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Abstract: The leptonic and semileptonic decay properties of B, meson are studied in a QCD potential model. The CKM
element for the leptonic decay is calculated by evaluating its decay constant. With the help of the Isgur—Wise function, the
form factors and the CKM element for semileptonic decay are also calculated. The variation in four-momentum square in
the two decays demands two different scales of the strong coupling constant «,. Thus, a two-scale picture is evident from
the study. We compute the decay constant f, for leptonic decay and form factors for semileptonic decay with two different
A scales in a specific prescription where it is related to the strong coupling o,. Within the potential model, we find the scale

for leptonic decay is A < 0.150 GeV and for semileptonic decay is A > 0.410 GeV.
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1. Introduction

In the heavy quark dynamics, the decay properties of B,
meson are given the special interest as it is the only heavy
meson containing two different flavors and decays only
through weak interaction [1-5]. The exclusive semileptonic
decay processes of heavy mesons have generated a great
interest not only in extracting the accurate values of Cab-
bibo—Kobayashi—-Maskawa (CKM) matrix elements but
also in testing different theoretical approaches to describe
the internal structure of hadrons. The hadron colliders
recently provide a platform to investigate the production
and decay properties of B, meson with the running of the
LHC with the luminosity of about £ ~ 10*3 cm™2s~!, and it
is expected around 10° B. events per year [6]. The
advantage of semileptonic decay processes is that the
effects of the strong interaction can be separated from the
effects of the weak interaction into a set of Lorentz-in-
variant form factors, which provide the essential informa-
tion of the strongly interacting quark and gluon structure
inside hadrons. These form factors are not directly com-
puted in the experiment. Thus, the theoretical problem
associated with analyzing semileptonic decay processes is
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essential for calculating the weak form factors and is
studied rigorously in the present scenario [7]. However, it
is evident from the hadronic current of leptonic and
semileptonic decay that the four-momentum square is not
the same for both the decays, and thus, a two-scale picture
is arised to study the two decays.

Here in this manuscript we compute two different A
scales which are related to the strong coupling constant o
in a specific prescription and then calculate different form
factors.

2. The momentum transfer in leptonic and semileptonic
decay

In the weak decay of B. meson, the charged weak current
operator J* which couples the W-boson according to the
interaction Lagrangian [8] is

—8 s -
Lint = E(JHW: +JA WN )7 (l)
where
_ 1
Jt=0Vy pJ" = ou,-y“i(l = 75)Va1.0:9)- (2)

Here i and j run over the three quark generations, so that
the field operators annihilate, and hence, the amplitudes of
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the decay processes are proportional to the CKM element
V411qz'

The hadronic current cannot be easily evaluated, since
the quarks in the hadrons are not free and nonperturbative
strong interaction effect plays the prominent role in
describing the physical states. The long-distance effects,
present in the formation of the bound meson states in the
hadronic interactions, are parameterized to form factors.
These form factors are functions of the momentum transfer
and polarization states of the hadrons.

For leptonic decays, the initial state is unpolarized and
the momentum transfer is constant with ¢> = m?, and
hence, the form factor becomes a single constant f,, known
as the decay constant of the meson.

Mathematically, the amplitude for a leptonic decay is
written as [8]

Gr
AMgy; — I'V) = ——=V, oL"H,, 3
( 7] ) V2 q0 I (3)
where the leptonic current L* can be written in terms of the
Dirac spinors u; and v,

L = apy" (1 = ys)vy. (4)

The hadronic current for leptonic decay is very simple,
since the only four vectors available to be constructed with
the leptonic current are ¢*, i.e.,

" (1 = 75)0IM = if,q"). (5)

Here f, is parametrized to absorb all the strong interaction
effects. Since the two initial quarks must annihilate, the
matrix element is sensitive to f,.

For semileptonic decay of a meson M into another
meson X, the amplitude takes the form [9]

H" = (0

Gr
V2

Here the hadronic current
H" = (X|gy"(1 — y5)Q|M) (7)

is not calculated in a simple manner as is done in the
leptonic decay, since g° is different for event to event.
Thus, H* can be expressed in terms of different form
factors, which isolate the effects of strong interactions on
amplitude. Thus, in the two weak decays, the ¢ is not the
same, and hence, a two-scale picture for the strong cou-
pling constant is evident for any theoretical study.

AMog — Xgql V) = — qoL"Hy. (6)

3. The potential model

In the study of heavy-light mesons, a specific potential
model with Cornell potential [10] as the ingredient has

been found to be successful to some extent [11, 12]. For
completeness and proper reference, we put the last modi-
fied version of the wave function with coulombic part as
parent as

N = ubagr®\ v\ *
‘//rel+conf(r) = - 3 e <Cl - 2 - ’ (8)

ag ao

where N’ is the normalization constant

C' =1+ cAo\/nad 9)

_ i
# mi"rmj (10)

“ :@H) (1)

e=1—4/1— (g%)z. (12)

The QCD potential [10] is taken as

4
V(r) = —gochrerrc. (13)

Here A is the undetermined factor appearing in the series
solution of the Schrodinger equation.

4. Leptonic decay constant f, for different A scale

The wavefunction in momentum space can be obtained by
using the Fourier transform as [13]

W(p) = ﬁ [ e i, (14)

For [ = 0, in natural unit,

bp) =z [ drsinr)p o) (15)
CNV22 -T2 —¢) [, (4—€)(3 — eubag’
Volp) = (1 + a02p2)3%( [ 2(1 + ap?p?)

(16)

The Decay constant with relativistic correction can be
expressed through the meson wave function Y (p) in the
momentum space as [1, 3],

. 12/ d*p <Eq+mq>1/2<Eq+mq)]/2
oM, ) 2n)*\ 2E, 2E;
re

& 0y T mg) By mq>"”ﬂ(”)>

(17)
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with 4, =-1 for mesons  and

E, = \/p* +m2.

The strong running coupling constant o in the model is
considered to be related to the quark mass parameter and an
energy scale A in a specific prescription [11] as

pseodoscalar

) 4z

o (1) = (11 7%)1n(“5;”‘2*)’ (18)

3

where Mp is the background mass, n; is the number of

Imim;
flavor and u, = 200
iTmj

prescription and using the input  parameters
b =0.183 GeV?, m, = 4.79 GeV and m, = 1.55 GeV, we
compute the value of fp for different values of A and
tabulate in Tables 1 and 2.

From Table 1, we see that the decay constant gives a
comparable result with the other theoretical data for A <
0.150 GeV.

is related to quark mass. With this

5. The form factors in the semileptonic decay
5.1. Slope and curvature of Isgur—Wise function

The Isgur—Wise function [17] is an universal function of
velocity transfer which is normalized to unity at zero
recoil. In an explicit form, this function can be written as
(18]

Ew)=1-p*(@—1)+Clo—1+..., (19)
where
2 2 2
w:v.v/:(mB"—i_mF q)- (20)
2mp mp

The quantity p? is the slope of Isgur—Wise function at @ =
1 and C is curvature:

0¢
p2 :%Lu:l’ (21)
10%¢
:E@Lu:l' (22)

For the heavy-light mesons, the Isgur—Wise function can
also be written as [18]

Table 1 Decay constants for leptonic decay of B. with different A

A (GeV) 0.100
. 0.338

0.150
0.625

0.200
0.917

0.410
1.328

Table 2 Comparison of Decay constant of B, with others values

Meson Decay Constant fp (GeV)

B. 0.338 [Our Work with A = 0.100 GeV]
0.625 [Our Work with A = 0.150 GeV]
0.315 [14]
0.311 [15]
0.607 [16]

o0
E(w) = / 4nr2|tp(r)|zcosprdr (23)
0
with
PP =2 (o - 1). (24)

Now from equations (21) and (22), we compute the slope
and curvature of the Isgur—Wise function for different
scales of A as is done for leptonic decay (Table 3).

From the above table, it is realized that the results would
be justified for semileptonic decay if we choose the values
of p? and C for A > 0.410 GeV.

5.2. Form factors and Isgur—Wise function

In the case of the final states in the decays B, — /v, B, —
Bglv, and B, — Blv correspond to J =0, as the matrix
element of any axial current A" between the two pseu-
doscalar mesons vanishes, only vector current V* con-
tributes. Unlike in the case of electromagnetic current of
the charged pions, here the vector current V# = ¢y*b is not
conserved as g, V* o< (mp —m) # 0. So the matrix element
of the hadronic current, V# between the two JX =0~
mesons is expressed in terms of two form factors f(g?) as

(F(p)IVH[Be(p)) =f(d)p+P) +f- (@) p—P),
(25)

where g=p—p =k +k, is the four-momentum
transfer, F = ,,B; and B and f,(¢*) and f_(¢*) are the
dimensionless weak transition form factors corresponding
to B, — F, which are functions of the invariant. Here it
varies within the range

Table 3 Slope and curvature of Isgur—Wise function for different A

A (GeV) 0.100 0.150 0.200 0.410
p? 116.9 61.69 33.48 5.77
C 5353.4 2157 908 36.78
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m2/ < q2 < (ch - mF)2 = qzmax' (26)

The transition between the pseudoscalar B, and the vector
mesons depends on four independent form factors as
V(g®),A2(¢%),A1(q") and Ao(g?).

These form factors are rigorously calculated with the
help of Isgur-Wise function &(w) as shown in our previous
paper [19],

f(?) =& ;"j% (27)
2
V(@) =sla?) = ao(q’) = VBN ) 9)
2 2 q
Ai(q) =V(q) 1—m ; (29)

The natural expansion parameters for B, decays to char-
monium are the active heavy b and ¢ quark masses as well
as the spectator ¢ quark mass. We carry such an expansion
up to the second order in the ratios of the relative quark
momentum p and binding energy to the heavy quark
masses 1y . The numerical results of the scalar and vector
form factors are tabulated in Tables 4 and 5.

5.3. Decay width

The semileptonic decay width for B, — nev for the mass-
less leptons is given by

G 2
(B, — nev) = / o VoM, (" = 1) (M, + 1, )?
Cz(w)dw,

(30)

where o lies in the range 1 < o < W

e e

The Decay width is calculated for A=
410 MeV,Mp, = 6.227 GeV, M, =2.983 GeV,b =

0.183,c = —0.37 GeV,np =4 is
I = 6.38166 x 10710v,,2.

found to be

Table 4 Form factors of weak decay of B, into scalars

Transitions - £0) 00 fPw) (@)

B. —n.ev  Ourwork 2.1289 0757  1.07011  0.3809
[20] 047 047 1.07 0.92

B, — Byev  Our work 09441 00738  1.003 0.0784
[20] 050 050  0.99 0.99

B. — Bev  Our work 09319 0.0804 1.003 0.08668
[20] 039 039 096 0.80

Table 5 Form factors of weak decay of B, into vectors

Transitions - V(0) A1(@ar) V(@ )

B, — J/{rev Our work 2.248 —0.186 1.130
[20] 0.49 0.88 1.34

B. — B*ev Our work 0.9463 1.0014 1.0054
[20] 3.44 0.76 6.25

B. — B¥ev Our work 0.934 1.00064 1.00678
[20] 3.94 0.72 8.91

Taking the mean values of lifetimes from PDG 2012
[21], © =0.507ps and also using the average value of
Ve» = 0.041 we obtain the Brancing ratio B = 1.3 X 1073
by using the relation B = I'" x 7. This result can be com-
pared to some extent with the experimental data of B =
5.2 x 1073 from Particle Data Group [22]. However, this
result has a deviation from the theoretical evaluation of
reference [7] for the channel B, — n/v which is 1.85 x
1077 in the LO and 2.33 x 10~/ in the NLO.

6. Conclusions

In this manuscript, we have studied the leptonic and
semileptonic decay of B. meson for different energy scales.
For leptonic decay, the results are comparable to other
available data with a scale of A < 0.150 GeV, whereas in
case of semileptonic decay the results show an agreement
for A > 0.410 GeV. Thus, a two-scale picture is evident for
any potential model to study the leptonic and semileptonic
decay of mesons.
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