PHYSICAL REVIEW D 96, 036014 (2017)

Quasi-two-body decays B ) — Pp’(1450).Pp"(1700) — Pzn
in the perturbative QCD approach

Ya Li,>" Ai-Jun Ma,>" Wen-Fei Wang,"* and Zhen-Jun Xiao™**
'Institute of Theoretical Physics, Shanxi University, Taiyuan, Shanxi 030006, China
*Department of Physics and Institute of Theoretical Physics, Nanjing Normal University,
Nanjing, Jiangsu 210023, People’s Republic of China
3Jiangsu Key Laboratory for Numerical Simulation of Large Scale Complex Systems,
Nanjing Normal University, Nanjing, Jiangsu 210023, People’s Republic of China
(Received 25 April 2017; published 29 August 2017)

In this work, we calculate the CP-averaged branching ratios and direct CP-violating asymmetries of
the quasi-two-body decays B ;) — Pp’(1450), Pp"(1700) — Pzz by employing the perturbative QCD
(PQCD) factorization approach, where P is a light pseudoscalar meson K, x, 7, and ’. The considered
decay modes are studied in the quasi-two-body framework by parametrizing the two-pion distribution
amplitude ®F .. The P-wave timelike form factor F, in the resonant regions associated with the p’(1450)
and p”(1700) is estimated based on available experimental data. The PQCD predictions for the
CP-averaged branching ratios of the decays By — Pp'(1450), Pp”(1700) — Pzz are in the order of
1077 — 107, The branching ratios of the two-body decays B(;) — Pp’(1450), Pp"(1700) are extracted
from the corresponding quasi-two-body decay modes. The whole pattern of the squared pion form factor
|F,|* measured by BABAR Collaboration could also be understood based on our studies. The PQCD
predictions in this work will be tested by the precise data from the LHCb and the future Belle II

experiments.
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I. INTRODUCTION

In recent years, prompted by a large number of
experimental measurements [1-10], three-body hadronic
B-meson decays have been studied by using different
theoretical frameworks [11-19]. For such three-body
decays, both resonant and nonresonant contributions
may appear, as well as the possible final state interactions
[20-22]. The nonresonant contributions have been studied
with the method of heavy meson chiral perturbation theory
[23-25]in Ref. [13]. Meanwhile, the resonant contributions
are usually described with the isobar model [26] in terms of
the Breit-Wigner formalism [27]. Based on the QCD-
improved factorization [28], such decays have been studied
by many authors [13,29-36]. By employing the perturba-
tive QCD (PQCD) approach, the B — 3/ decays have also
been investigated in Refs. [14—19,37—40].

In the PQCD approach [39,40] for the cases of a B-meson
decaying into three final states, we restrict ourselves to the
specific kinematical configurations, in which two energetic
mesons are almost collimating to each other. The contribu-
tion from the region, where there is at least one pair of light
mesons having an invariant mass below O(Amp), A = mpg —
my, being the B meson and b quark mass difference, as
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discussed in Refs. [14,15,39,40], is assumed dominant.
The final state interactions are expected to be suppressed
in such conditions. As a result, the dynamics associated
with the meson pair could be factorized into a two-meson
distribution amplitude ®, ;, [41-47]. The typical PQCD
factorization formula for the B — h;h,h3 decay amplitude
can be written in the form of [39]

A:®B®H®(Dh]hz®q)h3' (1)

The hard kernel H describes the dynamics of the strong and
electroweak interactions in the three-body hadronic decays in
a similar way as the cases of the two-body B — hh, decays,
and @ and @, are the wave functions for the B meson and
the final state /15, which absorb the nonperturbative dynamics
in the related processes.

In this work, we extend the previous studies [16,18] to
the decays B — Pp’(1450) — Pzz and B — Pp”(1700) —
Prr in the PQCD approach with the help of the two-pion
distribution amplitudes ®F,, where the P stands for the
light pseudoscalar mesons, P = (z, K, 5, orn). For sim-
plicity, in the following parts of this work, p’ and p” will be
adopted to take the place of p/(1450) and p”(1700),
respectively. The theoretical studies of the excited states
will provide us with a deeper understanding of the internal
structure of hadrons. For p’ and p”, there are not many
studies except Refs. [48—51] in the frameworks of the quark
model, the large-N, limits, or the double-pole QCD sum
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rules. For the phenomenological study of the two-body
decays B — Pp’' and B — Pp”, we still lack the distribution
amplitudes of the states p” and p” at present. Fortunately, we
are allowed to single out the p’ (and p”) component
according to the two-pion distribution amplitudes ®F,
as has been done in Ref. [16]. Following Ref. [16], we
here make an attempt to study the B - Pp’ — Pzxz and
B — Pp’ — Prr decays in the quasi-two-body framework
based on the PQCD factorization approach. And the
branching fractions for the two-body decays B — Pp'(p”)
will be extracted from the quasi-two-body processes
B — Pp'(p") - Prn.

This paper is organized as follows. In Sec. II, we give a
brief introduction for the theoretical framework. The
numerical values, some discussions, and the conclusions
will be given in the last two sections.

II. FRAMEWORK

In the light-cone coordinates, the B meson momentum
Pp, the total momentum of the pion pair, p = p; + p», the
momentum ps of the final state meson P, the momentum
kg of the spectator quark in the B meson, the momentum k
for the resonant state p’(p”), and k5 for the final state P are
chosen as

m
PBIE(LLOT% P:71%(177770T),

mpg mpg
=—(0,1-=7n,07), kp=1(0,xg—.k ,
P3 \/Z( 1, 0r) B ( B\/z BT)
k= (ZT}—%Q%) ky = (07(1—’7)?53”\;—;]‘3T)v
(2)

where mp is the mass of B meson, and the variable 7 is
defined as 7 = ®?/m% with the invariant mass squared
w? = p?> = (p; + p,)*. The parameter xg, z, x3 denotes the
momentum fraction of the positive quark in each meson
and runs from zero to unity. kpt, kT, and kst denote the
transverse momentum of the positive quark, respectively.
If we choose ¢ = p{/p" as one of the pion pair’s
momentum fractions, the two pions momenta p;, can
be written as

P1=< 7( -On \/—,P1T)
p2= ((1 —C)jgén%,pzT) 3)

The two-pion distribution amplitudes can be described in
the same way as in Ref. [16],
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1
o, — [m;u (2.8, 0) + 0Ol (2, ¢, ?)

V2N,
PP — PP
+mq’m L (z.¢ o )} 4)
with
@it = o =2 al1 )| 1+ a3 51 - 227 - 1
x P (20 = 1), (5)
DI =, = ;5;%)(1 —22)[1 + a3(1022 = 102+ 1)]
x P(2{ - 1), (6)
Ol =g =3 ope (1= 2071 + a3 (51222 - 1]
x P(2¢ - 1), (7)

where the Legendre polynomial P,(2{ — 1) =2¢ — 1.

After taking the p — @ interference and excited-state
contributions into account, the timelike form factor F,(s)
in Eq. (5) can be written in the following form [52]:

1 + C(UBW(U(S9 m(u’ Fa})
1+c,

+ ZciGSi(s, m;, F,.)} {1 + Zici] - (8)

2

prtp

Fals) = [0S, (5.m,.T,)

where s = w?> = m?(zx) is the two-pion invariant mass
square, and I'; (m;) is the decay width (mass) for the
relevant resonance i = (p/, p”, p"’(2254)). The mass and
width for these excited p mesons, and the values of the
complex parameters c,, and c¢; in Eq. (8) can be found in
Ref. [52]. The explicit expressions of the resonant state
functions GS,, GS;, and BW, can be found, for example, in
Ref. [18]. In this paper, we only consider the contributions
from p’ and p”. Following Ref. [16], we also assume that

Fy(s) = Fi(s) » (fV/fv)Fa(s) ©)

for the form factors F(s) and F,(s) that appeared in
Egs. (6) and (7). In the numerical calculations, we use the
Gegenbauer moments

w

a)=030+005  a=0.70+0.20,
al, = —0.40 £ 0.10, (10)

for the two-pion distribution amplitudes as used in
Ref. [18].

We here use the same wave functions for the B and B?
mesons as those in Refs. [53,54]. The widely used
distribution amplitude ¢z(k;) is of the form
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mixr 1
$i(x,b) = Npx*(1 = x)* exp | =2 — = (wph)? |
Wp

(11)

The normalization factor N depends on the value of
wp and fp, which is defined through the normalization
relation  [J dx¢p(x,b=0)=f5/(21/6). We set wp=
0.40 +0.04 GeV and wg = 0.50 £ 0.05 GeV [53,54] in
the numerical calculations. The wave function of the final
state pseudoscalar meson P (r, K, 5, or ri') is of the form

i

Dp(ps,x3) = m?’s [P35 (x3) + mospp(x3)
+ mos (k¢ — 1)pp(x3)]. (12)

where mg; is the chiral mass. The expressions of the

relevant distribution amplitudes ¢’,4;P T can also be found,
for example, in Refs. [18,55-61].
The mesons 7 and #’ are considered as the mixtures from

1, and 7, through the relation
<r]> B <cos¢ —sin¢)<nq) (13)
74 singg  cos¢ ns )’
with the n, = (uit + dd)//2 and n, = s5. We adopt the
decay constants and mixing angle ¢ as [62,63]

fo=(1074002)f,,  f,=(134+0.06)f,,
¢ =39.3°+ 1.0°, (14)

with f, = 0.131 GeV.

III. NUMERICAL RESULTS

In numerical calculations, we use the following input
parameters (in units of GeV except 7p , 75+) [64]:

/\1‘\‘/IS =0.25, mpro = 5.280, mg = 5.367,
Tp, = 1.510ps, 75 =1.638ps, m = 0.140,
myp = 0.135, myg= = 0.494, mygo = 0.498,
m, = 0.548, m, = 0.958. (15)

The values of the Wolfenstein parameters are the same
as those given in Ref. [64]: A =0.81140.026,1 =
0.22506 £ 0.00050, p = 0.1241’8,’8113, 7 =0.356=+0.011.
For the decay B — Pp/(p”) — Pzm, the differential

branching ratio is written as [64]

dB _ Pl Prl| 40

= , 16

& 0my N (16)
with 75 the mean lifetime of B meson and s = @’ the
invariant mass squared. The kinematic variables | p, | and
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| Pp | denote one of the pion pair’s and P’s momentum in
the center-of-mass frame of the pion pair,

1
[Pzl =35 —4mz,

571 = 5\ = M3 = 20m + MB)s + 7). (17)

By using the differential branching fraction, Eq. (16),
and the decay amplitudes in the Appendix of Ref. [18], we
calculate the CP averaged branching ratios (8) and direct
CP-violating asymmetries (Acp) for the decays B, —
P(p' —)zx and list the results in Table I. Meanwhile, 3 and
Acp for the decays By — P(p” =)z are shown in
Table II. The four errors of these PQCD predictions as
listed in Tables I and II come from the uncertainties of
wg/wg , a)=-040+£0.10, a3 =0.704£0.20, and
a9 = 0.30 + 0.05, respectively.

For Bt — K (p° —»)z"z~ and the other three B —
K(p' —)nr decay modes, the PQCD predictions for their
branching ratios as listed in Table I are a little different from
those as given previously in Table I of Ref. [16]. The reason
is very simple: the Gegenbauer moments a’z‘s"o used here
have been modified slightly from those in Ref. [16] as
discussed in Ref. [18].

Taking the quasi-two-body decay BT — 7tp” —
ataTx~ as an example, the PQCD prediction for its
branching ratio and CP-violating asymmetry Acp are the
following:

B(B* = at(p” =)ata™) = (8.155]45) x 1077, (18)
Acp(B* = at(p° —)atn™) = (-2915)%.  (19)

Here the individual errors as listed in Table I have been
added in quadrature. Such a PQCD prediction for its
branching ratio agrees well with the measured value
(1.4708) x 107 from the BABAR Collaboration within
errors [65]. Furthermore, the PQCD prediction Acp =
(=2973)% for this decay mode is also consistent with the
measured value (—6 £ 28 £ 20712)% from BABAR [65].
The width T',, for the p’ — zz process was found to
be ~22 MeV in Ref. [66], which is consistent with the
value 17-25 MeV estimated from the e™ e~ annihilation
experiments [67]. The branching fraction B(p' — nx) =
(4.6 —-10)% could be induced with the I'; =0.311+
0.062 GeV [67]. The p’ — zx branching fraction, on the
other hand, could be estimated from the relation [68]

r e[ Pr ()P
fomr = e

m,
P

(20)

where the coupling g, ,, is fetched from the p’ component
of the timelike form factor F, in Eq. (8) according to
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TABLE 1. The PQCD predictions of B and Acp for the quasi-two-body decays B(,) — P(p’ —)zz and for the

decay rates of the two-body decays By — Pp'.

Quasi-two-body Two-body
Decay modes B (in 1077) B (in 107%) Acp(%)
B K S66 a4} Y
B~ K )t ey 4720 S
B K- =) a? 13,8432 137832 2541
B K )t 10,64 2111402 13 106073 LT,
B = KO =)t 531 SRy 20117 1075
B = R =) 0223300 022/3% S
Bl () e RIS 02 Sk -
B = (=) 3200 53017 Sl
Bl R i 1229731 S
B = s 019381500812 019733 ELit,
B~ =)t 0207381 390102180 020733 A
B~ Rt ) Lot I3 00 193148 JERE
B = 2 ~)r s 026347308 3100 026733 5413
B = 2 =)rn 015 B BR800 0.15:8%3 301075
B~y = ST 339715 2
B =l s Ny 1448 i3
B — 1yl =) a 0.08*QE40I 1m0 008748 370010
B ) 321329100 32073 673
B )t 022308 02238 R
B~ e 0.17:38 0801 0174 s

F‘,o,l(a)z)zgpr,,,,wfp//Dpr(a)z) at ®=my. The decay

constant f,; = 0.1857)030 GeV resulting from the data
[y ere-=1.6-3.4keV [67] is adopted in this work, which
agrees with f,=(0.186+0.014)GeV from the double-
pole QCD sum rules [51], f, = (0.182 £ 0.005) GeV
from the perturbative analysis in the large-N. limit [50],
or f,;, = 0.128 GeV from the relativistic constituent quark
model [48]. Utilizing Eq. (20), we find B(p' - zz) =
10.045’6213%. From the definition of the decay rates
between the quasi-two-body and the corresponding two-
body decay modes

B(B(s) - P(p/ _))7771') = B(B(S) — Pp/) . B(p' — 71'71')’
(21)

we then can find the PQCD predictions for
B(B/Bg; — Pp'), as listed in the third column of Table I,
where the individual errors have been added in quadrature.

For the cases of the considered quasi-two-body and two-
body decays involving p” instead of p’, in principle, one can
obtain the PQCD predictions for the branching ratios and

CP-violating asymmetries in a similar way as the case for
p’. But, there is not much reliable information about the
properties of the p” meson except its mass and width
(my =1.724£0.02GeV and T, =0.25+0.10 GeV)
[64]. What we can do here is to make some rough
estimations of the branching ratios and CP-violating
asymmetries for the considered B — Pp” decays, and list
the PQCD predictions in Table II. For given ')+, =
0.69 £ 0.15 keV [67], we find the longitudinal decay
constant f,» = 0.103X)01, GeV. And then B(p" — zx) =
8.117722% can be obtained by using the same methods as
for the decays involving p’. The errors of the PQCD
predictions listed in the third column of Table II have
been added in quadrature.

In Fig. 1(a), we show the @ dependence of the differ-
ential decay rate dB(B* — K*n"zn~)/dw after the inclu-
sion of the contributions from the resonant state p(770), p/,
and p”. One can see that there exists a clear dip near @ =
m(ztn~) ~ 1.6 GeV in Fig. 1(a). The position of this dip
and the pattern of the whole curve do agree well with
Fig. 45 of Ref. [52], where the pion form factor—squared
|F,|> measured by BABAR are illustrated as a function of
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TABLEIL.  The PQCD predictions of the B and Acp for the quasi-two-body decays B(,) — P(p" —)zz and for the
decay rates of the two-body decays B ;) — Pp”.

Quasi-two-body Two-body

Decay modes B (in 1077) B (in 1079) Acp(%)

B = K*(p" =)n* 5" 2530803705100 312508 3L
B" = K*(p"~ =)z~ z" 4,801 58 0:0-0.52-0.00 5.92115 2955045
BY = K~(p"* =)x*a’ 6.521F 69 005 0.01-001 8.031304 26510
B — K(p"" —)rt 2 6,207 334005 065011 764135 14535530
B = K°(p" =)zt 7 2,980 2031037006 367110 9%0%0%0%
BY - K%(p" —=)n* 7™ 0.112501000-0.00-0.01 0.14 +£0.02 15055
BT =t (p" =)xta 2.81207020050.52-005 3.4610% =350
BY — 7t (p'~ —)a~a° 128000 007003 1.58%0% =515
B =z (p"" =)zt 5611850 05013001 6.92F49 15550
BY » xt(p'~ —)a"a° 0.08001-400-0.00-0.01 0.10%503 —3055Y
BY = 7 (p"" =)tz 0.16.001 0012001 0,00 0.20153 —24131
B = °(p"" —)n*a’ 0.6720 307013013000 0.83103 18447555
B® — 2%(p" —)ata" 0.142003005-0.01-0.00 01738 =539
B = 2%(p" =)t a" 0.062001-1001-0.00-0,00 0.0725% =354
Bt = p(p/* —>)nt 21125334014 504000 2.60% 05 25550
B = n(p" =)zta 0.082003-001-0.00-0.00 0.10+0.03 -320755%
BY = n(p" —=)n* 7 0.045910:00-0.00-0.00 0.05+0.01 441
BT =i (p'" =)t a 1.49103570.08-0.01-0.00. 1.8455% SOHE5
BY /(" =)tz 0.11 083001001000 0.14 £ 0.03 3RS
BY = n/(p" =)t 5 0.080:03-0.00-0.00-0.00 0.10+0.02 60111070

Vs [ie., m(zz)] in the region from 0.3 to 3 GeV. In fact, Peak) in the p”(1700) region.. Th? clear dip at w ~ 1.6 GeV
the differential decay rate dBB/dw does depend on the is caused by the destructive interference between the
values of |F, 2. In Fig. 1(a), we find the prominent p(770)  Tesonant state p and p”. We calculated numerically the
peak, a shoulder around the p/(1450), and a clear dip  interference terms between p’ and p” amplitudes and found
followed by an enhancement (second a little lower and wide ~ the large negative contribution to the branching ratios.

FIG. 1.

0.1

dB/de (10° GeV™)

0.4

08 12

®=m(z'n
(a)

T T 0.8 T T T —— =
= = <B'5K'p(1700)' >’ n
S 0.6 R
[]
(]
@
© 04f
Z
3
K]
E 0.2F
T
1.6 2.0 2.4 0.0 0.4 0.8 3.2 1.6 2.0 2.4
) (GeV) ®=m(x'n) (GeV)

(b)

(a) The summation of the contributions from p(770), o/, and p” for the differential branching ratios of the Bt — Kp —
K*ntz~ decays. (b) The comparison of the differential branching distributions for B* — K*p — K*z*z~ (solid curve) and
BT — K*p" — K*zt 7~ (dashed curve).

036014-5



LL MA, WANG, and XIAO

Taking B - K*p° - K*2tz~ and B* —» K*p" —
K*ntz~ decays as examples, we found the PQCD pre-
dictions for the individual decay rate and the interference
term,

B(B* — K*(p° =)ntn™) = 466132 x 1077,
B(B* — K*(p" =)nta~) =2.5310¢3 x 1077,
interference term ~ —4.55 x 1077, (22)

One can see that the interference term is indeed large and
negative when compared with the other two individual
contributions, which in turn results in a clear dip in the
region around @ ~ 1.6 GeV.

In Fig. 1(b), we show the PQCD prediction for
the @ dependence of the differential decay rate
dB(B* — K*zn*n~)/dw, when the contribution from the
resonance p’ (solid line) and p” (dashed line) is taken into
account, respectively. The decay rate for the B' —
K+ (p" —)xta~ decay is a little larger than that for the
BT — K*(p" —)x*zn~ decay. The difference is mainly
governed by the different parameters ¢, and ¢y, as well as
the parameters of the corresponding GS, and GS,
function in Eq. (8).

IV. SUMMARY

In this work, we calculated the quasi-two-body decays
B — Pp/'(1450) - Pzx and B — Pp”(1700) — Pzz with
P = (x,K,n,n') by utilizing the vector current timelike

PHYSICAL REVIEW D 96, 036014 (2017)

form factor F,(s) with the inclusion of the final state
interactions between pion pairs in the resonant regions
associated with p’(1450) and p”(1700).

(1) The PQCD predictions for the CP-averaged branch-
ing ratios and direct CP-violating asymmetries of
the considered quasi-two-body decays have been
listed in Tables I and II. The decay rates for the
considered decay modes are generally in the order of
1077 to 107°.

(2) The whole pattern of the pion form factor—squared
|F,|* measured by BABAR Collaboration could be
understood based on our studies, as illustrated by
Fig. 1(a): where one can see the prominent p(770)
peak, a shoulder around p’(1450), a clear dip at
o~ 1.6 GeV caused by the destructive interference
between the contributions from p’(1450) and
p"(1700), and an enhancement in the p”(1700)
region.

(3) The branching ratios of the corresponding two-body
decays have been extracted from the quasi-two-body
decay modes. More precise data from the LHCb and
the future Belle II will test our predictions.
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