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Abstract: In this paper we study the semileptonic decays of By — (1¢, J/WP)1™ V1. We first evaluate the Bc— (N, J/¥)
transition form factors Fu(q?), Fi(q¢?), V(¢?) and Ao 12(¢?) by employing the pQCD factorization approach, and

then we calculate the branching ratios for all considered semileptonic decays. Based on the numerical results and
the phenomenological analysis, we find that: (a) the pQCD predictions for the values of the B —m. and Bc —J/¥

transition form factors agree well with those obtained by using other methods; (b) the pQCD predictions for the
branching ratios of the considered decays are Br (B; ﬂncefﬁe(u*\_/u)) = (4.41%122)x107°, Br (B; —>T]CT7W_’T) =
(1.377931)x1072, Br(B; —J/We Ve(u vy))=(10.03T113)x107?, and Br(B; —J/¥t v.)=(2.927033)x107%; and
(c) we also define and calculate two ratios of the branching ratios Ry. and Rj,y, which will be tested by LHCb and

the forthcoming Super-B experiments.
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1 Introduction

The charmed B. meson was found by the CDF Col-
laboration at Tevatron [1] fifteen years ago. It is a pseu-
doscalar ground state of two heavy quarks b and ¢, which
can decay individually. Being below the B-D threshold,
B. meson can only decay through weak interactions, it
is an ideal system to study weak decays of heavy quarks.
Due to the different decay rate of the two heavy quarks,
the B, meson decays are rather different from those of B
or B, meson. Although the phase space in ¢—s transi-
tion is smaller than that in b — ¢ decays, the Cabibbo-
Kobayashi-Maskawa (CKM) matrix element |V | ~1 is
much larger than [V,| ~ 0.04. Thus the c-quark de-
cays provide the dominant contribution (about 70%) to
the decay width of B, meson [2]. At LHC experiments,
around 5x10' B, events per year are expected [2, 3],
which provide a very good platform to study various B,
meson decay modes.

In fact, the B, decays have been studied intensively
by many authors [4-13]. In Ref. [4], for example, Dhir
and Verma presented a detailed analysis of the B, decays
in the Bauer-Stech-Wirbel (BSW) framework, while the
authors of the Refs. [5-7] studied the B, meson decays
in the non-relativistic or relativistic quark model. In the
perturbative QCD (pQCD) approach, furthermore, var-
ious B, decay modes have also been studied for example
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in Refs. [11-13].

In this paper, we will study the semileptonic decays
of B.— (N, J/U)1v, (here 1 stands for leptons e, i, and T)
in the pQCD factorization approach [14, 15]. The low-
est order diagrams for B, — (1., J/¥)lv, are displayed
in Fig. 1, where B stands for B, meson and M for 1,
or J/W¥ meson, and the leptonic pairs come from the b-
quark’s weak decay. In this work, we first calculate the
¢*-dependent form factors for B.— (1., J/¥) transitions,
and then we give the branching ratios of the considered
semileptonic decay modes.

s
R

Fig. 1. The typical Feynman diagrams for the
semileptonic decays Bc — (1, J/¥)1v, where B
stands for B meson and M for 1 or J/¥ meson.

The structure of this paper is as follows: after this
introduction, we collect the distribution amplitudes of
the B, meson and the 1., J/¥ mesons in Section 2. In
Section 3, based on the k¢ factorization theorem, we cal-
culate and present the expressions for the B.— (1., J/¥)
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transition form factors in the large recoil regions. The
numerical results and relevant discussions are given in
Section 4, and a short summary will also be included in
this section.

2 Kinematics and the wave functions

In the B, meson rest frame, where the mg_(m) stands
for the mass of the B.(n. or J/¥) meson, and r=m/mg_,
the momenta of B, and 1n.(J/¥) mesons are defined in
the same way as in Ref. [16]

mg mp —
= ~(1,1,0,), = (rnt,rn=,0.), 1
P \/5 ( L) P2 \/5 ( no,rn L) ( )

where nt =n++/n?—1 and n~ =n—+/n?*—1 with the defi-
nition of the n of the form

2 2
mg m°—q
=—_¢ |14 2
" 2m [ mg. }’ (2)

where ¢? = (p; —p,)? is the invariant mass of the lepton
pairs. The momenta of the spectator quarks in B, and
Nc(J/¥) mesons are parameterized as

m
(Ovzlﬁvkll) )

m m
ky = (:zz%TnJr,xz%rn,ku). (3)

For the J/¥ meson, we define its polarization vector € as

EL:%(W+7_77770J—)7 er=(0,0,1), (4)
where €;, and et denotes the longitudinal and transverse
polarization of the J/¥ meson.

In the calculations, one can ignore the krt contribu-
tions of B, meson. Furthermore, one can assume that
the b and ¢ quark in B, meson are on the mass shell ap-
proximately and treat its wave function as a § function.
In this work, we use the same distribution amplitude for
B. meson as those used in Refs. [11, 12]

klz

Bo. (1) =—=l(prmo sin. (Des )

with

fB.
24/2N.,
where m, is the mass of c-quark.

For pseudoscalar meson 7)., the wave function is the
form of

Pn. (2)= d(z—me/me,), (6)

P ()= =l @ e WL (D

The twist-2 and twist-3 asymptotic distribution ampli-

tudes, ¢¥(z) and ¢*(x), can be written as [17, 18]

fae
2V2N,

x(1—x)

z(1—x) {
el a1

As for the vector J/¥ meson, we take the wave func-
tion as follows,

¢ (z) = 1.97

Py (z) = \/%M{WJ/#WL(CCHﬁWt(CC)};

BTy (z) = ﬁ{mj/wﬁT¢V<x>+ﬁTmT<x>}. (9)

The asymptotic distribution amplitudes of J/¥ meson
read as [17]

z(1—x)

Lt [

2v/2N,

¢"(z) = ¢" (2)=9.58

e Jipw o )2 _a(l-w) o
¢'(x) = 10'942\/2—]\70(1 2z) [1—2.89:(1—96)} ’
v fi/e ) z(1-z) %7
¢" (@) = 1675 R 1+ (2e-1) ]{m] '

(10)

Here, ¢ and ¢T denote for the twist-2 distribution am-
plitudes, and ¢' and ¢V for the twist-3 distribution am-
plitudes.

3 Form factors and semileptonic decays

As is well-known, the form factors of By —P,V,SV
transitions have been calculated by many authors in
the pQCD factorization approach and other methods
[19, 20], and the pQCD predictions are generally con-
sistent with those from other methods.

The B.—n. form factors induced by vector currents
are defined in Refs. [16, 21, 22]

(ne(p2)1¢(0)7,0(0)[ Be(p1))

2 2

my —m
= (p1+p2)u_BCTQu Fi(q%)
m2 —m?
+B°Tuno(q2), (11)

where ¢g=p;—p, is the momentum transfer to the lepton
pairs, and m is the mass of 1. meson. In order to cancel
the poles at ¢>=0, F, (0) should be equal to F,(0). For

1) Here P, V, S denote the pseudoscalar, vector and scalar meson respectively.
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the sake of the calculation, it is convenient to define the
auxiliary form factors f1(q?) and f5(¢?)

<770(P2)|E(0)7ub(0) | Be(p1)) :fl(q2)pm+f2(q2)]92u' (12)

In terms of f1(g?) and f2(q?) the form factor Fy(¢?) and
Fy(g?) read

Fud?) = 517+ ()

Fo(d’) = 2(@) RS -
0 271 mg, —m?
1 ) q*
= 1l—-——1. 13
e e D
The form factors F, and Fy (or f; and f5) of the B.—m,
transition are dominated by a single gluon exchange in
the leading-order and in the large recoil regions. In the

hard-scattering kernel, the transverse momentum is re-
tained to regulate the endpoint singularity. The factor-
ization formula for the B — n, form factors in pQCD
approach is written as [19]

(1¢(p2)1€(0)7,,0(0)| Be(p1))

dztd?zp dy~d?yr
(2m)®  (2m)°

xe "2V (ne(pa)| €, (y)ep (0)[0)e™ =

= g: CF Nc Jd$1d$2d2 led2 sz

x (0]2a(0)05 (2)| Be(pa)) T (14)

In the transverse configuration b-space and by includ-
ing the Sudakov form factors and the threshold resum-
mation effects, we obtain the B—n, form factors f;(¢?)

| and f»(g?) as follows,

f1(¢?) = 8mm3 rCr J'dxldxg J'bldblbgdbquBc (21)x {2 [0°(22)—r200" (22)]-h1 (21,22,b1,b2) s (t1) exp[—Sap (t1)]

+ [47}(;55 (22)—21¢" (x4
n°—1

)+x1n+(n+¢v(ﬂfz)—2¢s(ff2>)

] Xha(@1,2,b1,b2)-04 (£2) exp = S (£2)] }, (15)

Fola?) = S0, C [ bbb (00)% {1267 (o) 40 7 (22) 6" ()

X hy(21,02,b1,b2) (1) exp[—San (t1)]+ [4T¢S (22)—2r.0"(22)—

Xhz(ﬁfl75527517b2)'04s(t2)eXP[_Sab(t2)]}a

xl(nwv(aﬁz)—?aﬁs(u))}
n°—1

(16)

where Cr=4/3 is a color factor, r is the same as in Eqs. (1,3), while r.=m./mg_, and m, is the mass of c-quark.
The functions h; and h,, the scales t,, t, and the Sudakov factors S,, are given in Appendix A of this paper.
For the charged current B, — n.lv,, the quark level transitions are the b — clv; transition with the effective

Hamiltonian [23]

G _
Hcﬁ(b*CWI)Z\/—chbC%(1—75)17'17”(1—75)“/1, (17)

where Gp=1.16637x10"° GeV~? is the Fermi-coupling constant. With the two form factors F, (¢?) and Fy(q?), we
can write down the differential decay width of the decay mode B.—m.lv, as [9, 24]

Ar(B.—n%)  GAVal? ¢—m? \/(qQ—mgf

dg? B 192m3mg_ (¢?)? q?

\/ (m%e —mQ—q2)2 2

4q°

x{ (mi+24%) [g*= (s, —m)’] [a*— (s, +m)*] F2(¢)+3m} (m, —m*) F2 ()}, (18)

where m, and m is the mass of the lepton and 1. respectively. If the produced lepton is e* or u*, the corresponding

mass terms of the lepton could be ignored.

The form factors V(¢?) and A1 2(¢?) for B.—J/V transition are defined in the same way as in Refs. [16, 21, 22]
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and are written explicitly as,

V(qz) = 47‘[m]23CCFJdI1de2Jbldblbgdbzd)Bc (Il)(1+r)

x {2 [67 (22)—1220" (22)] o (21,22, b1, b)) -0 () exp [ — o (£1)]

+ [<2r+ \/5;—_1> ¢V(C€2)} -h2(:c1,:v2,b1,b2)-as(t2)exp[—8ab(t2)]}, (19)

Ao(¢®) = SNmECCFdeld:CQJbldbledb2¢Bc (xl)x{ [(1=r?zo+2raon) ¢ (@2)+r (1—225) ¢ (22)]

XNy (T1,29,b1,02) s (t1) exp[—Sap (t1)] [ (r2+rc+%—m1n+w> ¢L(:vz)}

+
><h2(x1,:CQ,bl,b2)-as(t2)exp[—5’ab(t2)]}, (20)

A1(q2) = 87tm%CCF Jd$1d$2 Jb1db1b2dbz¢3c (xl)lL—l—r X { [2(1+T$277)¢V(552)_2(271’2—77)¢T($2)}

X Ry (21,09,b1,b2)-as(t1)exp[—Sap (t1)]+ [(2rc—z1+2rn)¢v(x2)} ~h2(:1:1,:1:2,bl,bz)-as(tg)exp[—Sab(tz)]}, (21)

147
n?—1

1+7)2(n—r
Ay(q?) = %-Al(q2)—87Tm2BCCFdeldwzjb1db1bzdbz¢36 (1)

X { [(77(1_7"2552)_T(1+$2—2CE2772))¢L (22)+(14+2r°zy—rn(14-225)) ¢ (952)]

Xhl(I17I27b17b2)'as(tl)exp[_sab(tl)]
+ |z, T’I]—l \/772—14—(7" +T2—E)’I7—|—T(1—T —E—I—:clnz) o™ (x5)
2 ¢ 2 2

><hg(:vl,:C2,b1,bg)-as(tg)exp[—Sab(tg)]}, (22)

where r=mj, ¢ /mg,, Cr and r. are the same as in Eqgs. (15, 16). The expressions of the hard function h; and hs, hard
scales t; and t,, and Sudakov function S, are all given in Appendix A. One should note that the pQCD predictions
for the form factors fi 5(q?), V(¢*) and Ag1.2(q*) as given in Egs. (15, 16, 19-22) are all leading order results. The
NLO contributions to the form factors of B— (7,K) transitions as given in Refs. [25, 26] do not apply here because
of the large mass of c-quark and (1., J/¥) mesons.

The effective Hamiltonian for the decay modes B, — J/ U1y, is the same as B, —mn.1V;, but corresponding differential
decay widths are different. For B.—J/Ulv,, we have [9, 27, 28]

2

—m?

- q? 4q?

AL (B —J/¥v)  GEVol* ¢—m} [(¢?=mp)® | (mB,—m’—¢?)
dg? 19273 m (g?)?

4m? mg.+m

c

}, (23)

g {3mfx<q2>A3<q2>+m‘2+2q2 . [(méc—mQ—q2)(ch+m)A1(ff)—mflz((f)

2

—m?2

}7 (24)

dle(B.—J/¥v) _ GiVal* ¢—m} [(¢*—m})* |(mi,—m>—¢?)
dg? N 192m3mg_ ¢? q? 4¢?

V(g®) _(ms.+m)Ai(q®)
Mg, +m Alg?)

X{(m?+2q2)k(q2)
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where m=myy, and A(¢*) = (m3_+m*—¢*)* —4m3 m’

is the phase-space factor. The combined transverse and
total differential decay widths are defined as

diy dIy dI'-
d¢?  dg?

ar _an, ary
d¢g?’ d¢ d¢?  d¢?’

(25)

4 Numerical results and discussions

In the numerical calculations we use the following in-
put parameters (here masses and decay constants in unit
GeV) [11, 29]

ALY = 0.287, m, =2.981, mye=3.097,
mp, = 6.277, m.=1.27540.025, m.=1.777,
f. = 0489, 75, =(0.45+0.04) ps,

Veo| = (41.2751)x1073,  f,.=(0.420+0.050),

fi/e = (0.40540.014). (26)

By using the expressions in Egs. (15, 16, 19-22)
and the definitions in Eq. (13) we calculate the val-
ues of the form factors Fy(q?), Fy(¢?), V(¢*), Ao(¢?),
A;(¢?) and Ay(q?) for given value of ¢* in the region of
0<¢*<(mp,—m)?. But one should note that the pQCD
predictions for the considered form factors are reliable
only for small values of ¢?. For the form factors in the
larger ¢* region, one has to make an extrapolation for
them from the lower ¢? region to larger ¢? region. In this
work we make the extrapolation by using the formula in

Refs. [9, 30]
F(¢*)=F(0)-exp(a-¢*+b-(¢°)*),

where F' stands for the form factors Fo 4, V and Ag 1,
and a and b are the parameters to be determined by the
fitting procedure.

The numerical values of the form factors Fy .,V and
Ap12 at ¢*=0 and their fitted parameters are listed in
Table 1. The first error of the pQCD predictions for the
form factors in Table 1 comes from the uncertainty of the
decay constants of 1, and/or J/¥ mesons, and the sec-
ond error comes from the uncertainty of m.=1.275+0.025
[29]. For the parameters (a, b), their errors from the de-
cay constants f,_, fj v or from m,=1.27540.025 are neg-
ligibly small and not shown here explicitly. As a compar-
ison, we also present some results obtained by other au-
thors based on different methods in Table 2. One should
note that the definition of the B.—J/¥ transition form
factors in this paper are different from those in Ref. [6]
(ISK) and [5] (HNV). From Table 2, we find that our

(27)

Table 1. The pQCD predictions for form factors
Fo,4+,V,Ao,1,2 at q2 =0 and the parametrization
constants a and b for Bc—n. and Bc—J/¥ tran-

sitions.
F(0) a b
Flemme 0.4840.06+0.01 0.037 0.0007
FBemme 0.4840.06+0.01 0.055 0.0014
VBe—I/¥ 0.42:+0.01£0.01 0.065 0.0015
AR 0.59+0.02+0.01 0.047 0.0017
AR I 0.4640.0240.01 0.038 0.0015
ABeI/Y 0.6440.02+0.01 0.064 0.0041

12 ey 12 — 12 ————
_os | y 08 | " 08 | ]
E‘g I ]l & I S I ]
& e e IS I ] 5 /
04 § 04 § 04 F y
O | | O | O | |
12 —— 12 12 ————————
08 [ & o8l 4 08 /
f‘: / s I ] & ; ]
< i ] < L — I 1
04 . 04 F . 04 .
0 | | O | O | |
0 2 4 6 0 4 6 0 2 4 6
¢*/GeV? ¢*/GeV? ¢*/GeV?
Fig. 2. The pQCD predictions for the ¢g*-dependence of the form factors Fy, Fy, V, Ao, A1 and Az. The solid lines

stand for the central values and the bands show the errors of the corresponding form factors.
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Table 2. Bc—Mec,J/¥ transition form factors at ¢*>=0 evaluated in this paper and in other literature.
pQCD WSL[9] EFG[7] ISK|6] HNV([5] DV[4]
FyleMe=fene 0.48 0.61 0.47 0.61 0.49 0.58
VBe—I/¥ 0.42 0.74 0.49 0.83 0.61 0.91
ABe I 0.59 0.53 0.40 0.57 0.45 0.58
APemIY 0.46 0.50 0.50 0.56 0.49 0.63
AR/ 0.64 0.44 0.73 0.54 0.56 0.74

results agree well with the results in other literature.
In Fig. 2, we show the pQCD predictions for the g¢2-
dependence of those form factors, where the solid lines
stand for the central values, and the bands show the the-
oretical errors of the corresponding form factors.

By using the relevant formulas and the input pa-
rameters as defined or given in previous sections, it is
straightforward to calculate the branching ratios for all
the considered decays. By making the numerical inte-
gration over the physical range of ¢?, we find the pQCD
predictions for the branching ratios of considered decay
modes:

Br(B; —nce Ve(1™Vy))
= (4415545 (Fo)E0.30(m) 71 (Viw) F 37 (me)) <107,

Br(B, —=n.T V.)
= (1375051 (foo)£0.12(75,) 1005 (Ven) T0:06 (M) ) x 1072,

Br(B, —=J/Ve v (UL v,))

— (10,0357 (y)
£0.80(m5, ) 7531 (Va5 31 m)) %1077
Br(B: —J /Ut v,)

= (2.92505 (fy/w)
+£0.26(75, ) 75707 (Ven) To708 () ) x 107, (28)

where the major theoretical errors come from the uncer-
tainties of the input parameters fy., fi v, |Ven|, T8, and
m. as given explicitly in Eq. (26).

From the pQCD predictions for the form factors
Fy,+,V,Ap,1,2 as given in Table 1 and the pQCD predic-
tions for the branching ratios of B,— (1.,J/¥)lv as given
in Eq. (28), we find the following points:

1) The form factor Fy(0) equals to F(0) by defini-
tion, but they have different ¢?>-dependence. The error
bands of Fy(¢?) and F, (¢?) in Fig. 2 are larger than that
of V(¢?) and Ay ;2(¢%). The reason is that the uncer-
tainty of the decay constant f,,. in B.—m. transition is
larger than the one of f;,y in B.—J/¥ transition.

2) The pQCD predictions for the form factors as
listed in Table 2 agree well with those obtained by using
other methods.

3) The pQCD predictions for the branching ratios of
the four decay modes B, — (n,J/¥)lv are at the order
of 1073, Because of its large mass of T lepton, the decays
involving a T in the final state has a smaller decay rate
than those with light e~ or u=. Since the ratio of the
branching ratios has smaller theoretical error than the
decay rates themselves, we here define two ratios R,
and Rj,¢, the pQCD predictions for them are the fol-
lowing

p_ BrBo—nd v

Mc 5

Br(B;—1J/¥l™v)
Br(B; —=J/Utv,)

These relations will be tested by LHCb and the forth-
coming Super-B experiments.

In short we calculated the branching ratios of the
semileptonic decays B — (Mc,J/)I™v; in the pQCD
factorization approach. We first calculated the relevant
form factors by employing the pQCD factorization ap-
proach, and then evaluated the branching ratios for all
considered semileptonic B, decays. Based on the numer-
ical results and the phenomenological analysis, we find
that

1) For B,—(n.,J/¥) transitions, the LO pQCD pre-
dictions for the form factors Fy 4 (0),V(0) and A ;2(0)
agree with those derived by using other different meth-
ods.

2) The pQCD predictions for the branching ratios of
the considered decay modes are:

Ry = ~3.4, for l=(e,n). (30)

Br(B; —nee Vo(V,)) = (4.4177132)x1072,
Br(B; =t v,) = (1.377037)x107?,
Br(B: —J/Te v, (1 ¥,)) = (10.03713)x107,

Br(B; —J /Ut v,) = (2.92+049)x1073, (31)

where the individual theoretical errors in Eq. (28) have
been added in quadrature.

3) We also defined two ratios of the branching ratios
R,. and Rj,y and presented the corresponding pQCD
predictions, which will be tested by LHCb and the forth-
coming Super-B experiments.
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Appendix A

Relevant functions

In this appendix, we present the functions seen in the
previous sections. The threshold resummation factor S¢(z) is
adopted from Ref. [19]:

G 212¢ (3 /24-c)
/Al (1+c)
and we here set the parameter ¢=0.3. The hard functions h1

and hs come from the Fourier transform and can be written
as

[z(1=2)]", (A1)

hi(z1,22,b1,b2) = Ko(B1b1)[0(b1—b2)Io(a1b2)Ko(c1br)

+9(b2—b1)10(051b1)K0(051b2)]St ($2)7 (A2)

hz(xl,xz,bl,bz) :K()(ﬁzbz)[9(1)1—bz)]o(azbz)K()(Oézbl)
+0(ba—b1)Io(a2b1) Ko(a2b2)]St(z1),
with an =mg,/T217, f1=mB /122N, e =mp_ /17Nt

and B2 = 1. The functions Ky and Ip are modified Bessel
functions.

(A3)
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