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In this paper we make a systematic study of the semileptonic decays B/B, — (0, n', G)(I*1~, Ip, v)
by employing the perturbative QCD (pQCD) factorization approach. The next-to-leading-order (NLO)
contributions to the relevant form factors are included, and the ordinary 7-n’ mixing scheme and
the 7-1'-G mixing scheme are considered separately, where G denotes a pseudoscalar glueball. The
numerical results and the phenomenological analysis indicate that (a) the NLO contributions to the
relevant form factors provide 25% enhancement to the leading-order pQCD predictions for the branching
ratios Br(B~ — 7)I~ 7,), leading to a good agreement between the predictions and the data; (b) for all
considered decays, the pQCD results are basically consistent with those from other different theoretical
models; (c) the pQCD predictions in the two considered mixing schemes agree well with each other within
theoretical errors. The outcomes presented here can be tested by LHCb and forthcoming Super-B

experiments.
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The pseudoscalar mesons 1 and 1’ are rather different
from other light pseudoscalar mesons 7 or K, not only for
the large mass of the 1’ meson but also for their mixing and
possible gluonic components. These features caught more
attention recently because of the so-called B — Kn!
puzzle. The two-body charmless hadronic B meson decays
involving the 1" final states and several different 5-7’
mixing schemes have been investigated intensively in the
standard model (SM) (see, for instance, Refs. [1-6]) and in
the new physics models beyond the SM (see, for instance,
Refs. [7,8]). The semileptonic B/B, meson decays, studied
in Refs. [9-17], also play an important role in improving
our understanding about the nature of the n and 1’ mesons.

Many precision measurements of the branching ratios
and CP asymmetries for relevant B meson decays, such as
B — K1 and B, — J/¥n"), have become available [18]
and have been interpreted successfully within the SM in
Refs. [6,19] by employing the perturbative QCD (pQCD)
factorization approach [20]. As for the B, — (1, 17/, G) X
(I*1~, Ip, vp) semileptonic decays, which will be studied
in this paper, only two of them, B* — 5" I* v, were
observed so far [18,21]. For the others, experimental data
are not yet available, and we have to wait for measurements
at LHCD or at the forthcoming Super-B factory.

On the theory side, the previous predictions given in
Refs. [9,10], where the form factors from QCD sum rules
or lattice QCD were adopted as inputs, basically agree
with the measured values. The B meson semileptonic
decays, on the other hand, are frequently used to extract
the corresponding B — (P, V) transition form factors, with
P and V denoting the light pseudoscalar and vector
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mesons, respectively, such as 7, K, p, ... when relevant
data are available.

Analogous to Ref. [22], we will make a systematic pQCD
study of the semileptonic decays B/B, — (5, n', G) X
(I*17, Ip, vp) here, where G stands for a physical pseudo-
scalar glueball, and compare our pQCD predictions with
existing calculations and numerical results. Based on the
assumption of the SU(3) flavor symmetry, we will extend
the next-to-leading-order (NLO) pQCD calculation for the
B — ar form factors in Ref. [23] to the B, — m,, cases,
1, being the flavor eigenstates of the light and strange
quarks, respectively. The B(,) — 7, transitions form factors
will also be calculated in the pQCD factorization approach,
where 7, represents the unmixed pseudoscalar glueball.
The relevant Feynman diagrams for the B,y — n,, and
B(;) — G transitions are displayed in Fig. 1.

We will consider two different meson mixing schemes in
our calculation and compare the corresponding numerical
results. The first mixing scheme is the conventional
Feldmann-Kroll-Stech (FKS) 7-n’ mixing scheme [24],
in which the physical states n and 7’ are written as

m\ [cos¢d —sing\(n, |
n B sing  cos ¢ 1, ) W

with the flavor states 7, = (uii + dd)/\2 and 7, = s3,
and the mixing angle ¢ [24]. The three input parameters
fq» fs» and ¢ in the FKS mixing scheme have been
extracted from data of relevant exclusive processes [24]:
fqo=01.07%0.02)f,, f,=(1.34*0.06)f,, and ¢ =
39.3° = 1.0° with f, = 0.13 GeV.

In the second mixing scheme, i.e., the 1-7'-G mixing
scheme defined in Ref. [25], the physical states 7, n’, and
G are related to n,, 7y, and 71, through the rotation
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FIG. 1.

Feynman diagrams: (a), (b) for the B(,) — m, , transitions, and (c)—(e) for the B, — G transitions. The symbol ® refers to

the weak vertex where the final-state lepton pairs are emitted, and P and G stand for the 7, ; mesons and the glueball, respectively.

[n) |77q>
|”7/> = U(G, d)’ ¢G) |ny> ’ (2)
1G) Ing)

where the mixing matrix U(6, ¢, ¢p;) has been given in
Eq. (4) of Ref. [25] with ¢ = 0 + 54.7° and ¢; ~ 30°.

In the numerical analysis, we assume the same func-
tional form for the B and B meson distribution amplitudes
we did in Ref. [22]. For the 1, and 1, mesons, we adopt
the distribution amplitudes given in Refs. [26,27]. The
relevant Gegenbauer moments take the values a,"" =
0.115, a}* = —0.015, 7" =0.013, and w;" = -3
[26]. The leading-twist distribution amplitude of the un-
mixed glueball 7, is defined by [28,29]

/ vy
et a0 =T
xprz _$70)

[ dre s TS ()

= f (J2f,) for the B, — 7,
(B— 1) transition. The function ¢ % (x) is expressed as [30]

$¢(x)
where the coefficients B and Bj for the B — 7, and B, —
7, transitions, respectively, take the value B = B = B, =
4.6 = 2.5 [28,29].

In the B meson (for simplicity, B denotes both the B and
B, mesons here) rest frame, the momentum p; of the B
meson and p, of the final-state light pseudoscalar meson
are written as p;, = %(1, 1,0r) and p, = %p(o, 1,0p)
with the energy fraction p = 1 — ¢?/m%, where the lepton
pair momentum is defined by ¢ = p; — p,. The light
spectator momenta k; in the B meson and k, in the

J

with the decay constant f g

= BIY5x2(1 — x)2(2x — 1), 4)

final-state meson are parametrized as k; = (x;, 0, le) ’"“

and k, = (0, x,p, kp71) %, respectively.

For the B — P transition, the relevant form factors
Fy +(g%) and F7(g*) have been defined, for example, in
Ref. [31] with the relation F,(0) = F,(0). For conve-

nience, one usually considers the auxiliary form factors
f1(g%) and f,(q?) defined via

(P(p)1b(0)y,q0)B(p1)) = f1(@*)p1, + f2(gP)Pa. (5)

in terms of which F,(¢?) and F,(g?) are written as

Fo() = 3116 + Flg?)]

R =1+ ]

o\q D) 1\q sz — m%)

1 5 q°
L Ry S
The authors in Ref. [23] derived the kp-dependent NLO
hard kernel H for the B — 7 transition form factors. Here
we quote their results directly and extend the expressions
to the B() — 7, transitions under the assumption of
SU(3) flavor symmetry. The hard kernel H is given, at

NLO, by [23]

H = H%a,) + HY(a?)
= [1 + F(xy, x5, pt, oy, 1, £)JH O (ay), (7

where the expression of the NLO factor
F(xy, x5, i, s, 1, {1) can be found in Eq. (3) of Ref. [22].

Employing the pQCD factorization approach with the
inclusion of the Sudakov factors and the threshold resum-
mation effects [22], we obtain the form factors f1,(g?)
and F(q?) for the considered decays. For the B, — 71, and
B — 7, transitions, for instance, the form factor

27 (g2) is of the form

f?ﬁm(qz) = \/Effﬁnq(qz) = 167TCFm%; ]dxldxz /bldblb2db2¢8(xlr bl){[ro(¢p(xz) - ¢t(x2)) : hl(xl) X2, by, bz)

— rox1 pmz 7 (x2)hy(xy, xa, by, by)] - a(ty) exp[—Sp,(11)] + [x1(p(xy) — 2rgh? (x,))
+ 4rox1 dP ()1 (xp, X1, by, by) - (1) exp[—Sg, (1)1} 3)

with CF = 4/3, ro =
We choose m, = 0.18 = 0.08 GeV and m,,

my*/mp ., p=1-— qz/m%;s (ro = my"/mpg, p
= 0.69 GeV as in Ref. [11].

= 1 — ¢*/m3) for the B; — 7, (B — 7,) transition.
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The hard functions £ ,, the scales ¢, ,, and the Sudakov
factors exp[—Sg, (7)] are the same as in Refs. [22,32].

One should note that the form factors in Eq. (8) represent
the leading-order (LO) pQCD predictions. To include the
NLO corrections, the coupling constant « in Eq. (8) is
changed into @ - F(x, x,, p, g, m, £;), with the NLO fac-
tor F(x;, x5, p, My i, & 1) being given in Ref. [22]. For the
B(;) — m, transitions, only the LO expressions are available
now. The formulas for the differential b — ul™v;, b —
sI™1~,and b — sy decay widths are provided in Ref. [22].

The following input parameters (the masses and decay
constants are all in units of GeV) [18,19,24] are adopted in

the numerical analysis: AY% =0.287, f5 =021, f5 =
0.23, m{=1.50, my=1.90, mp=5.279, mp = 5.3663,
7= =1.638ps, Tp = 1.525ps, 750 = 1.472 ps, m,=1.771,
my, =4.8, my = 80.4, m; = 172, m, =0.548, and m,, =
0.958. For the relevant Cabibbo-Kobayashi-Maskawa ma-
trix elements, we take |V,,|=0.999, |V,|=0.0403, and
IV,a/V,| =0.211[18].

As explained in Ref. [22], the pQCD predictions for the
form factors Fy, 4 7(¢?) are reliable only at small g%, such
as the region 0 =< g*> = m2. To get the form factors at
larger ¢°, one has to make an extrapolation from the lower
g region. Therefore, we perform the pQCD calculations
for the B/B, — (n,, 1, 1) transition form factors in the
range 0 < ¢> = m?2, and then apply the extrapolation using
the pole model parametrization

Fi(0)
1 = a(g*/my) + b(g*/mp)*’

where F; denotes a function among F 4 7, and a, b are the
constants to be determined by the fitting procedure.

In Table I we list the LO and NLO pQCD predictions for
the form factors F, ;. 7(0) involved in the B — 7, and B, —
7, transitions. The three errors of F, ;. 7(0) come from the
uncertainties of wz=0.40%0.04GeV or wz =0.50=*
0.05GeV, fp=0.21%0.02GeV or fz =0.23+£0.03GeV,

Fi(qz) =

()]
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and a;’ ¢ = 0.115 = 0.115, respectively. The errors from

the variations of V,, or |V,,/V | and f, = (1.07 = 0.02)f ,
or fy = (1.34 = 0.06)f, are very small and have been ne-
glected. One can see that the NLO contribution to the form
factors Fy, 7(0) in the B/B; — (n,, n,) transitions can
provide about 12% enhancement to the LO ones. The NLO
pQCD predictions for F, g (f:;nq"‘ (0) agree well with the values
obtained from other methods.

The pQCD predictions (in units of 1072) for the form
factors Fj , 7(0) in the B/B; — 7, transitions are also
shown in Table I. The sources of the first two errors are
the same as those for the B — 7, and B; — 7, transitions,
while the third one comes from the uncertainty of B, =
4.6 * 2.5. It is easy to see that the form factors F, ; 7(0) in
the B/B; — 1), transitions are of order 1073, so the cor-
responding contributions to the decay rates are negligible.
Using the relevant formulas and the input parameters given
above, it is straightforward to calculate the branching ratios
of the considered decays.

In the FKS mixing scheme, the LO and NLO pQCD
predictions for the branching ratios of the considered de-
cays with [ = (e, u) are listed in Table II. We show only
the central values of the LO pQCD predictions in column
two, and the central values and the major theoretical errors
simultaneously in column three. The first error arises from
the uncertainty of wp = 0.40 £ 0.04 or wp =0.50 = 0.05,
the second one is from the uncertainty of fz = 0.21 = 0.02
or fg. = 0.23 = 0.03, and the third one is induced by the
variations of a;*" = 0.115 = 0.115. One can see from
Table II the following:

(1) For all the considered decays, the inclusion of the
NLO contribution to the B(;) — 7, , transition form
factors provides about 25% enhancement to the
branching ratios. The pQCD predictions for the
B~ — 7)I” 7, decay rates then become well con-
sistent with the measured values and other known
theoretical predictions [9,11].

TABLE 1. pQCD predictions for the form factors F 4 7(0) in the B — 7, and B, — 7,, and B /Bs — m, transitions at LO and NLO.

Fi(0) Fi(0)(107%)

FoM LO 0.17 + 0.02 = 0.02 *+ 0.01 Fyom 0.147092 = 0.01 = 0.08
NLO 0.197303 = 0.02 = 0.01

F2m LO 0.17 + 0.02 = 0.02 + 0.01 Fim 0.147092 +0.01 + 0.08
NLO 0.19%203 +0.02 = 0.01

Fp M LO 0.15 = 0.02 = 0.01 = 0.01 Py 0.10 = 0.01 = 0.01 = 0.06
NLO 0.17 = 0.02 = 0.02 = 0.01

Fyms LO 0.2759%4 + 0.04 = 0.01 Fyme 0.11 = 0.01 = 0.01 + 0.06
NLO 0.311203 = 0.04 = 0.01

Fhs LO 0.275904 + 0.04 + 0.01 Fmm 0.11 = 0.01 = 0.01 + 0.06
NLO 0.311203 +0.04 = 0.01

Fpm LO 0.27 = 0.04 = 0.04 = 0.01 Fpme 0.08 = 0.01 = 0.01 = 0.04
NLO 0.317203 = 0.04 = 0.01
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LO and NLO pQCD predictions for the branching ratios of the considered decays with errors. The relevant data [18] and

other theoretical predictions [9,12—16] are listed in the last two columns.

Decay modes LO pQCDy1 0 Set A Set B Others Data [18]
Br(B~ — nl”7,)(107%) 033 0.4178.45 = 0.08+503 0.33%015  0.37%01 0.43 + 0.08 [9] 0.39 = 0.08
Br(B~ — 97 7,)(107%)  0.19 0.24707003 + 0.02 0.207507  0.23%0%% 0.297907 [14]

Br(B~ — 7/l 7)(107%) 016 0207335 +0.04 £0.02 016730  0.1773% 0.21 = 0.04 [9] 0.23 = 0.08
Br(B~ — n/777,)(107%) 008  0.10*33 +0.02+0.01  0.08*3%3  0.0970% 0137503 [14]

Br(B® — nl*17)(107%) 0.39 04810 1070607004 0397011 0.45%31] 0.6 [12]

Br(B® — 7t r7)(107°) 083 098103070 18006 0.8070%%  0.92%033 L.1£0.1 [15]

Br(B® — nv)(107°) 031 03850 080,05 7003 031704 036701

Br(B" — 7/I*17)(107%) 0.18 0.247507003 = 0.02 0.197007  0.20%00% 03 [12]

Br(B® — n/7t77)(107°) 021 02510 0 00 00t 0.20%007 0217308

Br(B® — 7'v)(1079) 0.14 0.18 003 004003 0.1479%  0.16799%

Br(B) — nlT17)(1077) 1.68 2.07H 08030000 2.59%8% 220009 3.7 [12]; 2.4 [13,16]

Br(BY — nrt77)(1077) 0.39 0.4575 137013 = 0.02 056723 0.48%021  0.58 [13]; 0.34 [15]

Br(l?g’ — nvp)(107°) 1.33 16270341043 011 2.0308 1727078 1.7 [13]; 1.4 [16]

Br(B? — n'1*17)(1077) 1.77 2.1810B3 08 +0.15 1457080 1.9270% 3.35 [12]; 1.8 [13]

Br(l?g —n/rTr7)(1077) 023 027733 £0.07 £0.01  0.18%307  0.247%19  0.26 [13]; 0.28 [16]

Br(BY — 1'vp)(107°) 1.39 L7149374047 + 0.12 1143947 1.50%9¢2 1.3 [13,16]

(i1) For all neutral current processes, the NLO pQCD
predictions basically agree with other known theo-
retical predictions [12—15].

(iii) Because of Br(B? — nvp) =~ 1.7 X 107°, these
decays may be observed at the LHCb. Other neutral
decay modes with the decay rates at the 10~7-10~°
level may be very hard, if not impossible, to
measure.

In the n-1'-G mixing scheme the physical states 7, 7/,
and G are related to the flavor states 7, 7, and 7, through
the mixing matrix U(, ¢, ¢) [25]. The B/B; — 7, tran-
sition form factors are 2 orders of magnitude smaller than
the B/B; — m,, m, ones as indicated in Table I, so the
former contributions to the B/B; — m, ', G decays can be
neglected safely. In Table II we also list the NLO pQCD
predictions for the branching ratios in the n-7'-G mixing
scheme with two sets of mixing angles (¢, ¢): Set A with
(¢, pg) = (43.7°,33°) [19], and Set B with (¢, ¢g) =
(40°, 22°) [25]. The theoretical errors from the uncertain-
ties of wg, wp, fp, fp,, and the Gegenbauer moments are
added in quadrature. The pQCD predictions for the B(;) —
G(ll, lv, vp) branching ratios in the n-n-G mixing
scheme are listed in Table III. One can see the following
from Tables II and III:

(i) The pQCD predictions in the two-state mixing
schemes, and in the three-state mixing scheme with
the two sets of mixing angles, are all similar within
theoretical errors.

(ii) The pQCD predictions for Br(B~ — GI™7;) and
Br(B?S) — GI*"17) are about 2 orders of magnitude
smaller than those of the corresponding B/B; —

n") transitions as expected.

"l_"ABLE II. pQCD predictions for the B~ — GI~ p,(7~ »,) and
B?s) — GI*1 (v 77, vp) branching ratios in the n-7’-G mixing
scheme for ¢p; = 33° or 22°.

Decay modes b = 33° b = 22°
Br(B~ — GI~#,)(107%) 0.6470% 0.30751
Br(B~ — G~ #,)(107°) 0.2553:% 0.12 = 0.04
Br(B° — GI"17)(107°) 0.767538 0.36°013
Br(B — G1"77)(1071) 0.187507 0.08*003
Br(B° — Gv#)(107™°) 5.897%1¢ 2.79%40%
Br(szg — GI'17)(1077) 0.24751 0.1175%
Br(BY — Gr"77)(1077) 0.887038 0.427518
Br(B? — Gv)(1077) 1.85%082 0.88%030
In summary, we have studied the semileptonic

decays B/B; — (n, ', G)(I*1~, Iy, vp) in this work by
employing the pQCD factorization approach beyond
LO. Based on the numerical calculations and the phe-
nomenological analysis, the following points have been
observed:
(i) The NLO contributions can provide 25% enhance-
ment to the LO pQCD predictions for Br(B~ —

171~ 7)), leading to a good agreement between the

pQCD predictions and the data.

(i1) For all the considered decays, the pQCD results are
basically consistent with those from other different
theoretical models.

(iii)) The pQCD predictions in the two considered me-

son mixing schemes agree well with each other

within theoretical errors.
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