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Form factors for semileptonic B, decays into 7, ' and glueballs
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We calculated the form factors of B, transitions into #, ” meson and pseudoscalar glueballs, where the
B, meson is a bound state of two different heavy flavors and is treated as a nonrelativistic state, while the
mesons 7, 7’ and glueballs are treated as light-cone objects since their masses are small enough compared to
the transition momentum scale. The mechanism of two gluon scattering into 7/ dominated the form factors
of B, decays into 5/. We considered the 7-7’-glueball mixing effects, and then obtained their influences on
the form factors. The form factors of B, transition into 7, 7, and the pseudoscalar glueball in the maximum

momentum recoil point were obtained as follows: f§ (¢> = 0) = 1.38*999 x 1073, f1 (¢*> = 0) =

0.89f8:11(]) x 1072, and fg +(c]2 =0) = 0.44f8"(;§ x 1072, Also phenomenological discussions for semi-
leptonic B, = ) + ¢ 4+ 04, B. = G(0~") + ¢ + b, and Dy — 5+ ¢ + 0, decays are given.
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I. INTRODUCTION

Hadron-hadron colliders currently provide the unique
platform to investigate the production and decay properties
of the B, meson as the bound state of two different heavy
flavors. In pace with the running of the CERN Large
Hadron Collider (LHC) with the luminosity of about
L ~10% cm™?5s7!, one can expect around 10° B, events
per year [1]. When a tremendous number of B, events are
reconstructed, one can systematically and precisely test the
golden decay channels of the B, meson or hunt for its rare
decays [2].

The B meson has two different heavy flavors, and its
decay modes can be classified into three categories: (i) the
anticharm quark decays with ¢ — d,3; (ii) the bottom
quark decays with b — u, c; and (iii) the weak annihilation
where both the bottom and anticharm decays. These three
categories of decay modes contribute to the total decay
width of the B, meson and are around 70%, 20%, and 10%,
respectively [3]. There are currently a lot of theoretical and
experimental works on the singly heavy quark decays of the
B, meson, some of which can be found in Refs. [2,4-10].
And the studies of the rare weak annihilation decays of
the B, meson are few, some of which can be found in
Refs. [11-16].
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In this paper, we will investigate the decay properties of
the B, meson into the light pseudoscalar mesons 7, 7’ and
glueball. The light pseudoscalar mesons with quark con-
tents are organized into two representations: singlet and
octet according to flavor SU(3) symmetry. Because of
isospin symmetry, the form factors of the B. meson into the
isospin triplet z° is trivial, where the contributions from the
quark contents iz and dd in z° will be canceled out. Thus
the form factors of the B, meson into the light meson 7z°
will only depend on a small isospin symmetry breaking
effect, which is very similar to the case where the cross
sections of ete™ — J/yn(n') are around pb while there is
no signal for e*e™ — J/yn® [17,18].

In the flavor SU(3) symmetry, the light mesons with
quark contents form the flavor octet and the flavor singlet.
The masses of these light mesons become identical and
trivial in the limit of zero quark mass. For different masses
for the light u, d, and s quarks and the flavor symmetry
breaking, the light mesons in the flavor octet and the flavor
singlet will gain their masses. On the other hand, the axial
U(1) anomaly will lead to a large mass difference between
the 77 and %/, which cannot be ignored [19-23]. Besides the
flavor singlet and octet contents, even then the gluonium
states will be mixed with each other with the identical J©¢
and form the physical #/ states [19-24]. The # meson is
viewed as the mixing state between flavor singlet and
octet contents, and the gluonium content is usually sup-
pressed. However, the conventional singlet-octet basis is
not enough to explain the content of 7. For example, the
gluonium contribution reached a few percents in B —
decays. Thus the 7/ is viewed as the mixing state among ¢g,
ss, and gg.
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The B, meson is treated as a nonrelativistic bound state,
where the heavy quark relative velocity is small in the rest
frame of the meson. The nonrelativistic QCD (NRQCD)
effective theory is employed to deal with the decays of
the B, meson. Considering the mass of the light meson,
P is less than the B, meson, i.e., m% < m% and a large
momentum is transferred in the B, transitions into the light
meson P. The light meson P can be treated as a light cone
object in the rest frame of the B, meson. In the maximum
momentum recoil point with q2 = 0, the form factors of the
B, transitions into the light meson P can be factored as the
hadron long-distance matrix elements and the correspond-
ing perturbative short distance coefficients.

We will discuss the properties of the form factors of the
B, transitions into the light pseudoscalar mesons 7, 7/, and
glueball. We will employ the form factor formulas into the
related semileptonic decays, naming B, — ) + 7 + 1,
and B, — G(07") + £ + Dy.

The paper is organized as followings: In Sec. II, we will
introduce the NRQCD approach, the #-#'-glueball mixing
effect, the light cone distribution amplitudes, and the
scattering mechanism of two gluons into light mesons.
In Sec. III, we will calculate the form factors of the B,
meson into #/ and glueball. Especially, we will determine
the quark-antiquark pair and gluonium contributions to the
form factors and discuss their properties. In Sec. IV, we will
study the semileptonic decays of the B, meson into #/ and
glueball. And we will tentatively analyze the processes
D; - n+ ¢ + v,. We summarize and conclude in the end.

II. FACTORIZATION FORMULAS
A. NRQCD effective theory

The heavy quark relative velocity is a small quantity
inside the heavy quarkonium, and then the heavy quark pair
is nonrelativistic in the rest frame of heavy quarkonium.
The quark relative velocity squared is estimated as v> ~ 0.3
for J/yr and v> ~ 0.1 for Y [25]. The B, meson is usually
treated as a nonrelativitic state, and the quark reduced
velocity squared is estimated in the region 0.1 < > < 0.3.
The calculations of the productions and decays of the heavy
quarkonium and the B, meson with a large momentum
transmitted usually refer to the NRQCD effective theory
established by Bodwin, Braaten, and Lepage [25].

In the NRQCD effective theory, the Lagrangian is
written as [25]

D2
Lxroep = ¥ (lD +2 )V/+2W‘7 9:By

D* c
+yl o sy + oy (D g E - g.E - D)y
m

ic
ton —yle- (D x g,E - gE x D)y
+ (w - io%y* A, > —AL) + Liign. (1)

where y and y represent the two-component Pauli spinor
field that annihilates a heavy quark and creates a heavy
antiquark with quark mass m, respectively. ¢ is the Pauli
matrix. The electric and magnetic color components of the
gluon field strength tensor G* are denoted as E' = G% and
B = 1elkGI*, respectively. The space and time compo-
nents of the gauge-covariant derivative D¥ are denoted as D
and D, respectively. Ly, denotes the Lagrangian for the
light quarks and gluons. The short-distance coefficients c¢p,
cr, and cg can be perturbatively calculated according to
the matching procedure between QCD and NRQCD
calculations.

Within the framework of NRQCD, the heavy quarko-
nium inclusive annihilation decay width is factorized
as [25]

v = 2 (o, o). (@)

n

where (H|O,(up)|H) are NRQCD decay long-distance
matrix elements (LDMEs), which involve nonperturbative
information and obey the power counting rules, which are
ordered by the relative velocity between the heavy quark
and the antiquark inside the heavy quarkonium H.

The leading order NRQCD decay operators for the decay
of S-wave heavy quarkonium are

oS = wixytw, (3)

OCsy) =wiey sy (4)
These operators are also valid for the B, family with two
different heavy flavors.

For a certain process, the matching coefficients multi-
plying decay LDMEs are determined through perturbative
matching between QCD and NRQCD at the ampli-
tude level. The covariant projection method is another
equivalent but more convenient approach to extract the
short-distance coefficients of the NRQCD LDMEs. The
corresponding projection operators are defined as

I, (k) = —l;m P1:41)0a( P2732)<1 %/12|SSZ>
® {L,szﬂ}
\/_
= s o
xCs(Bpy +§—my) @ {\/IICTCA/ET”} (5)
where @ = \/E| + m|/E, + my with E; = \/m} — k> =

Vm? +k? and E,=/m}—k>=/m3+Kk>. The parame-

ters a and 3 satisfy the relations as « = E; /(E, + E,), and
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= 1—a. We have the spin § = 0 and I's_, = y° for the
spin-singlet combination. For the spin-triplet combination,
we have the spin S=1 and [s_y = ¢y = ¢€,(pu)r".
{\/l—— \/QT“} denote the color-singlet and color-octet

projection in the SU(3) color space. For the decays of
B, py is the B; meson momentum; p; = apy — k is the
bottom quark momentum with the mass m; = my; p, =
Ppu + k is the anticharm quark momentum with the mass
my = m,; k is half of the relative momentum between the
anticharm and bottom quarks with k> = —k2.

The heavy quarkonium state is not limited to heavy quark
pairs in a color singlet configuration according to NRQCD.
The heavy quark pairs in a color singlet configuration is only
the leading order of the Fock state of the quarkonium.
Other Fock states sometimes play an important role in the
inclusive production of heavy quarkonium. In the form
factors of the B. meson into the light mesons, the dominant
contribution is from the color singlet configuration.

B. 5-#/-Glueball mixing schemes

The 7n-1'-glueball mixing effects are discussed in lots of
literature. The popular mixing schemes which are widely
employed in this literature are the quark-flavor bases
[23,26-30] and the flavor singlet-octet bases [31-37]. In
the quark-flavor scheme, the basic quark components are
Ny = qq = (uit + dd)/\/2 and 5, = 55, while the basic
flavor components become 5, = (uit + dd + s5)//3 and
ng = (uit + dd — 2s5)/+/6 for the flavor singlet-octet
scheme. In addition, the gluonium state 7, = gg is intro-
duced when it has the identical quantum numbers as the
two light quark states. For a 5-n'-glueball mixing with
identical spin parity J”¢ = 0~*, one has

) 1)
') | =U(d.d6)| Ins) | (6)
G) 1)
with the matrix'
cos ¢ —sin ¢ 0
Ulp,pg) = | singcosgpg  cosgpcosdps  singg
—singsinggg; —cosgsingg cos¢pg
(7)

The QCD states #; with i = ¢, s, g form the physical mass
eigenstates 7, 7/, and glueball. One candidate for the

'Here we do not consider the mixing between the 5 and
glueball, which is consistent with the experimental constraints of
the production and decays of 5 [23,26-37]. If considering the
mixing between the » and glueball, one has to introduce an
additional mixing angle, and the mixing matrix will have not zero
element.

physical JP€ = 0" glueball state is the 7(1405), where
the corresponding analysis was performed in Ref. [33].
Here we assume that the physical 7 state does not mix with
glueball, under which two mixing angles ¢ and ¢, are
sufficient.

Another equivalent mixing approach for the flavor
singlet-octet scheme can easily be obtained by the replace-
ments of #n, = ng, 1, = 1, ¢ — 0, and ¢; — ¢;. The
small angle ¢; = ¢;; is adopted for simplification in the
literature [29,30,33]. When sin¢s — 0, the mixing only
occurs between the two quark states.

Considering that the flavor singlet and octet states can be
decomposed into the quark flavor states, one has

Ins) cos@; —sinf; 0 Iny)
m) | = | sin@; cos6; O || [n) |. (8)
1) 0 0 1 1)
where
1 2
cos; = \/; sin@; = 3 9)

The parameter §; = arctan /2 ~ 54.74° is always named as
the ideal mixing angle. From the observations, vector or
tensor meson mixing angles where the axial vector anomaly
plays no role are always close to this ideal angle.

The relations between two mixing schemes can easily be
obtained as

B V2 sin ¢ + cos ¢
cosH——\/§ , (10)

., sing— V2 cos ¢
sm¢9——\/§ . (11)

Equivalently, one can get the mixing angle for the flavor
singlet-octet scheme as 6 = ¢ — arctan v/2.

According to the quantum field theory definition, the
decay constants of the mesons are defined as
Olg'rrsd'In(p)) = iffp* (@ =q.9). (12)
where the decay constants of the mesons are also related to
the decay constants of the quark components as

fii = fgcos . fo=—Ffssing, (13)

£l =fysingeosdg,  fY = freospeosg. (14)
where the relations will turn to the traditional form in
Ref. [27] when ¢ — O.

If one defines the meson decay constants through the
flavor SU(3) octet and singlet axial vector current as
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05 I (p)) = if " (i =8.1).  (15)
the relations of the decay constants of the mesons become

13 = fgcos by, fl=—f1sin6, (16)

fﬁ, = fgsinbg, fé, = ficosb. (17)
The flavor singlet and octet decay constants can be
obtained by the quark flavor decay constants [27]

2 2
= @ 0y = ¢ — arctan(vV2f,/f,). (18)
2 2 2
fr= g

From the above equations, one would have 0y = 6, = 0 =
¢ — arctan
f q = f s5*

There are several experimental methods to extract the
values of the mixing angle and the decay constants, which
have been discussed in the literature [26-29,31,38—41].

In Ref. [27], the decays of ' — py and p — 5y are
investigated, where the ratio of their decay widths is
given as

= ¢ —arctan(V2f,/f,). (19)

2 in the strict flavor SU(3) symmetry where

m (1 mg) ’
/ —)
L’?/ ) = 3tan’¢pcos’¢p 7
T(p — ny) ¢ m;
p—ny m, (1-"5

In the #' — py decays, the contributions from 5, and #,
components are suppressed. Inputting the latest PDG
results:  Br(y' - py) = (28.9 £0.5)%, Br(p - ny) =
(3.00£0.21) x 107%, T, = 149.1 £ 0.8 MeV, and I';, =
0.196 + 0.009 MeV [42], the mixing angles are extracted
as tan ¢ cos ¢ = 0.827103;.

In Ref. [28], a global analysis of radiative V — Py and
P — Vy decays was performed to determine the gluon
content of the 5/ mesons. Allowing for gluonium in the 7/,
the mixing angles were found to be ¢ = 41.4° £+ 1.3° and
sin?p=0.0440.09, naming tan ¢ cos g = 0.8647 0.

In Ref. [38], the KLOE Collaboration measured the
mixing angles by looking for the radiative decays
¢ — nty. Ignoring the gluonium contribution, the mixing
angle is fitted into ¢ = 41.4°4 0.3, + 0. 7syst + 0.6,
Allowing for gluonium in the #/, they yielded ¢p = 39.7° +
0.7° and sin’? ¢p; = 0.14 £ 0.04, naming tan ¢ cos g =
0.77070:937.

The LHCb Collaboration recently has fitted the
mixing angles as ¢ = (43.57)%)" and ¢ = (0 £24.6)°
by a study of B or B meson decays into J/yn and J/y1/

(20)

at proton-proton collisions [41]. Compared to the small
angle ¢ in Refs. [28,41], a larger mixing angle ¢ is
obtained in Refs. [29,38,43].

The quark flavor decay constants can be obtained by
their two-photon decays. One has [27]

5
fq= TZO;W {\/F(’? - yy)/m,% cos ¢

) smqb] -1

" cos ¢

fo= 5o [—\/rm = 77)/mjsing
-1
+\/T( = yy)/m;) Ccozsj] : (22)

The decay constant f, is not well determined in this
way and has a large error. To extract the values of f|,
one can use [27]

+/T0 = rr)/ (21)

£ V2(m? cos*p + my,sin*p — my)

S — . 23
fq (mi, —m})sin2¢ 23)
We input the latest PDG results: Br(np — yy) =
(38.41 £0.20)%, Br(y' —yy) = (2224+0.08)%, I, =

1.31 £0.05 keV, and T,y =0.196 £ 0.009 MeV  [42].
Imposing the mixing angles ¢ =41.4°+1.3° and
sin? o = 0.04 £0.09 in Ref. [28], the decay constants
are extracted as f,=(1.05£0.02)f, and f,=(1.34+
0.03)f, with f, = 130.4 MeV. When imposing the mixing
angles ¢ =39.7°+0.7° and sin? s = 0.14 £0.04 in
Ref. [38], the decay constants become f, = (1.03 +
0.02)f, and f, = (1.28 £0.02)f,. We will input these
values in the following calculations.

C. Light cone distribution amplitudes

The light cone distribution amplitudes (LCDA) of 57, and
n, components in 7 have the form [20]

L") (x, /,t)—6xx{1+ S o, x-%)].  (24)

n=24,...
where x and X = 1 — x are the momentum fractions of the
light quark and antiquark inside 7, ;, respectively. Cy/* and

the following Ci/ * are the Gegenbauer polynomials. a,, ()
is obtained by the scale evolution at leading-order loga-
rithmic accuracy

) = (2920) ). (25)

A (ﬂO)

where fy = 11C,/3 —2n,/3 with flavor number n, and
the anomalous dimension y,, reads as
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}’n—4CF< (”+2)+7E—%—m>7 (26)

with the digamma function y(n).

The evolution of the LCDA of the quark contents will
mix with the gluonium state for #'. In Ref. [44], the
evolution equation for the LCDA of the mixing ¢g and
gg states has been calculated. The corresponding light cone
distribution amplitudes are [45-48]

> (A () + pha? ()

D) (x, 4) = 6x5c{1 +
n=24,...

x Cy/(x — x)}, (27)

O (x ) =xx Y o al () + af (W) CL (x - %),

n=24,...
(28)

where a7 (1) can be obtained by the scale evolution at

leading-order logarithmic accuracy,

() = 0% (o) ("S“‘?)%, (29)

as (/"0)
a () 72
o =) (209) T G0

where the parameters y. and p, are

1
ri=5 [qu gy (g = gV + %ﬂzg] . (31

with

}/Zq = _,B_O’ (32)
n 2

Vig =t (33)

o (n+1)(n+2)

) _ﬁ n(n+3)
Yoo =B n+ D(n+2)

4C, 2 Ry nf]
=t = Y — =, (35
Yoo =g [(n—l—l)(n—i—Z) ) 127 6Cy (35)
and
1 Q P
Z:_ g 5 Z_ _n’ 36
P 61— P, p 0, (36)

P, =

731- _ 7/n },n
- 7qﬁq O v jgy’l ' G7)

D. The scattering mechanism of
two gluons into light mesons

For the B, meson decays into 11('), the mechanism of two
gluons scattering into #() will play an important role. The
two gluons scattering mechanism is blind to quark charges
and light quark flavors, so the amplitude is identical to gg
and s5 except for the mixing factor and the decay constant.

The amplitudes of two gluons scattering into quarks and
gluonium contents in lowest-order perturbation theory can
be obtained by calculating the corresponding Feynman
diagrams that are plotted in Fig. 1.

The amplitude of two gluons scattering to each quark
content is

M@"Y) = —iF ?‘* (QP 612) bgﬂypagtllﬂglzjbqlﬂqZG’ (38)

where the momenta of two initial virtual gluons are denoted
as ¢, and ¢,, respectively. The polarization vectors of two

initial gluons are denoted as &,(g;) and &,(g,), respec-

tively. The form factor F gﬁ”gi) of two gluons transitions to the

quark-antiquark content can be written as [45,46]

2
M/ldxq)(q,S) (x.pt)
0

1
X <Xx)|, 39
ch% +Xq5—xxm3 +ie Hrex) (39)

where mp is the meson mass.
The amplitude of two gluons scattering into the gluon
content can be written as

M(q) = —iF;‘g)g*éab‘?ﬂyﬂo—g‘fﬂgqulquG’ (40)

where the form factors . of two gluons scattering to the

gluonium content can be written as [45,46]

000000 T “BO0O0000Y——>—7,

0 g (a)

O M ><

FIG. 1.
and 7,.

\/

Feynman diagrams for two gluons scattering into 7, 7y,
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2ra,(p?) [
FO) (g}, ) = 22l A dx®'9)(x. p)

Q2
. [xai 43¢5 — (1 + xX)mp
Xq3 + xq5 — xxm3 + ie

—(x <X,
(41)

where the typical scale Q7 is introduced to preserve the
dimensionless for the transition form factors. The choice
of Q% has some freedom, and Q? is adopted to |g?| or
|g7 + 3] in Refs. [45,46]. In this paper, Q° is adopted as
m%, and the LCDA of gluonium content is adopted as the
form in Eq. (28).

For 7, we assume it does not mix with glueball, which is
consistent with the experimental constraints [23,26-37].
The amplitude of two gluons to # is written as

M’(]%S) — CnM(q’S>, (42)

and the corresponding form factor of two gluons scattering
to 7 is

C,F') (41, 43). (43)

(g.5)
Fqgg (QHQZ) nt g'g

According to the mixing scheme in Eq. (6), we have
¢, = V2f 4 €08 — fysing, which can be viewed as the
effective decay constant of #. In this case, the light meson
mass in the formulas becomes mp = m,,.

For 77/, the mixing between the quark and gluon contents
should be considered. The amplitude of two gluons to 7’ is
written as

<
"
<

(45) )
) g T M”,
_ @9 g g(q) 1 9 agl
= C," M) + ¢ MW, (44)

and the corresponding form factors of two gluons to #' are

F\) (g} g3) = CU R (gl g), (45)

FY). (q.@3) = CYFY (q3.43). (46)

In this case, the light meson mass in the formulas becomes
mp = m,y. According to the mixing scheme in Eq. (6), we

have C,/ @9 = V2f, singcos g + f, cos ¢ cos ¢, which
can be viewed as the effective decay constant of 7.
Following the two gluon scattering mechanism proposed
in Refs. [45,46], we do not need to introduce the decay
constant of n, and we parametrize C}(ﬂ) = sin ¢GC,<7?‘S).

For glueball, the mixing between the gluon and quark
contents should also be considered. The amplitude of two
gluons to glueball is written as

MED — pMED 4 MY
= I M) L DOm0, (47)

and the corresponding form factors of two gluons to
glueball are

F&) (. q3) = CLF ) (h.qd).  (48)

CE?JF&LM%,@ (49)

F<G;g(q1’q2) g

In this case, the light meson mass in the formulas
becomes mp = mg where the candidate of 0~ glueball
is n(1405) with My 1405) = 1408.8 £ 1.8 MeV  [33].
According to the mixing scheme in Eq. (6) and the two
gluon scattering mechanism in Refs. [45,46], we have

CdY) = —V/2f  cos psin g — [, sinsin g and Cf' =
cos ¢GC£§]’S)~

III. FORM FACTORS OF B, INTO
7, # AND GLUEBALL

The form factors of B, into a light pseudoscalar meson
P, ie., f, and f, are defined in common [49,50],

_mP

(PPlerblB(pa) = £5(7) (10 =" gt

2 2

mg — mp

+fg(q2)T(I”’ (50)

where the momentum transfer is defined as ¢ = pp_ — p
with the B, meson momentum pp and the light meson
momentum p, and the momentum k' is defined as
k' = pp_+ p. For the decays of B, into n), the form
factors £ (¢%) and fJ (¢*) can be defined by the exchange
of P — 5). For the decays of B, into glueball, the form
factors f§(q*) and f§(g*) can be defined by the exchange
of P - G.

It is convenient to write the unintegrated form factors as

(P(xp, (1 =x)p)|cy"b|B.(ps,))

m
:fi<q27x) (k/” - 2

2 2
my —mp

+f€(q2,x)”qiz¢‘- (51)

After performing the integration, we have [ (¢%) =
Jo £1 (%, x)dx.

Typical Feynman diagrams for the form factors of B,
into a light pseudoscalar meson P, i.e., 17(/) and glueball, are
plotted in Fig. 2. Other Feynman diagrams can be obtained
by changing the gluon vertex to the anticharm quark line.
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b g g
| “ | | |
\ % | | | b Pif% |
¢ g c g

FIG. 2. Typical Feynman diagrams for the form factors of B.
into n/ and glueball.

Considering the hard scattering mechanism of two
gluons transitioning into a light pseudoscalar meson P,
i.e., 71 and glueball, the leading order Feynman diagrams
for B, into a light pseudoscalar meson P by the charged
vector current can be written as

M = (P(p)ley*b|B:(ps,))
= (Ollyy | Be) Tr[A* (0)Tg_p(k = 0)],  (52)
where v, and y. represent the Pauli spinor field that

annihilates a bottom quark and creates a charm antiquark,
respectively.

47raC (&
()=l 5 [ ety (o),
C i=q,8:9
XFng (% (pp=?)* )m

x [Mm P =L =)y (me+ 0 — 1)1
((p2=pp)*=mZ)(p2+¢—pp)*—m7)
}’”(mb + 21— 2p)r (my+ 11 = )"
((P1 pp)’ _mb)((pl —£)? —mj)
=L )y (my+p1 =2 )"
£)? —mj)

where p; is the bottom quark momentum, p, is the
anticharm quark momentum, and pp is the momentum
of the light pseudoscalar meson P, i.e., 77, 71/, and glueball.
The Mathematica software is employed with the help of
the packages FEYNCALC [51], FEYNARTS [52], and
LooprTooLs [53] in the calculation of the form factors.
In order to obtain the values of form factors at the
maximum recoil point, we will adopt the parameter values
as follows: mp = 6.276 GeV, m, = 547.85 MeV, and
m,y = 95778 MeV [42]. The heavy quark masses are
adopted as m.=(1.5£0.1)GeV and m;,=(4.84+0.1)GeV
[8,9]. The Gegenbauer momenta are adopted as
ax(1 GeV) = ad*(1 GeV) = 0.44 +0.22 [36] and
aj(1 GeV) = 0.1 [18]. Their values at other scales can
be obtained by the scale evolution equations in Egs. (25),
(29), and (30). The running strong coupling constant is
adopted around the #/ mass, and one has a,(1 GeV) =
0.42. If one chooses the scale at the charm quark mass with
= (1.5+0.1) GeV, one has a,(m.) = 0.32-0.34, and

Y’ (m .+ pp—
((P2+f—PP) —mz)((p1 -

+ , (53)

TABLE I. Form factors of the B, into # in the maximum recoil
point with ¢?> =0. Here and in the following tables, the
uncertainty is from the choice of the bottom and charm quark
masses. Note that £, (0) = f(0).

107°£5(¢> = 0)

0.04
1.23%005

1.387 0%

Contributions

qq with LO Gegenbauer
qq with NLO Gegenbauer

TABLEIL.  Form factors of the B, into " and 0~ glueball in the
maximum recoil point with ¢*> = 0. Here and in the following
tables, the uncertainty is from the choice of the bottom and charm
quark masses. Note that £, (0) = f(0).

Contributions 10_2]”8/0]2 =0) 1072f§(¢* =0)
qq with NLO Gegenbauer 0.97f%(§)% 0.04f§_‘§%
99 —0.0870 0, —-0.48%)03
Total 0.8910:14 —0.447543

in this case the values of the form factors will be reduced by
(30-40)%.

In the maximum momentum recoil point, the form
factors appearing in expression (50) can be perturbatively
calculated reliably. We give the form factors in the
maximum momentum recoil point in Tables I and II, where
we input the mixing angles ¢ = 39.7° and sin? ¢; = 0.14
[38]. When inputting other values of the mixing angles
such as ¢ = 39.7°40.7° and sin® ¢p; = 0.14 £ 0.04 in
Ref. [38] and ¢p=41.4°+1.3° and sin” ¢ = 0.04 + 0.09
in Ref. [28], one can easily get the corresponding values of

the form factors by the definition of the parameters C,(,q’s>,

Cif, i), g, and €Y.

The unintegrated form factors dependent on the meson
momentum fraction are sensitive to the shapes of the
Gegenbauer series of the light meson. We give the unin-
tegrated form factors dependent on the meson momentum
fraction in Figs. 3—5. For the quark content contributions,
the momentum fraction dependent shapes of form factors
with leading order (LO) Gegenbauer momentum have only
one peak, while that of form factors with next-to-leading
(NLO) Gegenbauer momentum will have two peaks. From
Fig. 4, one sees that the gluonium content will contribute
the form factors of B. into #'. From Fig. 5, the quark
contents will contribute the form factors of B, into glueball.

At the minimum momentum recoil point, the perturba-
tive calculations for the form factors become invalid. In
these regions, one has to refer to lattice QCD simulations or
some certain models. In order to extrapolate the form
factors to the minimum momentum recoil region, the pole
model is generally adopted in the literature [54,55].
Thus the ¢ distribution of the form factors can be para-
metrized as
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0.005
— NLO Gegenbauer
0.004F
-- LO Gegenbauer
% 0.003f
T
=
%o 0.002p
0.001f
0000~ - : - : .
0.0 0.2 0.4 0.6 0.8 1.0
Momentum fraction x
FIG. 3. The unintegrated form factor of B,. into n dependent on

the meson momentum fraction. Here we input the mixing angle
¢ = 39.7°. Note that /" (¢*> = 0,x) = fl(¢g* = 0,x).

0.04— T T
- qz} with NLO Gegenbauer
0.03F qc} with LO Gegenbauer
- gg
=
?I” 0.02F
s
%2 0.01f N ]
0.00 / \
0.0 0.2 0.4 0.6 0.8 1.0

Momentum fraction x

FIG. 4. The unintegrated form factor of B, into ' dependent on
the meson momentum fraction. Here and in the following, we
input the mixing angles ¢ = 39.7° and sin? ¢p; = 0.14 [38]. Note

that fi,(q2 =0,x)= fg,(q2 =0,x).

0.02f — qq with NLO Gegenbauer
-- qq with LO Gegenbauer

~ 0.01f o8
o)
[=]
a
S 0.00
RS

—0.01}

-0.02~ . . . . .

0.0 0.2 0.4 0.6 0.8 1.0
Momentum fraction x
FIG. 5. The unintegrated form factor of B, into 0~ glueball

dependent on the meson momentum fraction. Note that
14(q* = 0.x) = f§(¢* = 0.x).

f5.4(0)
(1--%)(1—at + b%)

2
2
Be Be

fi(q*) = . (54)

where a and b are model independent parameters and can
be fitted when the data are available. Here weleta = b = 0

0.030

— Total

0.025 -
--- qq with NLO Gegenbauer

0.020

@D

0.015}

0.010}

0.005 . . . . . . .
0 2 4 6 8 0 12 14

Recoil momentum squared e
FIG. 6. The form factor of B, into # dependent on the recoil
momentum squared.

0.030
— Total
0.025¢ --- qq with NLO Gegenbauer
~ 0.020f
&
=2

" 0.015}

0.010f

0.005 : : - - . , .
0 2 4 6 8 0 12 14
Recoil momentum squared qz
FIG. 7. The form factor of B, into 1’ dependent on the recoil
momentum squared.

0.015F | — Total

- g8

0.010f

S LCR)

0.005

040000 2 4 6 8 10 12 14

Recoil momentum squared qz

FIG. 8. The form factor of B, into 0~" glueball dependent on
the recoil momentum squared. Considering that the value of the
form factors is negative, we denoted “— fg (¢%)” in the longi-
tudinal coordinates.

for simplification. We plotted the form factors dependent
on the momentum transfer squared in Figs. 6-8.

IV. SEMILEPTONIC DECAYS OF B, INTO
1, 7 AND GLUEBALL

In this section, we will employ the form factors into the
semileptonic decays of B, into #() and glueball. We retain
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the lepton masses, and the semileptonic partial decay width
of B, into x can be written as

dr _ Gpa(mg,.m;. @) 2|V (¢? = m3)? 1
A 3847 m}, ¢ ) q
x [(m2 + 2¢7)A(m% . m2. q*)(f1(¢%))?

+ 3mz (g —mp)*(£5(4%))]. (55)

where A(mj ,my,q*) = (mp + my —¢*)* —4mp my. And
the similar formulas can be obtained for the semileptonic
decay width of B, into 7/ and glueball with the replacement
of n = 1/ (G).

The semileptonic decay widths and the branching ratios
can be obtained after integrating the momentum recoil
squared ¢2. In Table III, we give the results for the B, —
n+ ¢+ v, with £ = e, p, v. The masses of the leptons are
m, = 0.50 MeV, m, = 105.6 MeV, and m, = 1777 MeV
[42]. The form factors with both LO and NLO Gegenbauer
series are considered in the semileptonic decays. From the
table, their decay widths are around 10~!° GeV, while the
branching ratios are around 1077, For £ = e, u, their decay
widths are nearly identical since their masses can be
discarded in the B, meson decays to 7. Besides, the LO
and NLO Gegenbauer series have less influence in the
semileptonic decay width of B.. into 5. In Table IV, we give
the results for the B, — ' + ¢ + 0, with £ = e, u, 7. The
form factors from the quark content with NLO Gegenbauer
series and from the gluonium contribution are considered
in the semileptonic decays. From the table, their decay

TABLE III. The semileptonic decay widths and the branching
ratios of B, into . Here and in the following gg denote all the
quark contents, and the lifetime 7z = 0.50 ps.

B.->n+t0+0, I, (x107" GeV) Br, (x1077)

£=e, p qq (LO) 244101 1.857012
qq (NLO) 3.07150° 2.331000

‘=z qq (LO) 2.375013 1.807 014
qq (NLO) 2.99%008 2.2750%0

TABLE IV. The semileptonic decay widths and the branching
ratios of B, into 7'

B.—n+¢+0, Iy (x1077 GeV)  Br,(x107%)

£=en  qq (NLO) 1.24j§;22i 0.9433;%
Total 102257 0.78%913

‘=1 qq (NLO) 1045933 0.79°90%
Total 0.86 151 0.65%511

TABLE V. The semileptonic decay widths and the branching
ratios of B, into 0~ " glueball.

B, —» GO +¢+1, Ig(x107'% GeV)  Brg(x1079)
_ ‘ 0.14
£=e u 99 2.21j§é§) 1.68f%?1)%
Total 2.03% 560 1.54706)
£=r1 99 1.59j§;§) 1.21%%
Total 1465549 L1555

widths are around 10~!7 GeV, while the branching ratios
are around 107>. We give the results for the B, —
G(0™") 4+ ¢ + b, in Table V, where the decay widths are
around (107'8-10"'7) GeV, while the branching ratios are
around (1076, 1073).

In Ref. [11], the semileptonic branching ratios of
B, into 5/ have already been predicted in perturbative
QCD, where the Br(B,—»n+¢+v,)=3.98x107°
and Br(B, = n' +¢ +0,;) =524 x 107 with £ =e, u
and m, =2 MeV, my; =4 MeV, and m; = 80 MeV.
Compared with these predictions in perturbative QCD,
our results are smaller due to the choice of the decay
constant of #/, and the two gluon scattering mechanism is
employed. Currently, there is no report on semileptonic
decays of B,. into n/. However, the hunting for the signals of
B, into 5/ is accessible in future LHCb experiments when
considering the large cross section of B, meson.

In the end it is very interesting to find out whether the
formulas above can guide the studies of the processes
Dy — n+ ¢ + v,. The BESIII Collaboration has measured
these channels and given Br(D; - n+ ¢ +0,) = (2.42 £
046 £0.11)% and Br(D; >y +¢+10,) = (1.06=+
0.54 +0.07)% [56]. For D, = ') + £ + Dy, the ¢ — s
transition with another spectator strange quark will be
present in the Dg — 5/ form factors. Considering the
transferred momentum is small in D, — % + 7€+ Dy,
the perturbative calculation may be invalid, so we only
consider the channel D, — n+ ¢ + D,. As the tentative
analysis, it is interesting to find out how large the
mechanism of two gluon transitions contributes to proc-
esses D, —» n+ ¢ + v,. Employing the above formulas,
and taking the replacement of b — ¢, ¢ — s, and B, — D,
we may tentatively give the order of magnitude of their
decay widths since the D; meson is not really a non-
relativistic bound state. We found that the mechanism of
two gluon transitions gives Br(D; — n+ ¢ + ;) ~ 107
and only contributes to 0.5% in the channel D; —
n+7¢+v,. The ¢ — s transition thus dominates the
form factor of Dy — 5. To extrapolate the form factors
of D, —» 5 to the minimum momentum recoil region,
the pole model is still useful [55,57]. Combining
the experimental data, the ¢ — s transition leads to the

FP0(g% = 0) = 0.50 + 0.05.
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V. CONCLUSION

We investigated the form factors of B, into the #/ and
pseudoscalar glueball and employed the form factors into
their semileptonic decays. Unlike the decay of D, into ;")
where the ¢ — s transition is dominant, the two gluon
scattering mechanism dominated the contribution for the
form factors of B, into #/. We considered the #-#'-glueball
mixing effects and studied their influences in the form
factors. At the maximum momentum recoil point, the form
factors of B, into the light pseudoscalar mesons are
factored as the LDMEs along with the corresponding
short-distance perturbatively calculable coefficients. The
results of form factors in the maximum momentum recoil
point were obtained. Using the pole model, the form factors
of B, into the ) and pseudoscalar glueball are extrapo-
lated into the minimum momentum recoil region.

The corresponding semileptonic decay widths and the
branching ratios were calculated. The results are as follows:
the branching ratio of B, — n + ¢ + b, is around 1077; the
branching ratio of B, — i/ + ¢ + i, is around 107>; and
the branching ratio of B, - G(0™") + ¢ + I, is around
(107°,107°). Future LHCb experiments shall test these
predictions, which is helpful to understand the #-#'-glueball
mixing and the decay properties of B, meson.
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