')/y_ -, is the
J/W¥ decay width into the u~u™ channel, and I';/y is
the total J/W¥ decay width. The asymmetry parameter

a =

(48)

governs the muon angular distribution in their CMF.

1. Results

In Table VI we give our results for the partial helicity
widths corresponding to B_ decays. For B decay the “P”
column changes sign while all others remain the same. The
central values have been evaluated with the AL1 potential
and the theoretical errors quoted reflect the dependence of
the results on the interquark potential.

In Table VII we show the asymmetry parameters. Our
values for a® compare well with the results obtained in

metry with some exceptions: most notably we get opposite
signs for B, — x.; and B, — W (3836).

In Fig. 5 we show the differential decay width dI'/dq>
for the decay channels 7n./” 7; and y. !~ 7, for the case
where the final lepton is a light one / = e, u’ or a heavy
one [ = 7. We show the results obtained with the AL1 and
BHAD potentials, finding no significant difference for the
T case, while for the light final lepton case the differences
are around 10% at low g>.

In Fig. 6 we show now the results for vector and tensor
mesons. As before, only for the case where the final lepton
is light we see up to 10% differences between the calcu-
lation with the AL1 and the BHAD potentials.

Finally, in Tables VIII and IX we give the total decay
widths and corresponding branching ratios for the different
transitions. The branching ratios evaluated by Ivanov et al.

8The forward direction is determined by the momentum of the
ﬁnal meson that we have chosen in the negative z-direction.

“We show the distribution corresponding to a final electron.
The distribution for a final muon differs from the former only for
¢* around m?,.
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TABLE VI. Partial helicity widths in units of 10™!5 GeV for B, decays. Central values have been evaluated with the AL1 potential.
B, — L'y Iy Iy r, I'p Ly Ty,
n.e” 7, 0 0 6.95+031 0.13%001 1075 0 0.44+003 1075 0.14+001 1075
Nl P, 0 0 6.807031 0.281002 1071 0 0.10*+001 0.31+001 1p~!
NeT™ Py 0 0 0.71+002 0.17+001 0 1.581004 0.291001
Xeo€ 7, 0 0 1.554014 03710051076 0 0.111001 1075 0.377005 19=¢
Xeot™ P, 0 0 L5103 0.75%0% 1072 0 0.23%002 1071 0.75%009 192
XeoT 77 0 0 0.8070%% 107! 0.23%201 107! 0 0.84+007 10=1  0.25%002 107!
J/We b, 11.5%06 0.3210902 1076 10.4%06 0.127001 1075 —5.48_,4 0.327003 1075 0.11%001 1073
J/Vu o, 11.4+06 0.13+001 101 10.2+07 0.281003 1071 —545 ,, 0.681007 1071 0.257002 107!
J/¥r D, 2,785 49 0.59+0.02 1741007 0.3970.02 —1.10_¢,03 0.3670.02 0.2170:01
Xer€ 7, 0.901902 0.431003 1077 0.357003 1071 0.28709% 1078 —0.7579:% 0.57+007 1078 0.22+002 19=8
Xl P, 0.8970:93 0.18%061 1072 0.35%003 1071 0.777098 107* —0.7579% 0.117001 1073 0.497005 10=#
XeiT 7r 0.75+002 1071 0.21*001 1071 0.467094 1072 0.12+001 1072 —0.64_g; 1071 0.23%002 1073 0.28*002 1073
hee™ D, 0.16+002 0.577007 1078 2.23%012 0.72709 1076 —0.26_p0; 107" 0.231003 1075 0.74+009 10
hep v, 0.16+002 0.247003 1073 216792 0.147001 1071 —0.26_g03 1071 0.45%293 107" 0.147002 107!
h.t" D, 0.237002 1071 0.60%%0 1072 0.6770% 107! 0.207°01 1071 —0.27 03 1072 0.97700 1071 0.2673% 107!
Xe2€ 7, 0.71+3% 0.373392 1077 1174008 0.313093 107 —0.35%20] 0.88%092 107°  0.30%393 107¢
X2kt 7, 0.71+992 0.157901 1072 1.14780] 0.621086 1072 —0.341001 0.167092 1071 0.577806 1072
XeaT P, 0.497051 1071 0.15_0¢, 1071 0.437501 107" 0.13_4(; 107" —0.187001 1071 0.12_¢4, 107" 0.707:9% 1072
W(3836)e” 7,  0.58 o7 107" 0.47_g06 107°  0.337001 1072 0.687091 107° —0.4879% 107" 0.175001 107%  0.607893 107°
W(3836)u 7, 0.57_g06 1071 0.19_g0p 107F  0.32700} 1072 0.15_g4; 107*  —0.4870% 1071 0.28%002 107* 0.11700 1074
P(3836)7 7, 0.78_gg 1073 0.28_503 1073 0.74_g06 107*  0.25_gpp 107*  —0.697098 1073 0.54_y4, 1075 0.65_ 05 1075
TABLE VII. Asymmetry parameters in semileptonic B. — c¢¢ decays. Our central values have been evaluated with the ALI
potential. We also show the results obtained by Ivanov et al. [5].
Apg(e) App(p) App(7) a*(e) a’(p)  a*(7)
B.— 7,
This work 0.601001 1076 0.131001 107! 0.35
[5] 0.953 1076 0.36
Bc — Xc0
This work 0.72+002 1076 0.15 107! 0.40
[5] 1.31 1076 0.39
B.— J/¥
This work -0.19 —0.18_g0 -0.35%092 1071 —-0.29_g5; —0.29 —0.19
[5] —-0.21 —0.48 107! —-0.34 —0.24
Bc — Xel
This work —0.60_¢.01 —0.60_¢.01 —0.46
[5] 0.19 0.34
B, — h,
This work —0.83_g0s 1072 0977591 1072 0.35
[5] -3.6 1072 0.31
Bc — X2
This work —0.14 -0.13 0.55%002 10!
[5] —-0.16 0.44 107!
B, — ¥(3836)
This work -0.59 —-0.59 -0.42
[5] 0.21 0.41
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FIG. 5. Differential decay width for the B, — n.[” ¥; and B, — x.ol” 7; processes obtained with the ALl potential. For
comparison, we also show with dotted lines the results obtained with the Bhaduri (BHAD) potential. The distribution for a final
muon is not explicitly shown. It differs appreciably from the corresponding to a final electron only for g> around mi
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TABLE VIII. Decay widths in units of 10™!> GeV for semileptonic B, — c¢ decays. Our central values have been evaluated with
the AL1 potential. Here [ stands for [ = e, .

[ [107" GeV]

This work [5] [71 [9,10] [12] [13]  [14] [18] [19] [22]
B, — 9.l 9, 6.95%029 10.7 59 142 1.1 831 11=1 2.1 (6.9) 8.6 10
B; — .17 7, 2.467007 3.52 3.3+09
B. — xol 7, 1554044 2.52 1.69
B = XooT 7, 0.19+0.01 0.26 0.25
B: — J/YI 21.9712 282 177 344 302 203 28+5  21.6(483) 17.2 42
B —J/¥7r v, 5.8670%3 7.82 72
B: — xal 7 1.40 221
B: = XaT 7, 0.10 0.17 0.35
B; — h 1 ¥ 2,400 442 251
B: — h.t 7, 0.21+001 0.38 0.36
B: — xol ™7 1.89*0: 44 2.92 2.73
Bl — X7 P, 0.13:99! 0.20 0.42
B; — W(3836)] 7, 0.062 4,008 0.13
B; — W(3836)7 7, | 0.0012_0 0002 0.0031

[4], where they have used the new B, mass determination
by the CDF Collaboration [26], are in reasonable agree-
ment with our results. Discrepancies are larger for the
decay widths in Table VIII where they use the larger
mass value mg = 6400 MeV quoted by the PDG [25].

C. Heavy quark spin symmetry

As mentioned in the Introduction, one cannot apply
HQS to systems with two heavy quarks due to flavor
symmetry breaking by the kinetic energy terms. The sym-
metry that survives for such systems is HQSS amounting to
the decoupling of the two heavy quark spins. Using HQSS,
Jenkins et al. [2] obtained relations between different form

factors for semileptonic B, decays into ground state vector
and pseudoscalar mesons. Let us check the agreement of
our calculations with their results. For that purpose let us
rewrite the general form factor decompositions in Eq. (9)
introducing the four vectors v and k such that

Pg = mp v; P.;=m. v+ k. (49)
v is the four-velocity of the initial B. meson whereas k is a
residual momentum. In terms of those we have

P =Py +P.=(mg +m;v+k
(50

q:PBC_PcE:(mB(._mCE)v_k

TABLE IX. Branching ratios in percent for semileptonic B, — c¢¢ decays. Our central values have been evaluated with the AL1
potential. Here [ stands for / = e, w.

Branching ratio (%)

This work [4] (7] [9-11] [12] [15,16] [18] [19] [20]
B — n.0" 7 0.48+0.02 0.81 0.42 0.97 0.76 0.75 0.15 0.59 0.51
B. — n. 7P, 0.17+001 0.22 0.23 0.20
BT — xeol 7 0.11+001 0.17 0.12
B. — xeoT 7r 0.013+0.001 0.013 0.017
B, — J/W¥I p, 1541006 2.07 1.23 2.35 2.01 1.9 1.47 1.20 1.44
B, —J/Vr b, 0.41+002 0.49 0.48 0.34
B — xal 7, 0.06629%3 0.092 0.15
B — X7 7, 0.007219:3002 0.0089 0.024
B — h 1 7 0.17+002 0.27 0.17
B — h.17 D, 0.015+0.001 0.017 0.024
B, — xol 7 0.13+001 0.17 0.19
BZ = XaT 7, 0.0093+5:9902 0.0082 0.029
B — W(3836)[" 7, 0.0043 _ 0005 0.0066
B — W(3836)7™ 7, 0.000 083 _4 000 010 0.000 099
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and we can write for the 7.(cc(07)) final state case

(Mer Py lJL(O)IBZ, Py ) = (7., P

PHYSICAL REVIEW D 74, 074008 (2006)

2 I O)BS, Py)

= ((mp, + my )F(g%) + (mp, — my )F_(q*)v, + (F1+(¢°) = F-(¢")k,

2mp 2m,, (330 (gPv, + 32 (gDk,), 1)
where we have introduced the new form factors
_ 1 o
302 = ————=((m_+ m, )F . (q®) + (my, —m, )F(¢?) 30 (¢>) = ———=(F.(¢>) ~ F_(g")).
2mpg 2m,, 2mg 2m,,
(52)
Similarly, for the J/W(cc(17)) final state case we have
/Y, APy lIPO)BL, Py ) = T/, AP,y I, (0) = IS8 (0)|B., Py)
2mp, v (D « . * .
= m%mﬁsu)(f’ﬁw)v kPV(q*) — l{(mza( - ml/‘l’)s(A)M(PJ/‘I')AO(qz)
A+(q2)
—k- P _— + + k
ey (P (T (g + k)
A_(q%)
+ m(('n& - mj/q,)v# - kﬂ)}
= _\/2’”36zmj/\lrswaﬁs(y:)(ﬁj/w)vak’gi;(]7)(q2) - 2m302m1/\1r{8f,\m(131/\1r)21]7)(C]2)
T (k- &7y By 39 (@, + (- et (Bl 38 (DK, ) (53)
with
- 1 (1 1 mpg mpg —
2(1)2: Me —m A (a2 2(1)2: (A A 2)
1 (g%) m( 5. — Mmyw)Ao(q”) > (q°) mmw (gH) + —mB — (q%)
=/(1- 1 —2mp = (1- 1 m 1
5" ) = V() 3 )= > (A4(g’) = A ()

2mg 2myy mp, + My

2(0 ) and 2(1 )are dimensionless, Em ) S ) 2/(1 ) have
dlmensmns of E~", and E (™) has d1mens1ons of E 2,

We can take the mﬁmte heavy quark mass limit m;, >
m. > Aqgcp with the result that near zero recoil

2(0 ) _ E(l ) E(O ) 2(1 ) E/(l ) =0 igl’) =0.

(55)

This agrees perfectly with the result obtained in Ref. [2]
using HQSS."

In Fig. 7 we give our results for the above quantities for
the semileptonic B, — 7, and B, — J/WV decays for the
actual heavy quark masses. Even though we are not in the

infinite heavy quark mass limit, we find that 2(107) and E(lr)
dominate over the whole ¢ interval. This dominant be-
havior would be more so near the zero-recoil point where

k = 0 and thus the contributions from the terms in 2(207),

""Note, however, the different global phases and notation used
in Ref. [2].

2mg 2mypy My M, + Mgy

(54)

{
2(21*), 2/2(1*)’ and 2(3]7) are even more suppressed. Thus,
even for the actual heavy quark masses we find that near
zero recoil

(e, B, [JLO)BS, By )= [2mp 2m,, 3" (v,

(J/W, AP, )y |JL(0)|B; Py ) =~ —i\ﬂmgczmj/wam(ﬁj/«p)
x 3 (g?), (56)

Besides, as seen in Fig. 8, 2(10_) of the B, — 7., and 2(11_)
of the B, — J/V¥ semileptonic decays are very close to
each other over the whole ¢? interval. This implies that the
result obtained in Ref. [2] near zero recoil using HQSS
seems to be valid, to a very good approximation, outside
the infinite heavy quark mass limit.

IV. NONLEPTONIC B, — ccM; TWO-MESON
DECAYS

In this section we will evaluate decay widths for non-
leptonic B, — c¢cMy two-meson decays where My is a
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E. HERNANDEZ, J. NIEVES, AND J.M. VERDE-VELASCO

BC %nc

I/— 21(0)(q2) T T T T T

. S (0), 2
08 1GeV- =, (q")

0.6 i
0.4) ]
0al  ALI ]
1 1 1 1 1
% 2 I 6 g 10

PHYSICAL REVIEW D 74, 074008 (2006)

1) 2
=gt )
=(1), 2 B —J/V¥
== 1GeV- X, (q) ¢
1 = (1), 2 T T T T T
""" 1GeV- 22 _(q )
2 = (), 2
0,8F |- 1GeV™ X3 (q) _

0,6

0,4

T
1

0,2F -

FIG. 7. 3{" (solid line) and Y (dashed line) of the B; — 7., and 3" (solid line), 35"’ (dashed line), 24" (dotted line), and
2(31 ) (dash-dotted line) of the B. — J/WV semileptonic decays evaluated with the AL1 potential.

pseudoscalar or vector meson. These decay modes involve
a b — c transition at the quark level and they are governed,
neglecting penguin operators, by the effective Hamiltonian
[4,7,18]

G
Tg{vcb[cl(mgib + (w051 + Hel,  (57)

H =

where ¢, ¢, are scale-dependent Wilson coefficients, and

QsP, Q5P are local four-quark operators given by
1 ‘ \
00 |— =@ B, >n)
osl I S RCRIC A S Ol )

0,7 -
0.6 ]
0,5 : ALl ]
A4 6 s 10

q [GeV’]

FIG. 8. 37 (solid line) of the By — 7., and 3!') (dashed
line) of the B, — J/WV semileptonic decays evaluated with the
AL1 potential.

05t =W.(0)y, (I = ys)¥,(0)[V;, ¥ a0)y* (I = y5)¥,(0)
+ Vi Wy (0)y* (I = v5)¥,(0)
+ VP L0)yH(I = y5)P.(0)
+ VAV (0)y*(I = y5)V.(0)]
=W, (0)y,(I = y5) ¥, (0)[V;, e (0)y* (I = y5)W,(0)
+ V2 (0)yH (I — y5)V.(0)]
+ W (0)y, (I = v5) U, 0)[ Vi, ¥ (0)y“(I — y5)¥,(0)
+VEP(0)y (I~ y5)¥.(0)] (58)

where the different V;;, are CKM matrix elements.

We shall work in the factorization approximation which
amounts to evaluating the hadron matrix elements of the
effective Hamiltonian as a product of quark-current matrix
elements: one of these is the matrix element for the B_
transition to one of the final mesons, while the other matrix
element corresponds to the transition from the vacuum to
the other final meson. The latter is given by the correspond-
ing meson decay constant. This factorization approxima-
tion is schematically represented in Fig. 9.

When writing the factorization amplitude one has to take
into account the Fierz reordered contribution so that the
relevant coefficients are not ¢; and ¢, but the combinations

1
aj(p) = ci(p) + F¢2(M)§
c
(59)

ar(i) = ex(u) + Nicclw

with No = 3 the number of colors. The energy scale u
appropriate in this case is w = m,, and the values for a; and
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g (] oM

FIG. 9. Diagrammatic representation of B,
in the factorization approximation.

two-meson decay

a, that we use are [4]
a; = 1.14; a, = —0.20. (60)
AM,=m7",p ,K,K"
This is the simplest case. The decay width is given by

G2 M2 (m |, m2s, m?
I=—L |V P IVplPa? s, )
l6mmy_ 2mp,
X H oap(Py, Per) H P (Py) (61)
with mp the mass of the M final meson, and V =V, or
Ve =V, dependlng on whether M = 7, p~,or M =

K-, K*.

B — c¢ transition and FH a'B(PF) is the hadron tensor
for the vacuum — M transition. The latter is

.7:[01’8(PF):

aB(PBL-’ P,:) is the hadron tensor for the

Paphy My =0 case

j'[aB(PF) = (P%Pﬁ — mg*P)f2 My =1 case

(62)

with fr being the M decay constant.

Similarly to the semileptonic case, the product
H os(Pp., P )H “p (Pr) can now be easily written in
terms of helicity amplitudes for the B, — c¢ transition
so that the width is given as [4]

My =07 case

G2 1/2( B ’ m i mF)
I = F Vv 2 Vv 2 cc 2 2
716#1’)1%3[' b1Vl 611 2my, mefr
X H gy = (mF)
My =17 case
2 120002 102 2
I = GF |V |2|V |2a2 A (ch’ Mee mF)
167my, ol TTE 2mp,
X mip (I (m)
+ HE T (md) + H " (m}) (63)

with the different H ,, evaluated at g> = m>2. In Table X
we show the decay widths for a general value of the Wilson
coefficient a;, whereas in Table XI we give the correspond-
ing branching ratios evaluated with a; = 1.14. Our results

PHYSICAL REVIEW D 74, 074008 (2006)

TABLE X. Decay widths in units of 1075 GeV, and for
general values of the Wilson coefficient a;, for exclusive non-
leptonic decays of the B, meson. Our central values have been
obtained with the AL1 potential.

I [1077 GeV]

B, — 7. 1.02+0‘07a%
B, — n.p 2.60+0'16a%
B, — n.K~ 0.08%32’100‘?%
B. — n.K 0.157%% ay
B; — J/Vw 0.83100942
B, —J/Vp 261702742
B — J/WK~ 0.06570:00742
B. — J/WK*~ 0.16700142

T = XeoT 0.28700342

0.73+0A07a%

- — xoK 0.022+000342
c = XK 0.041+0.00542

) 0.0015 +0AO()02a%
T = XelP 0.11+0‘0102

c > xakK 0.00012+0:00001 52
¢ = XK' 0.00801 56603t
o — hew 0.58100742

B, — h.p~ 141701742

B, — h.K~ 0.04510:006432

B, — h K*~ 0.078+000942

B: — X T 024+()02 2

B. = Xap~ 071+8g;“1

Bc_ — Xc2K_ 0. 018+0002 2

B; = XK' 0.0413801a?

B: — W(3836)7~
B: — W(3836)p
B — V(3836)K~
B — W(3836)K*~

0.000 450000 63a7
0.021+0.001 ;2

0002 00 2
0.000 0345000 00291
0.0015—0‘00020%

for a final 7, or J/i are in good agreement with the ones
obtained by Ebert et al. [7], El-Hady et al. [12] and
Anisimov et al. [19], but they are a factor 2 smaller than
the results by Ivanov et al. [4] and Kiselev [16]. Large
discrepancies with Ivanov’s results show up for the other
transitions.

B.M;, =D ,D",Dg,D;

In this subsection we shall evaluate the nonleptonic two-
meson B, — n.D~, n.D*~, J/¥D~, J/¥D*" and
B, — n.Dy, n.Di~, J/VYD;, J/VD:~ decay widths.
In these cases there are two different contributions in the

factorization approximation. Following the same steps that
led to Eq. (63), we shall get

G2 AN2(m% , m2,, m%)
M=t L Ve PIVE ; P HH, (64)
Ty, mg.

where now Vp =V, for My = D™, D*” and Vp =V
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TABLE XI.
with the AL1 potential.

PHYSICAL REVIEW D 74, 074008 (2006)

Branching ratios in percent for exclusive nonleptonic decays of the B, meson. Our central values have been obtained

Branching ratio (%)

This work [4] (7] [9-11] [12] [16,17] [18] [19] [23]
B; — m.m 0.094+0-006 0.19 0.083  0.18 0.14 0.20 0025  0.13
B — m.p” 0.24+001 0.45 0.20 0.49 0.33 0.42 0.067 030
B; — 0K~ 0.0075+0:0005 0.015 0.006  0.014 0011 0013 0.002 0013
B — 0 K*~ 0.013*+0:001 0.025 0011  0.025 0018  0.020 0.004  0.021
B — J/Vr™ 0.07610.008 0.17 0.060  0.18 0.11 0.13 0.13 0.073
B —J/Vp~ 0.24+002 0.49 0.16 0.53 0.31 0.40 0.37 0.21
B; — J/VK~ 0.0060 +0-0006 0.013 0.005 0014 0.008  0.011 0.007  0.007
B: — J/VK*~ 0.014+0:002 0.028 0010  0.029 0018  0.022 0.020  0.016
B: — xeom 0.026*0-003 0.055 0.028 0.98
B: = Xxeop™ 0.067£5-990 0.13 0.072 3.29
B: — x.0K~ 0.0020+0-0002 0.0042 0.00021
B: — x.0K*~ 0.0037+0-0005 0.0070 0.00039
Bl — xam 0.000 14000001 0,0068 0.007 0.0089
B: = xap~ 0.010%539! 0.029 0.029 0.46
B; — xa K~ 117011073 511074 521073
B. — xaK* 0.00073*300007  0.0018 0.000 18
B; — h.m™ 0.053*+0:007 0.11 0.05 1.60
B: — h.p~ 0.13+00! 0.25 0.12 5.33
B — h.K~ 0.0041 +0-0006 0.0083 0.00038
B; — h K"~ 0.0071 +0:0008 0.013 0.000 68
B = X 0.022+0:002 0.046 0.025 0.79 0.0076
BZ = Xep~ 0.0659:50 0.12 0.051 3.20 0.023
B: — xo K~ 0.0017+0-0001 0.0034 0.000 18 0.000 56
B. — xaK* 0.00380:00%3 0.0065 0.00031 0.0013
B; — W(3836)7" 4140031073 0.0017 0.030
B; — W(3836)p~ 0.0020_0,0003 0.0055 0.98
B; — W(3836)K~ 3.1%%210°¢ 0.000 12
B — W(3836)K*~ 0.000 14_gg0002  0.00032

for M = Dy, Di~. The quantity { HH incorporates all
information on the hadron matrix elements and depends on
the transition as [4]"!

HHE=1L™ = |ayhi ™" (md-)mp-f1-
+ a2hf‘fﬁD7 (m%;l.)mmfm-

HHB=DLT = | — ayhge ™ (mE Yy fpe-
+ azihg)[;tﬂmi (m )y [, 1°

N . Br—J/W
H HBA—I/YD =|alzhﬁ))t I (m3-)mp- fp-

2

— ayhy P (m3 )my o f el
- w— c—J/
G J{B—I/ YD _ Z |a1hfr()r J/ (m2.Ymp fp-

(Ir (mi/\p)mj/\l’fj/‘I'P (65)

"Note the different phases used in Ref. [4].

and similarly for Dy, D;~. Note that the helicity ampli-
tudes corresponding to B, — D~, D*~, D, D;” have
been evaluated from the matrix elements for the effective
current operators ‘Pdﬂ?(O)y/’“(l — v5)¥,(0) in Eq. (58).
While in practice this is a b — d, s transition, the momen-
tum transfer (m, or m% /\I,) is neither too high, so that one

has to include a B} resonance, nor too low, so as to have too
high three-momentum transfers.'? Besides the contribution
is weighed by the much smaller a, Wilson coefficient. In
Table XII we give the decay widths for general values of
the Wilson coefficients a; and a,, and in Table XIII we
show the branching ratios. We are in reasonable agreement
with the results by Ivanov et al. [4], EI-Hady et al. [12], and
Kiselev [16]. For decays with a final Dy, Di~ the agree-
ment is also reasonable with the results by Colangelo et al.
[18] and Anisimov et al. [19].

20ur experience with the B — 7 decay [3], where we have a
similar b — u quark transition, shows that the naive nonrelativ-
istic quark model gives reliable results for ¢g> =~ 9 GeV?2.
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TABLE XII.

PHYSICAL REVIEW D 74, 074008 (2006)

Decay widths in units of 107!> GeV, and for general values of the Wilson

coefficients a; and a,, for exclusive nonleptonic decays of the B, meson. Our central values
have been obtained with the AL1 potential. For the vector-vector final state we show the three
different contributions corresponding to » = +1, —1, 0 [see Eq. (65)].

I [1071% GeV]
BS — 1D~ (0.438700104, +0.236+99394,)?
B; — ’r]cD*_ (_0.390,0'009611 - 0136f88£a2)2
B, — J/¥D~ (—0.328_g10a; — 0.156733184,)?
B; - J/\PD*7 (_0.195_0'008(11 - 0066t88(|)(]’612)2
+(—0.39O,0‘018a1 - 0209t88§ga2)2
+(0.447 _gg16a; + 0.1677051%a,)?
B; — n.Dy (2.5470054, 4+ 1.9370104,)2
B: — n. Dy~ (—1.84_gga; — 11753 97a2)
B; - J/\I,D; (—185f88éa| - 1'23*0.06612)2
B; - J/‘I’D:7 (— 1.01 —0.0441 — 060t88%(12)2
+(—2.00_gsa; — 1.7130%a,)?
+(2.17,0'08a1 + 142t8(1)%612)2
TABLE XIII. Branching ratios in percent for exclusive nonleptonic decays of the B, meson.

Our central values have been obtained with the AL1 potential.

Branching ratio (%)

This work [4] [9] [12] [16] [18] [19]
B — n.D~ 0.01410.001 0.019  0.0012 0.014 0.015 0.005 0.010
B — n. D" 0.012+0.001 0.019  0.0010 0.013 0.010  0.002  0.0055
B, — J/¥D~ 0.00830-0005 0.015 0.0009 0.009 0.009  0.013 0.0044
B, — J/¥D*~ 0.0310.001 0.045 0.028 0.028 0.019 0.010
B; — n.Dy 0.44 1002 0.44 0.054 0.26 0.28 0.50 0.35
B; — n.D;~ 0.24 1002 0.37 0.044 0.24 0.27 0.038 0.36
B, — J/¥D; 0.2410.02 0.34 0.041 0.15 0.17 0.34 0.12
B — J/¥Di 0.6870-03 0.97 0.55 0.67 0.59 0.62

V. SEMILEPTONIC B, — B°, B*, B, B:* DECAYS

In this section we shall study the semileptonic B, — B°,
B*0, B, B*® decays. With obvious changes, the calcula-
tions are done as before, with the only novel thing being
that now it is the antiquark that suffers the transition (we
have ¢ — d, 5), and thus we have to take into account the
changes in the form factors according to the results in
Appendix C.

A. Form factors

In Fig. 10 we show the form factors for the above
transitions evaluated with the AL1 potential. For the B°
and E? cases, we also show the results obtained with the
BHAD potential. Although they are less visible in the
figures, the larger differences, of up to 25%, occur for the
F_ form factor.

In Table XIV we show F,, F_, and F, [defined as in
Eq. (15) changing the mass of the final meson] of the
B, — BY, BY transitions evaluated at g2, and g2, and
compare them with the results by Ivanov et al. [6] and

Ebert et al. [8]. Notice that, to favor comparison, we have
changed the signs of the form factors by Ebert et al. (they
evaluate B decay) in accordance with the results in
Appendix C. The agreement with the results by Ebert
et al. is good. We also agree with Ivanov et al. for F,,
but get very different results for F_. As fermion masses are
very small, the disagreement in the F_ form factor will
have a negligible effect on the decay width.

In Table XV we show V, A ,A_, Aj, and AO [defined as
in Eq. (19) changing the mass of the final meson] of the
B, — B, B} evaluated at g2, and g2, and compare
them with the results by Ivanov et al. [6] and Ebert et al.
[8]. With some exceptions the agreement with Ebert’s
results is bad in this case. We are also in clear disagreement
with Ivanov’s results.

B. Decay width

In Tables XVI and XVII we give, respectively, our
results for the partial helicity widths and forward-
backward asymmetries.
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FIG. 10. F. and F_ form factors (solid lines) for B, — B and B, = B semileptgnic decay, and V (solid line), A (dashed line),
A_ (dotted line), and A, (dash-dotted line) form factors for B, — B*® and B, — B*° semileptonic decay evaluated with the ALI
potential. For the first two cases, and for comparison, we also show with dotted lines the results obtained with the Bhaduri (BHAD)
potential.

TABLE XIV. F,, F_, and F, evaluated at ¢2. and g2, compared to the ones obtained by
Ivanov et al. [6] and Ebert et al. [8]. Our central values have been obtained with the AL1
potential. Here [ stands for [ = e, u.

B: = B°I" 7 i Ginax B: = B 7 i Ginax
This work —0.397203  —0.707%9% This work 0587200 —0.867%!
[6] —0.58 —0.96 [6] —0.61 -0.92

(8] —0.39 —0.96 (8] -0.50 -0.99

F_ F_

This work —0.11%%02  —0.097%0¢ This work —-0.087000  —0.057%3}
[6] 2.14 2.98 [6] 1.83 2.35

Fy Fy

This work -0.39709%  —0.7175%3 This work —0.58 g0,  —0.867001
(8] —0.39 —0.80 (8] —0.50 —0.86
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TABLE XV. V,A.,A_, A, and A, evaluated at qfnm and g2, compared to the ones obtained
by Ivanov et al. [6] and Ebert et al. [8]. Our central values have been obtained with the AL1
potential. Here [ stands for [ = e, w. Asterisk as in Table IV.

PHYSICAL REVIEW D 74, 074008 (2006)

Bc_ - B*Ol_ 1_/1 qrznin qzmax BL_ - B:OZ_ 1_/1 qrznin qzmax

v 14

This work —1.69704  —2.98%001 This work —-2.2979002  —3.32750
[6] -5.32" [6] —-4.91*

8] -3.94 -8.91 8] —3.44 —6.25

Ay Ay

This work —0.801202  —1.3070:02 This work —0.981201  —1.351003
6] 0.49 6] 0.21

8] -2.89 -2.83 8] —-2.19 —2.62

A A

This work 3774043 7.02_035 This work 4.78%533 7.174%9¢
6] 18.0 6] 15.9

AO AO

This work —4.571930  —7.347038 This work 7397018 —10.10532
[6] -5.07 [6] —6.60

8] —5.08 -8.70 (8] —6.60 -10.23

Ay Ay

This work —0.34700%  —0.6079% This work —0.51700  —0.74759!
8] -0.20 -1.06 (8] —0.35 -0.91

In Fig. 11 we show the differential decay width for the
B, — Bl" v, B, — B% 9, B, — Bl 9, and B, —
B°1” 9, transitions (I = e, ). In Tables XVIII and XIX
we give the total decay widths and branching ratios and
compare them with determinations by other groups. Our
results are in better agreement with the ones obtained by
Ebert et al. [8], Colangelo et al. [18], Anisimov et al. [19],
and Lu et al. [24].

C. Heavy quark spin symmetry

In Fig. 12 we give 3\ and 3 of the B, — B and
B, — BY transitions, and 3{' ), 31 1) and S of
the B, — B*" and B, — B:° transitions.

We can take the infinite heavy quark mass limit on our
analytic expressions with the result that near zero recoil

TABLE XVI. Partial helicity widths in units of 10™'> GeV for B, decay. Central values have been evaluated with the AL1 potential.
y ¢ y p
B, — I'y Iy Iy r, I'p I Ly,
B, 0 0 0.657307  0.147092 1075 0 04710051075 0.157591 1073
Bu~w, 0 0 0.55%206  0.15%20 1071 0 0.64%016 107" 0.1755%2 107!
Ble 7, 0 0 15.1797 0431202107 0 0.14%001 1073 0.451053 1074
Bp v, 0 0 12.4703 0.4075:% 0 1.6975:98 0.4715%2
BYe 7, 0.8370% 026759 107°  0.76739)  0.10759r 107> 0.36700F  0.2775%8 1070 0.967013 1076
Bup, 0797510 0977511 1072 0.68759%  0.147500 1071 0347502 0.287500 1071 0.117592 107!
B¢ v, 16.7+93 0.667004 1075 16.8%44 033703 107 6117930 0.88*308 107*  0.3073% 107*
B w, 15.6758 0.2470.%2 145700 0.375%2 5667018 0.7775% 0.300:0
TABLE XVII. Forward-backward asymmetry. Our central values have been evaluated with the

ALL1 potential. We would obtain the same results for B — B° decays.

Arp(e) Apg(p)
B, — BO 0.671002 107> 0.827001 101
B —>B(3 0.89+001 10-> 0.96+001 10!
Bg —_ B*O 0 17,0'01 0.19,0'01
B; — BY 0.14_g 0 0.1610:01
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FIG. 11. Differential decay width for the B, — B%/" %, and B, — B% 7,, B — Bl 7,, and B, —» Bl 9, (I=-¢, u)
transitions. Solid line: results for a final e evaluated with the AL1 potential; dotted line: results for a final e evaluated with the
Bhaduri (BHAD) potential; dashed line: results for a final u evaluated with the AL1 potential; dash-dotted line: results for a final w
evaluated with the Bhaduri (BHAD) potential.

TABLE XVIII. Decay widths in units of 107! GeV. Our central values have been evaluated
with the AL1 potential.

I [1071 GeV]

This work [6] [8] [9] [12] [13] [16] [18] [19] [20] [24]
B, — Ben, 0.657907 2.1 0.6 230 1.14 190 49 0.9(1.0) 0.59
B; — B'upw, 0.6370:00
B — Blep, 151497 29 12 266 143 268 59 11.1(129) 15 12311.75
B — Blup, 14.5%98
B — BYep, 1.597017 23 1.7 332 353 234 85 28(32) 2.44
B; — B upn, 1523007
B — BVep, 33.5%12 37 25 440 504 346 65 335(37.0) 34 19.032.56
B — BYup, | 3157}%

2(11*):220*) i(zr)=i’2(r)= —2(207) igr)zo_ (66)  we see differences. In Ref. [2] we find"? i(zr) = 2(207)
instead. This is wrong as there is a misprint in Ref. [2]

When compared to the results of HQSS by Jenkins et al. [2] 3Note the different notation and global phases used.
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TABLE XIX. Branching ratios in percent. Our central values have been evaluated with the
AL1 potential.

Branching ratio (%)
This work [4] (8] [9] [12] [16] [18] [19] [20]
B — Blep, 0.046759%%  0.071  0.042 0.16 0078 034 0.06 0.048
By — B'up, | 004470005
B, — Blep, 1.0675:93 1.10 084 1.82 098 403 08 099 092
B, — Blup, | 1.02:0%
B. — BYep, 0.11f8~8} 0.063 012 023 024 058 0.19 0.051
B, — Bup, | 0.11700
B — Bep, 2351014 237 175 301 345 506 23 230 1.41
B — B'uw, 2.221012
o _ () 2 —g
B — B’ @) B — B
Op——T— : ___f___,____.___l___ : Ir-- 1GeV- 22(1 )(qz) T T -
""" 0,8-— T ]
ook [ 16ev- =, @) ]
0,2 . T 2 =), 2 ]
04F [ 1GeV™ 23( a) _
0,2k i
OF ]
-0.2} J
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~0.6}F i
t ALI1 .
0.8 N 1 1 1 ]
0 0,2 0. 4 o 6 0.8 1
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"""""""""" 0,8-— ]
o ock | 1Gev- T, gd ]
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— | o4l |- 1GeV™ 23( @) ]
0.4f J— 2 (q ) - ] 0.2 1
-- 1GeV- ZZ(O )(qz) 1 Opcocon s s
-0,6F a -0,2F —
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o<l ALI1 1 -o6F ]
0.8 ol ALI ]
1 1 1 " 1 " 1 -Y, " 1 " 1 " 1
0,2 0,4 0,6 0.8 0 0,2 0,4 0,6 0,8
2 2 2 2
q [GeV'] q [GeV']

FIG. 12. 3\ (solid line) and 3 (dashed line) of the B

— BY and B, — BY transitions, and 2(1 ) (solid line), E(l ) (dashed

line), E'(l ) (dotted line), and E (- (dash-dotted line) of the B, — B*0 and B, — B:° transitions evaluated with the AL1 potential.

that has not been noted before: the sign of the term in v* in
the last expression of Egs. (2.9) and (2.10) in Ref. [2]
should be a minus [42]. Also from Ref. [2] one would
14 ilz(l’) — 2(20’)

expect contradicting our result in Eq. (66)

“One would have to look at Eq. (2.10) in Ref. [2], even though
it refers to B decay into D°, D*, because that is the reaction
where you have antiquark decay in their case.

where we find 35" = =3 Our result is a clear pre-
diction of the quark model and comes from the extra signs
that appear due to the fact that it is the antiquark that
decays (see Appendix C). This difference between quark
and antiquark decay was not properly reflected in their
published work [42].

How far are we from the infinite heavy quark mass

limit? In Fig. 13 we show 2(107) of the semileptonic
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FIG. 13. 3% of the semileptonic B, — B° (solid line) and

B — 1:3? (dotted line) transitions, and E(]r) of the semileptonic
B — B*0 (dashed line), and B, — B° (dash-dotted line) tran-
sitions evaluated with the AL1 potential.

B. — B° and B — B transitions, and 3\'") of the semi-
leptonic B, — B*® and B, — B’ transitions. The differ-
ences

between the corresponding 2(107) and 2(11*) are at the level
of 10%. The differences are much more significant for
2(207), i(zr), and i'z(r) that we show in Fig. 14. In each
case the three curves shown would be the same in the
infinite heavy quark mass limit. Clearly, in this case cor-
rections on the inverse of the heavy quark masses seem
to be important.

—-1Gev- £ ") B> B')
041 1GeV- X (1), 2 S B
i eV- %, (@) (B,—> B)
= (1), 2 3 )
03 1Gev- T, @) B> B ]
0’2_ ......................... _
0.1k |
O— ALl |
) 1 | o l
Yoo 04 0808 I
2 2
q [GeV ]

—ig” (solid line) of the semileptonic B, — B° and B, — BY transitions, and 2(217) (dashed line), i'z(r)
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VI. NONLEPTONIC B, — BM; TWO-MESON
DECAYS

In this section we will evaluate decay widths for non-
leptonic B, — BM two-meson decays where My is a
pseudoscalar or vector meson with no b quark content,
and, at this point, B represents a meson with a b quark.
These decay modes involve a ¢ — d or ¢ — § transition at
the quark level and they are governed, neglecting penguin
operators, by the effective Hamiltonian [4,8]

Hep = —={Vealer(m) 054 + (1) 057]

G
V2

+ Veslen(w)QF* + c2(w)Q5°] + Hee, (67

where ¢y, ¢, are scale-dependent Wilson coefficients, and

cd 54, Q¢*, Q5* are local four-quark operators given by

05! =V (0)y, (I — y5) P O)[V;, ¥, (0)y*(I — v5)¥,(0)
+ Vi, Wi0)y“(I = y5)¥,(0)]

$¢ =W .0)y, (I — ys5)¥,0)[Vi, Py (0)y* (I — y5)¥,0)

+ Vi W 0)y# (I = y5),4(0)]
05 =W (0)y, (I — v5) U (O)[V;, ¥ (0)y*(I — y5)W,(0)
+ Vi Wi (0)y* (I = v5)¥,(0)]
5 =W (0)y, (I = y5) ¥, (0)[ Vi, W (0)y*(I — y5)¥,(0)
+ Vi Wi(0)y# (I — v5)¥,(0)] (68)

We shall work again in the factorization approximation
taking into account the Fierz reordered contribution so that
the relevant coefficients are not c¢; and ¢, but the combi-
nations

— — 1GeV- 2 o )(q ) (B - 0)
(1 ) B *0
04— 1Gev- 0 ) B, > B, |
1Gev- ¥, H B, > B,”)
T T ]
0’2_ ............ _
0,1} _
of ALl |
01" ) —____l—___-:____l- ________ o |
E v 04 0,6 0,8
2 2
q [GeV ]

(dotted line) of

the semileptonic B, — B*® and B, — B’ transitions evaluated with the AL1 potential.
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1 1 a; = 1.20; a, = —0.317. 70
ap) =)+ e aw) = el +-a ). ! : 70
c c
(69) AMp=a,p ,K ,K"
The energy scale u appropriate in this case is u = m, and In this case B denotes one of the B®, B*°, BY, Bi°. The
the values for a; and a, that we use are [4] | decay widths are
G2 1/2( mp ., Mpo pwos mF) R0 340
I'=—"~L |V 2Vp|2a? B 2 m2f2H BB (12) My = 0" case
16713, e 2ch St "r g
G2 )ll/z(m%, » M50 540, M F) -_, B0 p*0 -_, g0 p*0 (71)
P = Ty Vel 1Vila} o 5 A ST ) + HETT ()
+5-[B —B%5 m%)) Mp =1 case

TABLE XX. Decay widths in units of 1073 GeV, and for general values of the Wilson
coefficient a;, and branching ratios in percent for exclusive nonleptonic decays of the B, meson.
Our central values have been obtained with the AL1 potential.

I [1071 GeV]
This work
B, — B'm~ 1.10%01%a2
B. — B%" L.411015a3
B — BK- 0.008 b 003a?
B, — B°K*~ 0.038*0003a?
B, — BO7~ 071701242
e
B~ Bk ot
B: — B™K 0.29%gpsay
B — Bym~ 34712042
BC: — lfgpi 23. ]+2()6le
B; — QBK*_ 2.871 018342 i
Bc — B_SK 0.13,0_01a1
B: — B'7~ 22.87%2a3
BC: _ I?Egp: 132+2[i10 2
B; — Bk 1.2979.1043
Branching ratio in %
This work [4] (8] 91  [121 [16] [18]  [19]
B; — B'm 0.115991 020 010 032 010 106 0.19 0.15
B; — B%p~ 0.1475% 020 013 059 028 09 015 0.19
B, — Bk~ 0.01075%1  0.015 0009 0025 0010 007 0014
B — BK*~ 0.003970.9003  0.0048 0.004 0018 0.012 0015 0.003
B; — B*7~ 0.07275912 0057 0026 029 0076 095 024 0.077
B; — B*p~ 0.58+0:02 030 067 117 089 257 085 0.67
B — BK~ 0.00480.5007  0.0036 0.004  0.019 0.006 0.055 0012
B; — B*K*~ | 0.030%3%%% 0013 0032 0037 0065 0058 0033
B; — Blm~ 3.517548 39 246 575 156 164 3.01 3.42
B; — Blp~ 2.34700 23 138 441 386 72 134 233
B; — BYK~ 0.29759! 029 021 041 017 106 021
B; — BYK*~ 0.013_g99y  0.011  0.0030 0.10 0.0043
B; — B'm~ 2.347019 2.1 158 508 123 65 350 1.95
B; — B0~ |13.4102 11 108 148 168 202 10.8 12.1
B; — Bk~ 0.137901 013 011 029 013 037 016
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and similarly for B, B:® with |V, — |Vl B®, B** — BY,
B, Vp =V, or Vp =V,  depending on whether M, =
7 ,p orMp= K ,K', fris the decay constant of the
M meson, and the different 7{,, have been evaluated at
g*> = m2. In Table XX we show the decay widths for a
general value of the Wilson coefficient a;, and the corre-
sponding branching ratios evaluated with a; = 1.20. The
transition B, — B°K*~ is not allowed with the new B,
mass value from Ref. [26]. Our branching ratios for a final
BY or B are in very good agreement with the results by
Ivanov et al. [4], while for a final B® or B** we are in very
good agreement with the results by Ebert et al. [8] (with the
exception of the B, — B*7r~ decay).

B. My = 7709 p09 KO, K*
Here the generic name B stands for a B~
meson. The different decay widths are given by

or a B*~

F— Gy e e g )
167my, udl 1TF 2mp,
X m2frHE BB (m2) My =0 case
G2 1/2( B)m *= mF)
F=— Vil lVel?a3 £.f
Tomm IV.al*IVEl*a 2y

c

B—B~,B*~
X meF(j_[+1+l

B-—B~ B~
+ Iy mg))

() + HO 7 ()
Mp =1 case, (72)

TABLE XXI. Decay widths in units of 1071 GeV, and for
general values of the Wilson coefficient a,, and branching ratios
in percent for exclusive nonleptonic decays of the B, meson.
Our central values have been obtained with the AL1 potential.

I [10715 GeV]

This work
B, — B*WO 0.54%5:07a3
B — B p° 0.71596a3
B; — B K° 35.3%40a3

— — % 0.9
B — B K" 13.159a3
B.— B 7 0.3570:%a3
B.— B* p° 2.84*0%0a3
5= 10
B.— B K 1693543
B.— B* K" 103+8,a2
Branching ratio in %
This work ~ [4]  [8] [9] [12] [16] [19]

B — B~ a® [0.0038%39%05 0.007 0.004 0.011 0.004 0.037 0.007
BZ — B~p" |0.0050+5:99% 0.0071 0.005 0.020 0.010 0.034 0.009
B — B~K° (0257003 038 024 066 027 198 0.17
B; — B K™ |0. 093+38?2 011 009 047 032 043 0.095
B, — B*~ @ |0.0025750004 0.0020 0.001 0.010 0.003 0.033 0.004
B.— B p® 1002079892 0011 0.024 0.041 0.031 0.09 0.031
B,— B* K" |0.125302 0088 011 050 016 160 0.061
B, — B* K™ |0.7375% 032 084 097 170 167 057

PHYSICAL REVIEW D 74, 074008 (2006)

where Vp =V o1 Vi =V, dependmg on whether My =
70, p® or My =K, K, frp= fr for Mp = K°, K*0
whereas fr = fr/+/2 for My = 7°, p°, with fr the My
meson decay constant, and the different { ,, evaluated at
g*> = m>2. The latter have been obtained from the matrix
elements for the effective current operator W ,(0)y*(I —
v5)W,(0). The decay widths, for a general value of the
Wilson coefficient a,, and the corresponding branching
ratios are shown in Table XXI. With the exception of the
B. — B*~ 7° case, our results are in a global good agree-
ment with the ones by Ebert et al. [8].

VII. SUMMARY

We have made a comprehensive and exhaustive study of
exclusive semileptonic and nonleptonic two-meson decays
of the B, meson within a nonrelativistic quark model. We
have left out semileptonic processes involving a b — u
transition at the quark level to avoid known deficiencies
both at high and low g? transfers [3]. For similar reasons
we have only considered two-meson nonleptonic decay
channels that include a c¢ or B meson. Our model respects
HQSS constraints in the infinite heavy quark mass limit but
hints at sizable corrections away from that limit for some
form factors. Unfortunately such corrections have not been
worked out in perturbative QCD as they have for heavy-
light mesons [43].

To check the sensitivity of our results to the interquark
interaction, we have used five different quark-quark poten-
tials. Most observables change only at the level of a few
percent when changing the interaction. There is another
source of theoretical uncertainty in the use of nonrelativ-
istic kinematics in the evaluation of the orbital wave func-
tions and the construction of our states in Eq. (1). While
this is a very good approximation for the B, itself, it is not
necessarily so for mesons with a light quark. We never-
theless think that, to a certain extent, the ignored relativis-
tic effects are contained in an effective way in the free
parameters of the interquark interaction, which are fitted to
experimental data.

Our results for the observables analyzed are in a general
good agreement (whenever comparison is possible) with
the results obtained within the quasipotential approach to
the relativistic quark model of Ebert et al. [7,8].

The branching ratios for the leptonic B, — c¢¢ and
B, — B decays are also in reasonable agreement with
the relativistic constituent quark model results of Ivanov
et al. [4,5].

For the nonleptonic B, — n.My; and B, — J/VYMy
two-meson decay channels with M, = 77, p~, K™, K",
we find also reasonable agreement (better for the J/W¥
channel) with the Bethe-Salpeter calculation by El-Hady
et al. [12] and the light front calculation by Anisimov et al.
[19], while our results are a factor of 2 smaller than the
ones by Ivanov et al. [4] and Chang et al. [9-11], the latter
obtained within the nonrelativistic approach to the Bethe-
Salpeter equation. For the two-meson decay channels with
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Xc0s Xei» Mes X2, Or W(3836) as the final ¢¢ meson and
Mp= 7", p , K, K* our results are generally a factor
of 2 smaller than the ones of Ivanov er al. [4], whereas for
some channels (Yo7, Xc0P > hem , hep™, X2 , and
Xop~,) we find very good agreement with the results by
Chang et al. [9-11]. The disagreement with Ivanov et al.
extends to the two-meson decay channels with a final c¢
and D mesons. There we find good agreement with the
results by El-Hady et al. [12] and the ones obtained within
the sum rules of QCD and nonrelativistic QCD by Kiselev
[16].

As for the two-meson nonleptonic decay channels B, —
BMp with My = =, p~, K~, K*~ we are in a reasonable
good agreement with the results by Anisimov et al. [19].
For the case of a final B? or B:°, the agreement with the
results by Ivanov et al. [4] is very good. For the B, —
B~ M. case with M = 7%, p°, K°, K*, and apart from the
results by Ebert ef al. [8], we find no global agreement with
other calculations, neither do they agree with each other.

|

PHYSICAL REVIEW D 74, 074008 (2006)

From the above comparison, one sees that there are
different models producing sometimes very different re-
sults for the same observables. Accurate experimental data
will shed light on this issue.
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APPENDIX A: 8&)(1_;) POLARIZATION VECTORS

Different sets of polarization vectors used in this paper:
(i) P = 0 case:

et = (0.~ 5.~ £.0)
Spin or helicity bases 8#—1)(13) _ <Oﬁ _ ﬁ O) (A1)
2l (P) = (0,0,0,1)
(i) P = |P|k case
e |\ (P) (0, v —ﬁ,O)
Spin or helicity bases 1 & ])(13) (O, % - ﬁ O) (A2)
et (P) = <% 0,0, %)
(iii) P = —|P|k case:
ot® = (0.~ . = 5.0) oto® = (0. = 5.0)
Spin base sf‘_l)(f’) = (0, % - ﬁ 0) Helicity base { &(*,(P) <0, - % ~ % O) (A3)

APPENDIX B: EXPRESSION FOR THE V*(|4)), V4 (14]), V%, (14]) AND A#(Ig]), A%, (I4]), A%, (14]) MATRIX
ELEMENTS

Here we give general expressions valid for transitions between a pseudoscalar meson M; at rest with quark content
qs,Gy, and a final My meson with total angular momentum and parity J7 = 07, 0%, 17, 1%, 27, 2%, three-momentum
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— chllg, and quark content g 74y, In the transition it is the quark that changes flavor. The phases of the wave functions are
the ones chosen in Eqs. (5)—(7). We generally have

Vel — AGD) = 2m2Ep(— M), A = |G1KII1#(0)]M,(07), O
T v 7 - o m 7
= \om2Ea) [ @S S @G OB (P -, i)
1 2

s SuS2

1 _ M A s
X 7u5;,f;<——lqlk - p)v“(l - Vs)usl,ﬁ( ;

hE;2E,,

where V“(le ) represent any of the V“ (A*), V( N (A( )L)) or V& T( /\)(AT( )L)) and where Ef and Ey, are shorthand notations
m
fOrEj/( qulk p) andEfl(

we arrive at the following final express10ns
(i) Case J" =0~

1 m .
0Ual) = ~2m2En(=a) [ d*p—— (M0 o0 (|5 My
VD =m0 [ @ (|5 - ai

|Gk — p), respectively. Defining also E// = Ep + my and Ef] =E; +my,

m/+m

;7 - k — "o |Glk — B
y EqEp /1+( m,mf lglk — p) - (m,+m, gl p)>
4E;Ef,\ EnEy,

m i
VAal) =22 ) [ & p @y (| 5 - e lalE| )
My T,

F B il = pe —ldl = p
v Ef/]Ef] /mf/]+mf2,\ Z + mf/]+m£2 Z) (BZ)
AEp Ep\ Ey Ey
(ii) Case J™ = 0%
m .
A0 = 22809 [ & s (B (| 5 - il |
mf/ mg,
ﬂ’lf/
Ef'Efl /p (mf/+mf | | - p) p (_ f/+mf | |k p)>
X +
\4Ef’ Ep\ Efl Ey
+ m >
A1) = \2m2Ex (=) f P p— (U (|5 GOm0 ”( ﬁ—#mk‘)
ff') fufa mf’1+mf2
% EA'fIIEfl{ ( (_mf/erf |q|k p) (m/+mf Iqlk p)> n 1 |:< mfg |-)| )
pfl— | | — gl—p
\4Efi A EqEy, EpEy mp +my, )
R m oo R m R m_f' >
X b (k= p) (ol = ) (<l 5) ) ®3)
My My, My 7 ny, My T My,
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(i) Case J™ =1

PHYSICAL REVIEW D 74, 074008 (2006)

A1 gz — —F o (o b ey sy a0 |5 My
ViE!(al) = 2y am2En—d [ & p (@Y1 B (p oLl
1
N mf, > _ /i >
ErEn /_’”f’1+mfz|q| pz+ ’”fﬁ*’"leq' pZ> (B4)
4E Ej\ Ey, Ep
and similarly
> m >17
A0 = iy2m2Er(—g) [ &p <¢§%“ (1) U ”(|p—+|q|k‘>
myp T npy,
FE il - p. ot ldl -
oy +m p; o m 14l — Pz
X EnEp (mivmn R Z)
\4EREN Ey, Ey,
A gz = = (5 (M) ({2 [yy# 4, (M1(07) LIRT T
Al = \2m2E(—=§) | &p , ——— 1 \4lk
107D =52 2R () [+ Uy B (|7 TPETL |)
EpEp —<—m,+mf g1k = p) Gt 11k = )
X o |2 /1+ )
\4Ey, Ep,\ EyEy,
320 — [ 1 (M (|l ) Mpy, o7
APaD = impEr(—a) [ @@ 0 ap (|5 qum )
FEy 2l - pz><m,’”1;1/ =P (g alk B Gl )
Xy B - )
\4Ef'1Ef|\ EqEp, EqEy,
(BS)

(iv) Case J” =11
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VS0 31) = i3y fam2Ex(— f &Pp

|_)|

(MF(l S,
f/ JS2
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(15D b

(M;(07))
fifa

(17

—_Mn s |k|
mf/+mf2q >

my. "_ >
9 EqEp <1+( mf,+mf g1k — p) - (,,,,:mf g1k p)>
4 Ey” EEy,
(1+ =1)0 _ 3 (Mp(17.S44=1)) 2 (M0 - My, =17
(g = l\[\/2m12EF( q fd Py a0 |»|(¢f/f2 (1)) e ( Wl IkD
J1
w | EnEn 1dlp: — 5?)
4Ef/Ef Ef’Efl
(*,8,:=0)1 /> (Mp(1+,8,4=0)) M0~ mg 517
v 1)) = — \[ J2mi2En(—G f &p |9|<¢ ’ (R ”( o fmf |Q|k‘>
1 2
2( = -
(1%.8,g=D1 ) > 3 (Mf<1 Seg=D) () = 1y 7 (M,(07)) mg, P
\% 17 = 2m;2E d’p ; k
(5= 1)) = \/ m2ER(~G / aphragy (|5 L |)
~ A 2 2 > 2
y E’],;E'f1 /py + P7 + PZ|CI|mf,1+inf2 py PZ|QImf,+mf>
4EqEp\ Ef/ E;,
(1 s —0)3 3 <Mr<1 Sga=0) (1 2 1\\% 2 (M,(07) My, >
gl = k) [y R ()
I—A e il = p. —alal - p
v Ef/lEflp <mf/l+mf2 Z . mf§+mf2 Z)
. . .
(] 54471)3 — Ym2E d3 (MF(] :S4=1)) 2(M;(07)) mpy, *k‘
(gD = \[\/ m2Ep(—q) fits (D) oy %, P +mf2|q|
VLI )( 1 ) (B6)
P =
4Ef/Ef . Efl Ef/l
and similarly
(lS =0)1 (Mp(1+,8,,=0)) 0~ myg, -
A5 g = —l\ﬂ,/zm,zm D [ @@ (| T alE| )
1 2
o | ErEr f?flfll
AEEs Ef Ep,
1%,8,:=1)1 (M (1 ,S,.=1)) m >
ALl = 152 o2 ) [ p g @ s (|7 )
2
e, P P
mf’+mf k= p) - (m’+mf ldlk = p) my, — mp pilgl

4Ef'|Ef1 ‘
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(v) Case J™ =2~

v;a>%<|q|>—z B =g [@p 2<¢(MF(2 D(1ph)y* O p -
| fi:f2 fuf2

y Ef’.Efl p(px + p)al
\4Ef, E;,  E Ep

m L
gl |

@)1 3 27) 5 (M;(07)) my 7
Ve (ah =i ,/zm,zEF< i [ & |2 (U2 (1)) ( P |61|kl>
_ _omp my, s (B8)
En L {( 2 _ )< BT ST |Q|> —p P2< % >}
= = Py m T E
4Ef Ep, Ey Ey, Ey  Ep

vm(lqn—‘\P m2ER(=0) [ g B (|

E /E 1 1
4 pz(px + py ( = )

and similarly

1 ~ m N E/E

AC 3 MpQ27)) () > 2 (M;(07)) _ fa > fi—f1

ACD () = i ,/2m,zEF< D [ @ p e HC o DR (| Fﬂ+mf2|q|k|)\74Ef{/Eﬂ
1 1

k — k—
X {(p2 - p2)<1 —( mfl+mf e (m/+mf i P)> - p.pilgl /e } (B9)
o EgEyy T mpy +my, Eg B,

(vi) Case J™ =27

Ve (gl = l—\/2m12EF( P [ &£p

> et m
EE Pi—P?—leql—m,Jm P = p2+ plal
\amoa( - i [> (B10)
47 Ep\ Ey E,

b a (|5 - ik )

and similarly
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(2)0 3 M) (1 2 2(M;(07)) _
AGah = ,/2m,2EF< D [, <¢f, aphrag (|5 f/+mf2| |k\)

Ef’Efl /px pv 2pz 2p1|Q|m,+mf px+pv 2pz+2p2|q|m/+mf
X + = )
\4E Ef\ Ey Ey,
+ > \/§ > 1 n * nd e a
AR (3 =i\ om 2B () f e P LR )
me,

EA‘f/lEﬂ { < ( m, /+mf |q|k p) (m /+mf |q|k p)> 4pzp?2f Iqlmf/erf
nk B N }

m >
p——— L —lglk
my = mg,

AEys Ej, EpEp, EpEp
- 2+ 0~ m -7
AR 13D = —iv2\2m2Ep(—§ / &p |e|<¢<MF< (1) i ”( —ﬁmm])
1 2
B (— m,+m, g1k = p)- ,mfmfl k- p) |
L 1-— )| 2 il )
z B b4 b4
ey By, EpEp EpEp mp, +my,
my, > Mg, = Mg
X —p. |+ (pi+ = : BIl
(o 1= )+ 2 b e g ®11)

APPENDIX C: TRANSITIONS INVOLVING ANTIQUARKS

When it is the antiquark that suffers the decay, the expressions are modified as described below for a general transition
between a pseudoscalar meson M; at rest with quark content g g, and a final M meson with total angular momentum

and parity J” =0, 0%, 17, 17,27, 2%, three-momentum —Iéllg, and quark content gy, G,;. We have
Ve(lgl) — Ar(GD) = 2m2Ep (= G)gMp(J7), A — |G klJ7272#(0)|M,(07), Ohng
— _ | _ > 3 AMpUTLA) =y 7 (M,(07)) > Mg, 57
B zmIZEF( q) fd pz Z(d)(ﬁ;l),(s/z»fé)(p)) qs(slylfvl)'(szvf'z)(p + my, + my Iqlk)

sh S1S2

(1% my my
x v&,fz( gl + p>7u(1 - n)vs;,f;(— gk + p), 1
/2Ef£2Ef2 My, T Mg, My, Ty,

where V“(le”) represent any of the V#(A#), V )L)(A( )L)) or V#( A)(A’;( A)), and Eg, Ey, are shorthand notation for

Ep (= +m g1k + p), Ep, G mf‘m, |G|k + ). We can use now that
v, p(p) = (—1)1/2- Cal (p); Uy p(p) = —(=D)WD7ul (p)CT (C2)
where C is a matrix given in the Fermi-Dirac representation that we use by
C =iy’ (C3)

and that satisfies
C=-C!=-ct=-CT, CyMCT =Y (C4)

Using the above information and making the change of variable p — — p, we can rewrite

_ / (MpU™),A) (_ =yy+ 2 (M;(07)) = mys =17

V“(|q|) Ar(gl) = y2m2ER(—g dePZ Z(d)(slyl}l)y(slz:fé)( P)) ¢(sllfl)(S2f2)< <p my +lmf/ |Q|k>>
sh S182 1 5

my, r

1 mg I N .
x —ﬁs;,f;(—#lqlk - p)y#(—l - yS)u%( 131k - p). (©5)

RE2E,, my, +omy,
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By comparison with the corresponding expressions involv-
ing quarks we find that, apart from the changes in the
masses involved, there is an extra minus sign for the vector
part, and, due to Clebsch-Gordan rearrangements and the
fact that Y,,,(—p) = (—1)'Y,,,(p), a global sign given by
(—1)utsi=lr=sr where 1}, s; (I, sp) are the orbital and spin
angular momenta of the initial (final) meson.

In any case this implies a change of sign in the relative
phase between vector and axial contributions, which in its
term produces a sign change in the tensor helicity compo-
nents combination Hp due to the fact that H{ , |, goes into
JH _,_, and vice versa. All other tensor helicity compo-
nent combinations defined in Eq. (40) keep their signs.

A simple way of anticipating the above result is the
following: the current for g, decay into qr, is

W, (0)y*(I — ¥s) W (0).

For antiquarks the fields that play the similar role as the W

fields play for quarks are the charge conjugate ones <. In
|

(Co)

(i) Case 0" —0,0":
2 2

PHYSICAL REVIEW D 74, 074008 (2006)

terms of the latter the above current is written as

T,y = y5)W5(0) = WS, (0)y#(~1 = y3)¥5, (0).
(&)

Now this is similar to the current for quark decay but with
an extra minus sign in the vector part. Whatever other
changes might come from reorderings in the wave func-
tions, we will have an extra relative sign between the vector
and axial part.

APPENDIX D: EXPRESSIONS FOR THE HELICITY
COMPONENTS OF THE HADRON TENSOR

In this Appendix we give the expressions for the nonzero
helicity components FH ,, of the hadron tensor, as defined
in Eq. (36), corresponding to a B, — c¢ transition. The
different cases correspond to the ones discussed in the
main text.

H P Puo) = (PP L) 4 F )

Ve

My, — M
H (P, Pee) = H o (P, Peg) = N2 (g% my_, m2, (BCTFi (¢*) + F(¢»)F 7(q2)> (DD
)\(qz) m2 . m2_
HOO(PBL» Pcc‘) = %F%— (qz)
(ii) Case 0" — 17,17
Mq?, m?% , m2, q* 2
H Py, Pep) = ——— < (mp, — meo)(Ag(q?) — A (qP)) —————A_(¢?)
4mzzq mg. + me
HIO(PBL.’ PLE) = HOI(PB(.’ PL'E)
NG iy i ¢
- T ma = m (@)~ A = A |
2m./q* Mp. + Meg
X [(m —m )m%c — Aolg?) — A mp me)  A+(q?) }
B¢ cc
‘ 2mc£‘ 2 217105\/? mBC + Mee
A2 w2 m2, )
5'[+1+1(PBH P.) = ( m +Br; . V(qz) + (mBC - mcE)AU(q2)>
B¢ cc
N2(g2 m3 , m2, )
H_ (P, P;) = (‘ B T v(g?) + (mp, — mcE)AO(q2)>
mBC + mez
2 _ 2 2 2 2
Hoo(Py,. o) = (<m3 meg) e L ey oy - MO Mo i) A4 g) )2 (D2)
o Lee ce .
‘ zmci\/—q_z szE\/’q—z Mp. + M

For a B, — c¢ transition (with B representing any of the B = B, B*0, B~, B*™), where it is the ¢ antiquark that
decays, we have to change the mass of the final meson in the expressions above and take into account the changes in
the form factors that derive from the discussions in Appendix C.
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(iii) Case 0~ —27,2":
A2(q?, m%c, m2.
T
j-[tO(PB(r PCE) = Ho;(PBC, P.)
R
24mi:q*

+ Mg?, my, mi)T,(q%)
2

j-[tt(PBC’ PCE) =

Mg m3 ,m
}[+1+1(PBH PCE) = Be

(T1(g2) + (m3, — m2)T2(q®) + T3 (m},

PHYSICAL REVIEW D 74, 074008 (2006)

T (gD + (mh, — mE)T>(g) + ¢ T3(¢2)?

- 612 - m%e)Tl(lf)

T (g?) = NP my . m2)Ty(qP))?

(D3)

8m?2.
A(qz! m% = 2‘
H_\_\(Pp,P,)= 8mZL— (T (g?) + A2 (g%, mp_, m:)T4(q%))?
cc
Mg? m3 , m2,
H o (Pp , P..) = —_ B <
OO( B, cc) 24m§5q2

((mp, — ¢* — m3)Ti(g%) + AMq?, mp_, mi)T>(q%))>.
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