arXiv:2404.19198v2 [hep-ph] 7 May 2024

C P-violating observables of four-body B(;) — (77)(K K) decays in perturbative QCD

Da-Cheng Yan'!, Yan Yan!, and Zhou Rui?*
Y School of Mathematics and Physics, Changzhou University, Changzhou, Jiangsu 213164, China and

2 College of Sciences, North China University of Science and Technology, Tangshan, Hebei 063210, China
(Dated: May 8, 2024)

In this work, we investigate six helicity amplitudes of the four-body B,y — (w7)(KK) decays via an
angular analysis in the perturbative QCD (PQCD) approach. The 77 invariant mass spectrum is dominated by
the vector resonance p(770) together with scalar resonance fo(980), while the vector resonance ¢(1020) and
scalar resonance fo(980) are expected to contribute in the K K invariant mass range. We extract the two-body
branching ratios B(B(s) — p¢) from the corresponding four-body decays B(s) — p¢ — (7m)(KK) based
on the narrow width approximation. The predicted B(BS — p¢) agrees well with the current experimental
data within errors. The longitudinal polarization fractions of the B,y — p¢ decays are found to be as large
as 90%, basically consistent with the previous two-body predictions within uncertainties. In addition to the
direct C'P asymmetries, the triple-product asymmetries (TPAs) originating from the interference among various
helicity amplitudes are also presented for the first time. Since the BY — p%¢ — (777 )(KTK ™) decay is
induced by both tree and penguin operators, the values of the ASE and A} . are calculated to be (21.8f§:g)%
and (—10.237172)% respectively. While for pure penguin decays B® — p¢ — (7777 )(KTK™) and
BT — pT¢ — (xt7°)(KTK ™), both the direct C'P asymmetries and “true” TPAs are naturally expected
to be zero in the standard model (SM) due to the absence of the weak phase difference. The “fake” TPAs
requiring no weak phase difference are usually none zero for all considered decay channels. The sizable “fake”
Al = (—20.927525)% of the B — p¢p — (777 )(K K ™) decay is predicted in the PQCD approach,
which provides valuable information on the final-state interactions. The above predictions can be tested by the
future LHCb and Belle-1I experiments.

PACS numbers: 13.25.Hw, 12.38.Bx, 14.40.Nd

I. INTRODUCTION

In the past several years, the study of charmless nonleptonic decays of B meson has evoked considerable experimental and
theoretical interest, primarily because of the importance of these processes in understanding the phenomenon of C'P violation.
The decay amplitude for “tree-level” b — w transition is much smaller than the one for dominant b — ¢ transition due to
the ratio of Cabibbo-Kobayashi-Maskawa (CKM) matrix elements |V,|?/|Vep|? ~ 1072, Transitions to s and d quarks are
effective flavor-changing neutral currents proceeding mainly by one-loop “penguin” amplitudes, and are also suppressed. The
flavor-changing neutral current decay modes provide a sensitive probe for the effect of physics beyond the SM, since their
amplitudes are dominant by the penguin diagrams. The understanding of the relative importance of tree and penguin amplitudes
will be crucial in studies of C'P asymmetries in B meson decays. A non-vanishing direct C'P violation needs the interference
of at least two amplitudes with a weak phase difference A¢ and a strong phase difference Ad. The direct C'P violation is
proportional to sin A¢sin Ad. The key point is that the direct C'P violation can only be produced when there is a nonzero
strong phase difference. Hence, if the strong phases are quite small, the magnitude of the direct C'P violation is close to zero.
In this case, there is another class of C'P-violating effects which has triggered less attention so far and can reveal the presence
of new physics: triple product asymmetries (TPAs). A scalar triple product takes a generic form ¥y - (02 X ¥3), where each @; is
a spin or momentum of the final-state particle. The TPAs are odd under time reversal (7") and also contribute potential signals
of C'P violation by the C'PT' theorem. These TPAs go as sin A¢ cos AJ, which provide useful complementary information on
direct C'P violation. Even in the absence of C'P violation effects, 7-odd triple products (also called “fake” TPAs), which are
proportional to cos A¢sin Ad, can provide further insight on new physics since most TPAs are expected to be tiny within the
SM [1].

A nontrivial triple product requires at least four particles in the final state. B,y — VV, V.S, SV, SS decays are usually
treated as two-body final states on the theoretical side and have been studied in the two-body framework using various theoretical
approaches such as QCD factorization (QCDF) [2-8], PQCD approaches [9-24], the soft-collinear-effective theory (SCET) [25—
30] and the factorization-assisted topological amplitude approach (FAT) [31]. While they are at least four-body decays on the
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FIG. 1: Graphical definitions of the helicity angles 61, f2 and ¢ for the B® — ¢p° decay, with each quasi-two-body intermediate resonance
decaying to two pseudoscalars (p° — 777~ and ¢p — KT K 7). 01 2 is denoted as the angle between the direction of motion of K~ or 7+

in the ¢ or p° rest frame and ¢ or p° in the B° rest frame, and ¢ is the angle between the plane defined by K+ K~ and the plane defined by

777 in the BO rest frame.

experimental side shown in Fig. 1, since the meson V' = p, ¢ is a vector resonance and S = f,(980) is a scalar resonance with a
sizable branching fraction into two pseudoscalar mesons, respectively !. The B decays to V'V are complicated by the presence
of one amplitude with longitudinal polarization Ay and two amplitudes with transverse polarization A and A, , which is parallel
or perpendicular to each other, respectively. The first two states Ag and A are C'P even, while the last one A is C'P odd.
Interference between the C'P-even (Ao, A)) and C'P-odd (A ) amplitudes can generate TPAs in angular distributions, which
may signal unexpected C'P violation due to physics beyond the SM. Recently, TPAs have already been measured by Belle,
BABAR, CDF and LHCb Collaborations [32-41]. Phenomenological investigations on TPAs have been conducted intensively in
the literature [1, 42-50].

In this work, we study the four-body decays By — (77)(K K) in the PQCD approach based on kr factorization with the
relevant Feynman diagrams illustrated in Fig. 2. For a comparison with the LHCb experiment [51], the invariant mass of the wm
pair ranges from 400 MeV to 1600 MeV and the invariant mass for K K pair is restricted to be within 30MeV of the known
mass of the ¢ meson. The 77 spectrum is dominated by the vector p resonance and the scalar resonance fj. In the considered
K K invariant-mass range, the vector resonance ¢ is expected to contribute, together with the scalar resonance fy. In addition
to the branching fractions, the fraction of a given polarization state is an interesting observable and investigated in this work, as
well as other observables constructed from the helicity amplitudes like TPAs. As is known, the longitudinal polarization should
dominate based on the quark helicity analysis in the factorization assumption [52, 53]. In sharp contrast to these expectations,
large transverse polarization (around 50%) is observed in B — K*¢, B — K*p and Bs — ¢¢ decays [40, 41, 54-56], which
poses an interesting challenge for the theory.

It should be stressed that four-body decay is still at its early stage from the theoretical point of view since the factorization
formalism that describes a multi-body decay in full phase space is not yet available at present. As a first step, we can only
restrict ourselves to the specific kinematical configurations in which each two particles fly collinearly and two pairs of final
state particles recoil back in the rest frame of the B meson, see Fig. 1. Then the dynamics associated with the pair of final state
mesons can be factorized into a two-meson distribution amplitude (DA) &y, ,, [57-63]. Thereby, the typical PQCD factorization
formula for the considered four-body decay amplitude can be described,

A=Pp @ H Q@ Pxx @ O, (D

where @ p is the universal wave function of the B meson and absorbs the non-perturbative dynamics in the process. The @ i i
(®rr) is the two-hadron DA, which involves the resonant and nonresonant interactions between the two moving collinearly
mesons. The hard kernel H describes the dynamics of the strong and electroweak interactions in four-body hadronic decays in
a similar way as the one for the corresponding two-body decays. The .S and P-wave contributions are parametrized into the

! For the sake of simplicity, we generally use the abbreviation fo = f0(980), p° = p(770)°, ¢ = $(1020) in the following sections.
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FIG. 2: Typical leading-order Feynman diagrams for the four-body decays B — R1 Ry — (nm)(KK) with ¢ = (d, s), where the symbol
e denotes a weak interaction vertex. The diagrams (a)-(d) represent the B — (R1 — )77 transition, as well as the diagrams (e)-(h) for
annihilation contributions. If we exchange the position of R; (— 77) and Ra(— K K ), we will find the diagrams (a)-(d) for the B — (R —
)K K transition.

corresponding timelike form factors involved in the two-meson DAs, whose normalization form factors are assumed to take the
Flatté model [64] for fy, and relativistic Breit-Wigner (BW) function for ¢ [65] and the Gounaris-Sakurai (GS) model [66] for
p. An important breakthrough in the theory of four-body B meson decays has been achieved based on the quasi-two-body-
decay mechanism. Recently, the localized C'P violation and branching fraction of the four-body decay B° — K~ wtrtr—
have been calculated by employing a quasi-two-body QCDF approach in Refs. [67, 68]. In our previous works [69-73], the
PQCD factorization formalism based on the quasi-two-body-decay mechanism for four-body B meson decays has been well
established. Within the framework of PQCD approach, the branching ratios and direct C'P asymmetries of four-body decays
BY — mrm have also been studied [74].

The layout of the present paper is organized as follows. In Sec. II, we give a brief introduction for the triple product asym-
metries analyzed in our work. The kinematics and the formalism of PQCD on four body decays are presented in Sec. III. The
numerical values and some discussions will be given in Sec. IV. Section V contains our conclusions. The APPENDIX A and B
collect the S-wave decay amplitudes and the two-meson DAs adopted in our calculations respectively.

II. CP VIOLATING OBSERVABLES
A. Angular distribution and Helicity amplitudes

Taking the four-body decay B® — p%¢ — (7F7~)(K+K~) depicted in Fig. 1 as an example, the study of the angular
distribution usually employs three helicity angles: 67, 65 and . We denote 61 (62) as the polar angle between the 7+ (K ™)
direction in the 7+ 7~ (KK ) rest frame and the 7+ 7~ (K + K ) direction in the B rest frame. The angle between the planes
defined by 7+ 7~ and K+ K~ pairs in the B rest frame will be denoted by ¢.

In the four-body decays By — (77)(K K), the final state meson pairs 777 and K K can be produced in both S and P-wave
configurations in the selected invariant mass regions. The total decay amplitudes shall involve six helicity components A;, with
h=VV(3),VS,SV,and SS, where V and S denote the vector and scalar resonances respectively. The first three, commonly
referred to as the P-wave amplitudes, are associated with the final states where both 77 and K K pairs come from intermediate
vector mesons. Following the definitions given in Refs. [69, 70], the P-wave decay amplitudes can be decomposed into three
components in the transversity basis, including longitudinal Ao, parallel A, and perpendicular A . As the S-wave 77 and K K
pair can arise from the intermediate resonances R; and Ry labelled in Fig. 2(a), the related two single S-wave decay amplitudes
are described as Agy and Ay g respectively, which are physical different. The double S-wave amplitude Agg is associated with
the final states, where both 77 and K K meson pairs are generated in the S wave. All of the above mentioned helicity amplitudes



of the four-body decays B(y) — (7m)(K K ) are summarized as follows:

Avv 1 By = p(—= mm)¢(— KK),
Avs @ By = p(—= 7m) fo(— KK),
Asy @ By = fo(= mm)¢(— KK),
Ass @ By = fo(= ) fo(— KK). 2)

B. Triple-product asymmetries in four-body B(,) — (77)(K K) decays

As stressed in the Introduction, TPAs and direct C'P violation can complement each other. TPA is another class of C'P-
violating effect, which has received considerably less attention and can also reveal the presence of new physics. In this section,
we will briefly introduce the TPAs in the present work.

In the four-body decays B,y — (7m)(K K), one can usually measure the four final state particles’ momenta in the B
meson rest frame. We define three unit vectors: N, (71, ) perpendicular to the R (R2) decay plane and Z in the direction of R,
in the By rest frame. Thus we have

ﬁR1 ’ ﬁRz = COs @, ﬁR1 X ﬁR2 = sin </723 (3)

implying the T-odd scalar triple products

N>

= sin, 4)
= sin 2. 5)

(ﬁRl X ﬁRz) ’

2(ﬁR1 ! ﬁRz)(ﬁRl X ﬁR2) !

N>
\

A T-odd asymmetry in the B decay can usually be defined by an asymmetry between the number of events with positive and
negative values of sin ¢ or sin 2¢,

A I'(cos by cosbsasinp > 0) — I'(cos by cos Bz sing < 0) ©)
T T(cos @ cosfysing > 0) + I'(cos f; cosfysing < 0)’
9 I(sin2¢ > 0) — I'(sin 2¢ < 0)
Ay = . . - (N
I'(sin2¢ > 0) + I'(sin2¢ < 0)

In our calculations, we will focus on the TPAs originating from the interference between the C'P-odd amplitude A and the
other two C'P-even amplitudes Ag and A in the B(y) — p¢ — (n7)(K K) decays, which can be derived from the partially
integrated differential decay rates as [38, 45],

I'(cos 6y cosfssinp > 0) — I'(cos b4 cos Bz sinp < 0)

1
Ar = I'(cos 01 cos by sing > 0) + I'(cos 61 cos Oz sin p < 0)
2v2 .
= —E dwldwgk(wl)k(wg)k(wl, QJQ)II’II[ALAO], (8)

9 I'(sin2p > 0) — I'(sin2¢ < 0)

Ar = ['(sin 2¢ > 0) + [(sin 2 < 0)
= —% dwidwak(w1)k(w2)k(w, wa)Im[A | Aj], 9)
with the denominator
D= /dwldw‘zk(wl)k(w)k(wlawz)(|Ao|2 + 1412+ 1ALP), (10)

and the invariant mass of the final state meson pair wy (2. The factor k(w1 ,w2) represents the magnitude of the three-momentum
of the meson pair in the B,y meson rest frame,

VImg = @+ w)llm} |~ (w1 = w2)?]
k(wi,we) = g ; (1)
(s)




where mp,, is the mass of the B(,) meson. The kinematic variable k(w) = y/A(w?,m} ,mj_)/(2w) is defined in the hihoy

center-of-mass frame, with the Kallén function A(a, b, c¢) = a® + b* + ¢* — 2(ab + ac + bc) and my, , being the final state
mass.

It should be noted that although the two TPAs given in Eqgs. (8) and (9) in terms of transversity amplitudes are odd under
time reversal, they are not genuine C'P violation. For example, the integrands Im(A | A7) (¢ = 0, ||) in the above TPAs can be
expended in the form of | A | ||A}|sin(A¢ + Ad), with A¢ and Ad representing the weak and strong phase differences between
the two corresponding transversity amplitudes A and Af. The term |A || Af|sin(A¢+ AJ) can be nonzero even in the absence
of any weak phases, as long as the strong phase difference A is nonzero. Thus the two TPAs A} and A% can not reflect a true
signal of C'P violation. However, one can still obtain a true C'P-violating asymmetry by comparing At with At , where At
is the T'-odd asymmetry measured in the B(s) decay process. We denote the helicity amplitudes for the C'P-conjugate decay
process by Ay, fl” and A , which can be obtained by applying the following transformations:

A0—>A0, AH —>A||, AJ__>_AJ_. (12)

The TPAs of the B(S) decays can be defined similarly, but with a multiplicative minus sign. We then have the TPAs for the
charge-averaged decay rates

e~ [T(51>0) +T(5 > 0)] - [($1 < 0) + T(51 <0)]
T-true — [[(S; >0) + f‘(gl >0)]+ [T(S1 <0)+ I7‘(51 <0)]
= _77-('22)7\:?'23) /dwldwgk(wl)k(wg)k(wl,wg)lm[ALAB - ALAS], (13)
e _ [T(52>0) +T(5 > 0)] - [(S> < 0) + [(S, < 0)]
e = (S, > 0) + (2 > 0)] + [[(S2 < 0) + (S, < 0)]
_ _ﬁ / dun dwok (w1 )k(w2)k(wn, w2)Im[ AL AT — AL A7), (14)
A%,dve _ [F(Sl > O) - lj‘(‘*?l > O)] - [F(Sl < O) - li‘(“?l < O)]
ke T (S > 0) +T(S1 > 0)] + [I(S1 < 0) + (S <0)]
_ _W(;i\fp) / deon deonh (w1 k(o) k(or, wa)Tm[ A} A3 + AL A7), (15)
AQ"ave _ [F(SQ > O) — f(gg > O)] — [F(SQ < O) — f(gg < O)]
Tfake — [[(Sy > 0) +T(Sy > 0)] + [['(S < 0) +T'(Sy < 0)]
_ (D%D) /dwldwgk( k(wz)k(wr, w)Im[AL AT + A, AT, (16)

with I being the C' P-conjugate decay rate, the denominator

D= /dwldwgk(wl)k(wg)k(wl,wz)(|Ao|2 + |42+ ALP), (17)
and the variables
S1 = cosfycosbysing, Se = cosby cosbssin2p
S1 = cosfy cosfsysin P, Sy = cos 0, cos s sin 20. (18)

It is shown that AT Ifzeave in terms of Im[A lAS(”) —A LAS(H)] is proportional to sin A¢ cos Ad. They can be nonzero only in

the presence of the weak phase difference A¢. Therefore, the “true” averaged TPAs can provide extra measurements of C'P
A;fzéave does not suffer the suppression from the strong
phase difference, which reaches the maximal value when the strong phase difference vanishes. On the contrary, A%Féi:ve
cos A¢sin A are not a C'P-violating signal as it is nonzero even in the absence of C'P-violating phases. Such a quantity will
be referred as a “fake” asymmetry (C'P conserving), and simply reflects the effect of strong phases [1, 45], instead of C'P
violation.

In order to make a direct comparison with the future measurements, we also calculate the so-called “true’ and “fake” TPAs as

violation. What’s more, compared with the direct C'P asymmetries ,



follows,

1 - V2 AL A: ALAx

Ab e = 5(A%+A%):—7 dwr dwak (w1 )k (w2 )k (w1, wo)Im] ; 0 _ % 01, (19)
1 _ 2 AL Ax A A

e = Q(A?r + A3) = _;/dwldw2k(wl)k(w2)k(wlaw2)Im[TH - TH ) (20)
1 _ V2 AL A: A Ax

Abge = 5(AF = AR = == [ dunduwak(wn)k(wn)k(wr, we)Im[ =50 + ===2], 1)

2 1, 9 12 2 ALAT\ ALATI
At ke = E(AT —Ar) = —;/dwldwgk(wl)k(wg)k(wl,wg)lm[T + —5 (22)

The subscripts “true” and “fake” refer to whether the asymmetry is due to a real C'P asymmetry or effects from final-state
interactions that are C' P symmetric. The two asymmetries defined in Eqs. (15) and (19) are usually different from each other
in the most B(,) meson decays, as well as the two asymmetries in Egs. (16) and (20). They become equal when no direct C'P

asymmetry occurs in the total decay rate, namely D = D.

III. PERTURBATIVE CALCULATION

For simplicity, we will work in the rest frame of the B meson. In the light-cone coordinates, the B meson momentum pp
can be parametrized as pp = m—\/g(l, 1,07). Considering the four-body decay B — p°¢ — (7"~ )(K+K~) shown in
Fig. 1, we define the intermediate resonance p(¢) with the momentum p(q), and the four final state mesons with the momentum
pi(i = 1,4), satisfying the momentum conservation relations pg = p + ¢, p = p1 + p2, ¢ = p3 + ps. The momentum of the p
and ¢ can be written as

mp mp

p:%( +agiaOT)a q= \/5

in which the factors f*, g& are related to the invariant masses of the meson pairs via p? = w? and ¢ = w3,

(fiaf+7OT)7 (23)

1
gt = 5[1—1—771—7721\/(14—771—772)2—4771}7

1
= 5[1—771+772i\/(1+771—772)2—4771}, (24)

with the mass ratio 7,2y = wf@) /m%. The corresponding longitudinal polarization vectors of the P-wave w7 and K K pairs
can be defined as

1 1
_ + - — -t
€p = g ,—9 70T ’ €q = (35— _f af aOT ) (25)
P \/2—771 ( ) q \/% ( )
which obey the normalization 612) = eg = —1 and the orthogonality €, - p = ¢4 - ¢ = 0.

The explicit expressions of the individual momenta p; can be derived from the relations p = p; + p2 and ¢ = ps + p4 together
with the on-shell conditions p? = m? for the final state mesons,

p2 = (m—\/g(l -G - T12;1T2)9+a m—\/g(ﬁ - T12;1T2 )9~ —PT> ,
ps = (’%(@ P T (1 G = B —qT) ,

9 9 rs + 14 (T3 — 7‘4)2
= 1 _ —

, (26)



with the mass ratios 7; = m?/m%, m; being the masses of the final state mesons, and the term (; + % = pf /ot (G +

”2;:4 = p; /q~ ) characterizing the momentum fraction for one of pion-pion (kaon-kaon) pair.

It is easy to obtain the relation between the meson momentum fractions ¢; » and the polar angle 6;  in the dimeson rest frame
in Fig. 1,

2 — 1 =+v14+4ajcosby, 20 —1=+144ascosbs, 27)

with the two factors

ri+re (r—ro)? rs+rs (r3—ra)?
_ - _ 28
aq 2771 + 477% 3 (6] 2772 + 4775 ) ( )
and the bound
1 1

Clmax,min - 5 [1 + V 1 + 40‘1} B <2max,min - 5 [1 + V 1+ 40‘2] . (29)

As illustrated in Fig. 2, there are eight types of Feynman diagrams contributing to the hard kernels H of the four-body decays
B(s) = RiRy — (7m)(K K) at leading order in the PQCD approach, which can be classified into three types: the factorizable
emission diagrams (Figs. 2(a) and 2(b)); the nonfactorizable emission diagrams (Figs. 2(c) and 2(d)); and the annihilation
diagrams (Figs. 2(e)-2(h)). For the evaluation of the H, we also need to define three valence quark momenta labelled by k;
(i = B, p, q) in each meson as

ke = (0,zpph.kpr), kp= (z1p7,0,kir), kg = (0,22¢  ,kar), (30)

with the parton momentum fraction z;, and the parton transverse momentum Ki. The small components k,,; and k;r in Eq. (30)
have been dropped in our calculation because k,, and k, are aligned with the meson pairs in the plus and minus direction. We
also neglect the contribution from the kg component since it does not appear in the hard kernels for dominant factorizable
contributions.

In order to calculate the different helicity amplitudes, we first give the weak effective Hamiltonian H.yy of the considered
four-body decays induced by the b — ¢ (¢ = s, d) transition,

10
ey = Gj;{ ViV [Cr() 08 () + Ca1) O3 ()| = ViaVi | S~ Ci(1)Os()] } +He. (1)

=3

with the Fermi constant Gy = 1.16639 x 10™° GeV 2, Wilson coefficients C;(w) at the renormalization scale p, the local
four-quark operators O; (i = 1, ..., 10) [75] and the CKM matrix elements V.

According to the above Eq. (31), each considered decay channel may receive contributions from one or more terms propor-
tional to different Wilson coefficients C;. The total decay amplitudes of the B(5) — p¢ — (7m)(KK) at LO in the PQCD
approach can then be written as

G Cy Cs C; Cs Co C
Ap(BY = ptop— (nTa ) (KTK™) = \/Embvtd[<03+ 5 +O5+?6—77—§—79— éO)FLvah
Cho LL.h Cs SP,h
+ <c4—7) MERY + (€= 2 ) M5 (32)
G C Cs C; Cs Co C
Ap(B® = p% — (rtr W(KTK™) = Fthth[ Oy~ 2 —C5— 2 2L 2 2 ) pLLA
3 37276 "2 7%
Cho LL.h Cs SP,h
_ <c4—7) MERN — (€= 5 ) M5 H (33)

Ap(BY = %6 — (rta ) (KTK 7)) = GQF{ WVl [<01+2)FL“+02 el

. Cy Ci0\ Lorn . 3C10 LLh 3Cs . sph
_mm¢«&+?+@+?—g¢+ S MEN - SR }}

(34)



with & = 0, |, L. The individual decay amplitude appeared in the above equations, such as FL0" and MELP, MIPP, s
obtained by evaluating the Feynman diagrams in Fig. 2 analytically. The term FBLPL”‘ (M f;)P *h), for example, represents the
contribution from the factorizable (nonfactorizable) emission diagrams with (V — A) ® (V — A) ((S — P) ® (S + P)) current.
The explicit expressions of F.L+" and other decay amplitudes can be found easily in Ref. [69]. The helicity amplitudes of the
S-wave decays have been collected in APPENDIX A.

As shown in Eq. (1), the DAs of the initial B meson and the final state meson pairs are the most important nonperturbative
inputs in the PQCD approach. For the B meson, we adopt the form widely used in the literature [76, 77], and more alternative
models of the B meson DA and the subleading contributions can be found in Refs. [78-85]. The S- and P-wave two-pion (kaon)
DAs, as well as the related time-like form factors are summarized in APPENDIX B.

IV. NUMERICAL ANALYSIS

In this section, we work out a number of physical observables for the B,y — (w7)(K K) decays, such as the branching
ratios, polarization fractions, direct C'P asymmetries, together with TPAs. We firstly show the input parameters adopted in our
numerical analysis in Table I, including the decay constants [15, 86], the meson masses, the decay widths, the lifetimes and
Wolfenstein parameters [87].

The differential branching fraction of the By — (7m)(K K) in the By, meson rest frame can be expressed as:

B B TB(S)k(wl)k(W2)k(Wlaw2)|A|2 (35)
401 d0zdpdiords 16(2m)0m3, | ’

with the B(s) meson lifetime 75,,. It has been confirmed that Eq. (35) is equivalent to those in Refs. [88, 89] by appropriate
variable changes. Replacing the helicity angle ¢, (3) by the meson momentum fraction (y (o) via Eq. (27), the Eq. (35) is turned
into
BB - TB(S)k(wl)k(wz)k(wl,wg) |A|2 (36)
dCidCodwdwadyp 4(271')677123(3) VIFdog/I+4da,

where the total decay amplitude A can be written as a coherent sum of the P-, S-, and double S-wave components with (;(3)
and ¢ dependencies

2 —1 2 —1 Gl —=C)+ar [GO-CG)+a
A=A A2
O /T T do;, vitda; \/—\/ 1+ 4a; 1+ day 0¥

Lid, 2\/—\/@ - (1) +al\/€2(1_<2)+agsincp

1 + 40&1 1 —|— 40[2
-1 2(5 —
+Ayg———+ 37
vs m \/TQ G
We can obtain the branching ratio form according to the Eq. (36),
By = Po 2o /dwldwgk(wl)k(wg)k(wl wa)|An|2. (38)
4(27r)6m23(8) 9 ’
The coefficients C', are the results of the integrations over (1, (2, ¢ in terms of Eq. (38) and listed as follows,
(14+4a1)(1 4+ 4aw), h=0,|,L,
Ch =14 3(14+402), h=VS 85V, (39)
9, h=S5S8S.

The C'P-averaged branching ratio, the direct C'P asymmetries in each component and the overall asymmetry can then be
defined as below,

ave 1 _ : By, — By, : E Bh — E By
Bowg — (B + B , Adll‘ — = , dir _ h ~ h , 40
h 2( h h) Bh ¥ Bh cP Zh Bh + Zh Bh ( )

where B}, is the branching ratio of the corresponding C' P-conjugate channel.



TABLE I: The decay constants are taken from Refs. [15, 86]. Other parameters are from PDG 2022 [87].

Wolfenstein parameters A = 0.22650 A =0.790 p =0.141 7 = 0.357

Mass (GeV) mp = 5.28 mp, = 5.37 m,+ = 0.140 my+ = 0.494
myo = 0.135 myo = 0.498

Decay constants (GeV) fB=021 fB, =0.23 fe =0.215 fg = 0.186
f»=0.216 fi =0.184

Decay width (MeV) I'y =4.25 ', =149.1

Lifetime (ps) 7o = 1.519 T+ = 1.638 7B, = 1.51

For the B — V'V decays, the additional polarization fractions fy with A = 0, ||, and L, are described as

|Ax?

= , 41
|A0|2+ |A|||2-i-|z4J_|2 “D

I

with the normalisation relation fo + f| + fL = 1.

A. S-wave contributions

TABLE II: PQCD predictions for the branching ratios of the B(s) — [V'S, SV, SS] — (nm)(KK) decays, with S = fo and V = p, ¢. The
theoretical uncertainties are attributed to the variations of the shape parameter wp,, in the B(s) meson DA, of the Gegenbauer moments in

various twist DAs of K K and 7 pairs, and of the hard scale ¢ and the QCD scale Aqcp.

decay modes PQCD predictions

BT = ptfo— (xta’)(KTK™) (125103370301 053) x 1077
B = p’fo = (nTn ) (KTK™ (3.0170:557 5557 01%) x 107°
BY = pfo = (nta ) (KTK™ (4.01F 58055 050) x 1077
B = fop — (ntm ) (KTK™) (04715157030 0 08) x 107°
Bl = fo¢p — (nTn ) (KTK™) (4097321657 167) x 1077
B® = fofo — (xtn )(KYK~ (1937587105510 55) x 10710
B = fofo = (n"n ) (KT K~ (7197538 06 5 0%) x 10°°

The PQCD predictions for the C'P-averaged branching ratios of the S-wave decays are summarized in Table II, in which the
theoretical uncertainties are derived from three different sources. The first error results from the parameter of the wave function
of the initial state B(S) meson, wp = 0.40+0.04 and wp, = 0.48£0.048 [90-92]. The second one comes from the Gegenbauer
moments in the two-meson DAs given in Eq. (B21), and the last one is caused by the variation of the hard scale ¢ from 0.75¢
to 1.25¢ (without changing 1/b;) and the QCD scale Aqcp = 0.25 £ 0.05 GeV, which characterizes the effect of the next-
to-leading-order QCD contributions. The three uncertainties are comparable, and their combined impacts could exceed 50%,
implying that the nonperturbative parameters in the DAs of the initial and final states need to be constrained more precisely, and
the higher-order corrections to four-body B meson decays are critical.

Although the quark model has achieved great successes, the identification of scalar mesons is a long-standing puzzle, and the
underlying structure of scalar mesons is not well established on the theoretical side (for a review, see Ref. [87]). At present,
two main scenarios have been proposed to classify the light scalar resonances [93]. The Scenario-I (S-I) is based on the naive
two-quark model, and the light scalar mesons below or near 1 GeV like f(980) are regarded as the lowest lying states. While
in Scenario-II (S-II), the f(980) is identified as the predominant four-quark state ¢2¢>, and the scalars above 1 GeV are treated
as the ground qq states. Since it is difficult for us to study these S-wave decays based on the four-quark picture, we shall
consider the conventional ¢G assignment for the light scalar f,(980) to give several quantitative predictions. In Scenario-I,
f0(980) is mainly treated as an ss state, which has been supported by D} — fom, ¢ — fory decays [87]. However, there
also exists some experimental evidences indicating that f,(980) is not purely an s3 state. For example, the observation of
D(J/¢ — fow) =~ 3T(J/¢ — foe) [87] clearly shows the existence of the non-strange and strange quark content. Therefore,
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f0(980) should be a mixture of nfi = % (uti + dd) and s,

[fo) = |nf)sing + |s3)cosh. 42)

The value of the mixing angle 6 in the above equation has not been determined precisely so far, which is suggested to be in the
wide ranges of 25° < 6 < 40° and 140° < 6 < 165° [94-96]. For simplicity, we will adopt the value 8 = 145° [20, 97] in our
calculation. In our previous works [69-72], the scalar meson f((980) is usually considered as the pure s3 state. Furthermore,
there also exist some theoretical studies on the 53(,) meson decays involving fo(980) in the final states based on the assumption
that f,(980) is a pure s§ density operator [98-100]. In Ref. [73], on the other hand, we found that the contribution from the
fo = (u + dd)//2 component is significant in the decays like B® — p° fy governed by B — f,, transition form factor. Thus,
the mixing effect shown in Eq. (42) should also be taken into account in this work.

The two-body branching ratio B(B(s) — R1R2) can usually be extracted from the corresponding four-body decay modes in
Table IT under the narrow width approximation:

B(B(S) — Rle — (WW)(KK)) ~ B(B(S) — Rle) X B(Rl — 7T7T) X B(R2 — KK) (43)
The B of the three-body decay B® — p°(fo — )77~ can then be calculated as follows:

B(B° — p°fo — (7 )(KTK™))
B(p® — ntn—)

B(B® = p°(fo =)ntn) = Ry = (0.097003) x 1077, (44)

with the ratio R/ = Bl,g(%’:ifm. Recent years, BABAR [101] and BES [102, 103] Collaborations have performed

systematically measurements on the ratio of the partial decay width of fo — K™K~ to fo — 777,

0.69£0.32 BABAR

exp )
i = { 0.257017  BES, 45)
and we have adopted their average value R?/pﬂ = 0.35 4 0.11 [104] in Eq. (44). The B® — p"fy decay mode has also been

studied in the two-body framework within the PQCD [18] and QCDF [7] approaches. In the narrow-width limit, one can get the
following branching fractions

(0.1079:85) x 10~ 7 QCDF,

46
(1.6575:99) x 10~7 PQCD, (56)

B(B® = p°(fo —=)ntn) = {

where B(fo — ntn~) = 0.5 [7] is used. Our calculation B = (0.097005) x 107 is consistent well with the QCDF pre-
diction [7], but far from the previous PQCD value [18]. Nonetheless, all these theoretical predictions are much smaller than
the current experimental data B°*P = (7.8 4= 2.5) x 10~7 [87], which may be clarified in the following form. First, the
B — pO(fo —)m 7w~ decay is ascribed to the involved color suppressed tree contributions. Since only leading order diagrams
have been concerned in the current work, it indicates that this decay might receive substantial next-to-leading-order (NLO)
corrections. Besides, as shown in Ref. [73], the calculated B of the decay B® — fop" is sensitive to the Gegenbauer moment
ags and the mixing angel 6. It is expected that maybe we can fit the related non-perturbative parameters with abundant data to
match the experiment when NLO corrections to four-body decays in the PQCD framework are considered, which goes beyond
the scope of the present work and should be left for the future studies.

We remark that the K K invariant mass of the S-wave decays has been limited in a narrow window of +30 MeV around
the known ¢ mass in this study. As claimed in Refs. [71, 72], the contribution of scalar resonance f,(980) relies on the final-
state invariant mass range strongly, since it has a wide decay width. We have recalculated the B of the decay B — p°fy —
(rt7~)(K* K~) by enlarging the S-wave K K invariant mass range from [m — 30MeV, mg + 30MeV] to [2mg, mp —m,)|:
B = 2.95 x 10~8. The corresponding branching fraction of the three-body decay B® — p%(fy — )7+ 7~ is then estimated to be
0.84 x 1077, which is larger than the value in Eq. (44) by almost one order. It should also be noted that, strictly speaking, the
narrow width approximation has not been fully justified since such approximation has its scope of application. As claimed in
Refs. [105, 106], for the broad scalar intermediate states like f,(980), the narrow-width approximation should be corrected by
including the finite-width effects. The result B = (0.097503) x 10~7 evaluated from the B(B® — p°fy — (7T7n " )(KTK™))
may suffer from a large uncertainty due to the finite-width effects of the scalar resonance. Therefore, we hope that the future
experiments can perform a direct measurement on the four-body decay B® — p%fy — (77~ ) (KT K™).

Relying on the fraction B(¢ — KTK ™) = 49.2% [87], we can extract the B(B? — ¢(fo —)7 "7~ from the four-body
decay B? — fo¢ — (77~ )(K+K~) in Table II under the narrow width limit:

B(B® = fob — (rt7 ) (K+K™))
B¢ — KTK~)

B(B) = ¢(fo—)rn) = = (0.83103%) x 1076, 47)
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Although the above theoretical cental value is a bit smaller than the experimental data B°*P = (1.12 4- 0.21) x 10~ [87], our
result can still accommodate the current measurement with large uncertainties, and also comparable with the previous three-
body PQCD result [107]. In Ref. [20], the authors have studied the branching fraction of the two-body decay Bg — ¢fp in
PQCD approach, and one can obtain B(B? — ¢(fo —)nT7~) = (0.2470:31) x 107 according to Eq. (43). It is shown that
our calculation B = (0.8370:21) x 10~ presented in Eq. (47) is a bit larger than the converted value (0.24702}) x 105 [20]
from the previous two-body PQCD result by a factor of ~ 3 , but more close to the experimental data. As already stressed
previously that in fact the narrow width approximation is not exactly valid for the broad intermediate states like f,(980). For
these resonances, the finite-width effects is significant and should be considered. Thus, the above comparisons is just a rough
estimate for a cross-checking. Overall, since the property of the scalar resonance f(980) is not well understood, and both the
theoretical and experimental uncertainties are relatively large, all the above issues need to be further clarified in the future.

B. Branching ratios and polarization fractions of two-body B,y — p¢ decays

On basis of the narrow width approximation Eq.(43), the branching ratios of the two-body decays B,y — p¢ have been
extracted in Table ITI. The polarization fractions f; (i = 0, ||, L) of the two-body Bs) — p¢ decays calculated in this work have
also been listed in Table III. For a comparison, the updated predictions in the QCDF [5], the previous predictions in the PQCD
approach [23], SCET [30] and FAT [31] are also displayed in Table III, and the experimental results for branching ratios are
taken from PDG 2022 [87].

TABLE III: Branching ratios and polarization fractions of the two-body B(s) — p¢ decays. For a comparison, we also list the results from
the previous PQCD [23], QCDF [5], SCET [30], and FAT [31]. The world averages of experimental data are taken from PDG 2022 [87]. The
sources of the theoretical errors are the same as in Table II.

Modes B(10~°%) fo(%) f1(%) f1(%)

B % 028 100 8655 0 20 s 0 s 6450 A0 698 0T R0 h
PQCD [23] 0.2310:15 86 + 1 8.8910 50
QCDF [5] 0.18790% 8872,

SCET [30] 0.36 £ 0.05 100

FAT [31] 0.07 £ 0.03

Data [87] 0.27 +0.08 = = o

5" 9 0.006 70301 0002 1 S AT e TR SR
PQCD [23] 0.013+5-507 95+ 1 2.367 5%
SCET [30] ~ 0.002 100

FAT [31] 0.03 + 0.01

Data [87] < 0.33 o o

BY ot 00IygR o S AT e TR 0
PQCD [23] 0.02870:015 9575 236157
SCET [30] 0.005 = 0.001 100

FAT [31] 0.06 =+ 0.02

Data [87] < 3.0

TABLE IV: Branching ratios of the four-body decay BY — p’¢ — (n 777 )(KTK™) from different topology diagrams. FE and NFE
represent the contributions from factorizable emission and nonfactorizable emission diagrams, respectively.

Tree B(107°) Penguin B(107°)

channel
FE NFE Total FE NFE Total
BY = p% — (T n ) (KTK™) 0.013 0.018 0.031 0.214 0.001 0.215

Most of the theoretical predictions of B(BY — pY¢) agree well with the current data within errors. The calculated branching
ratio (0.287052) x 1079 of the decay B — p%4 is much smaller than those of other b — s transition processes, such as
BY — K*K* decays. To see clearly the contributions from different topology diagrams, we show the explicit numerical results
of the BY — pY¢ decay in Table. IV, in which we just quote the central values. We know that |V,}Vis| and |V, V| are O(A\?)
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and O(A\*) respectively, with A ~ 0.22. This implies that the tree operators of the b — s transition decays like BY — p°¢
are highly suppressed by the CKM matrix elements |V.% V,,s|. Furthermore, the tree amplitudes of the BY — p"¢ channel from
the factorizable emission diagrams Fig. 2(a) and 2(b) are also suppressed by the small Wilson coefficients C; + C>/3. The
dominant contributions are then from the penguin operators. However as show in Eq. (34), the B — p"¢ decay has no gluonic
penguin amplitudes because of the cancellations between the u# and dd component in the p® meson. The only left parts are all
electroweak penguin suppressed. As a result, the total branching ratio of the B — p°¢ is estimated to be small, at the order of
1077,

For other two B® — p%¢ and B* — p* ¢ decay channels controlled by b — d transitions, the predicted branching ratios are
much smaller than that of BY — p°¢ decay due to the CKM-suppressed factor |V;4/V;s|?> ~ 0.05. The calculated B(BT —
pT¢) = (0.013+0.005) x 1075 and B(B® — p°¢) = (0.006 4 0.002) x 10~° in this work are about half of the previous two-
body results B(Bt — p*¢) = (0.02870-015) x 1076 [23] and B(B° — p°¢) = (0.01375-057) x 10~ [23]. The main reason is
that the additional higher power corrections related to the momenta fraction x5 have been taken into account in the current work,
which has been ignored in Ref. [23]. Taking the B® — p°¢ decay as an example, we have reexamined the branching fraction
without the contributions from x5: B(B? — p°¢) = 0.01 x 105, which becomes similar to the previous two-body analysis.
The current experiments give the upper limits: B(BT — pt¢) < 3.0 x 1076 [87] and B(B® — p%¢) < 3.3 x 1077 [87] at
90% C.L, so more precise measurements are expected to differentiate these theoretical predictions. Besides, under the isospin
limit the following relation among the B® — p’¢ and Bt — pT ¢ decays is naively expected

B(B® = p°¢)
B(B* — pt¢)

TRO

1
R= ~5 (48)

TB+ '

Our calculations basically agree with the relation given above and can be tested by the future experiments.
In the naive factorization approach, the longitudinal polarizations are expected to dominate the branching ratios of charmless

B — V'V decays according to the naive counting rules [9]

foNl—O(m%//m%)a fH NfJ_NO(m%//m%)v (49)

with my being the vector meson mass. In sharp contrast to these expectations, large transverse polarization of order 50%
is observed in the penguin dominated decays B — K*p, B — K*¢, and Bg — ¢¢ [34, 35, 39, 54-56], which reflects
that the counting rules given in Eq. (49) is violated and poses an interesting challenge for the theory. In order to interpret
this large transverse polarization, a number of strategies have been proposed within or beyond the SM [2, 25, 108-129]. In
the PQCD approach, the unexpected large transverse components are led by the penguin annihilation diagrams, especially the
(S — P)(S + P) penguin annihilation, introduced by the QCD penguin operator Og [108], which is originally introduced in
Ref. [130].

For the B® — p°¢, BT — p*¢ and BY — p°¢ decays, the longitudinal polarization fractions are predicted to be as large as
90%, which agree well with the previous PQCD calculations [15, 23] and those from QCDF [5], SCET [30] and FAT [31] within
uncertainties. The B,y — p¢ are pure emission-type decays, and the contributions from the chirally enhanced (S — P)(S + P)
penguin annihilation operator vanishes. Besides taking the B? — pY¢ decay as an example, the dominant contributions are
from the 3/2[C7 + Cs/3 + Cg + C10/3|F. equL’h (h = 0,]|, L) induced by the electroweak penguin operators in the factorizable

emission diagrams. Compared with the longitudinal component F' eL(bL’O, the transverse amplitudes FeL(bL’H and F€L¢L’J‘ are always

highly suppressed by the factor w,./mp, ~ m,/mp, ~ 0.02, which leads to fo ~ 90%.

C. CP-violating observables

The direct C' P asymmetries with each helicity state (Agﬁl 1) of the four-body BY — p°¢ — (nt 77 ) (K K™) decay together

with those summed over all helicity states (ASY) are listed in Table V. For comparison, we also present the updated results of the
QCDF [5], SCET [30], FAT [31], and the PQCD [23] predictions in two-body framework. Meanwhile, the direct C' P asymmetry
ACT of the S-wave decays B,y — [V S, 5V, 55] — (nm)(K K) are also displayed in Table V1. The kinematics of the two-body
decays is fixed, while the amplitudes of the quasi-two-body decays depend on the invariant mass of the final-state pairs, resulting
in the differential distribution of direct C'P asymmetries. The C'P asymmetry in the four-body framework is moderated by
the finite width of the intermediate resonance appearing in the time-like form factor F'(w?). Hence, it is reasonable to see the
differences of direct C' P asymmetries between the two-body and four-body frameworks in the PQCD approach as shown in
Table V.

The direct C P asymmetries of the two b — d5s transition decays B® — p% — (7t77)(K*K~) and Bt — pt¢ —
(%) (KK ™) are naturally expected to be zero since only penguin operators work on these decays. However, the BY —
¢ — (rT 77 ) (KT K~) mode receives the additional tree contributions, and the interference between the tree and penguin
amplitudes leads to the direct C'P asymmetry: Agﬁ = (21.8f§:§)%. For the S-wave decays shown in Table VI, it is interesting
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TABLE V: Direct C'P asymmetries (in units of %) for the B — p°¢ — (777~ )(K K ™) decay compared with the previous predictions
in the PQCD approach [23], the updated predictions in the QCDF [5], SCET [30] and FAT [31]. The sources of the theoretical errors are the
same as in Table II.

Modes ASF AﬁP AP AP
B %o (o J(KTK ) BAGINDET mniiheis 2060006, 2Lss i
PQCD [23] 3.271197 —32.8T74 —4.3773
QCDF [5] e e . 8332
SCET [30] 0

FAT [31] 0

to see that the predicted A of the two double S-wave decays B — fofo — (77n " )(Kt*K~) and B — fofo —
(rT 7~ )(KTK™) are indeed quiet different. As can be seen from the related numerical results in Table VII, the fact is that
for the BY — fofo — (n 77 )(K ™K ~) decay, the tree operators are highly suppressed by the CKM matrix elements |V,,s V", |,
in comparison with |V V3| related to the penguin operators. For B® — fofo — (777~ )(K+ K ™) decay, both of |V,4V% | and
|V:aV};| are in the same order (10~?), which can strengthen the interference between the tree and penguin amplitudes. Therefore,
the predicted AT of the BY — fofo — (nt7~)(K+ K ™) is much smaller than that of the B® — fofo — (7T7n™)(KTK™)
decay.

As it is known that the direct C'P asymmetry depends on both the strong phase and the weak CKM phase. In the SCET,
the large strong phase is only from the long-distance charming penguin at leading power and leading order. In the QCDF and
PQCD approaches, the strong phase comes from the hard spectator scattering and annihilation diagrams respectively. So, the
origins of strong phase are actually different in these three approaches, which leads to different predictions of ASF (B2 — p°¢).
The forthcoming LHCb and Belle-1I measurements for the direct C'P asymmetries can help us to examine these factorization
approaches.

TABLE VI: PQCD predictions for the direct C'P asymmetries A" (in units of %) of the B,y — [V'S, SV, SS] — (n7)(K K) decays, with
S = f0(980) and V' = p, ¢. The sources of the theoretical errors are the same as in Table II.

decay modes PQCD predictions
BY = p*fo— (") (KVK") —8.85 05 030

DY = o fo = () (KK L e
BY = o (77 n ) (KTK) 21315435438

B° = fop — (nF a7 )(KTK") 0.0

BY = fo¢p — (n T )(KTK™) 5.4+20+8.9416

B? = fofo = (nta ) (KTK™) _79.47TT+25.3+4.4
B o lofo o o m JUCIC) 0064 400

TABLE VII: Branching ratios of the double S-wave four-body decays B° — fofo — (nTn )(KTK™) and B? — fofo —
(77 ) (KT K™) from different topology diagrams.

Decay modes Tree contributions Penguin contributions
B® = fofo — (nta ) (KTK™) 0.78 x 1010 1.12 x 10710
BY = fofo — (T ) (KTK™) 2.22 x 1071 7.12x 1078

The PQCD predictions for the “true” and “fake” TPAs of the B,y — p¢ — (mm)(K K) decays are collected in Table VIIL

As mentioned previously, the averaged asymmetries A%fzéave(A}_(fzaf(’:ve) are usually not equal to the so-called “true” (“fake”)

asymmetries A%(tfze(A%(él)(e) They become equal only in the absence of direct C'P violation in the total rates, namely D = D,
such as the BY — p°¢ — (77~ )(K+*K~)and BT — pt¢ — (77 7°)(KTK ™) decays.

For the two pure penguin decays B® — p% — (777" )(KTK~) and BT — pT¢ — (nt7%)(K+K™), each helicity
amplitude involves the same single weak phase in the SM, resulting in A%, = — A% due to the vanishing weak phase difference.
The “true” TPAs for these two decay channels are thus expected to be zero. If such asymmetries are observed experimentally, it is

probably a signal of new physics. However, since the B — p%¢ — (777~ )(K ™ K ~) decay can receive extra tree contributions,
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TABLE VIII: PQCD predictions for the TPAs (%) of the four-body B(s) — p¢ — (7m)(K K) decays. The sources of theoretical errors are
the same as in Table II but added in quadrature.

TPAs-1
Modes A%‘ fIlT A"}"—true -A"}"—fake Ang)ilv: A'(r}fli‘;e
BY = pto — (ntn°) (KT K™)[—20.927528 | 20.92+2:50 0 —20.92+528 0 —20.92+528
B® = p% — (rtr ) (KT K™) | —20.927520| 20.927 250 0 —20.92+528 0 —20.9215-26
BY — p’b — (rTr ) (KTK ™) |—23.537085 | 3.067532 | -10.231173 [ ~13.297 772 | —11.42718%| —14.201 152
TPAs-2
Modes A%‘ /_@r A%[rue A%fake AézT)::,v: A‘i‘—zfli‘;e
BT 5 pte o () (KTK)| 102702 [—1.02,0 8 0 102t} 12 0 102t} 12
B° — p% — (xtr )(KTK)| 102512 [ —1.02:012 0 1.021)12 0 1.02+112
BY = p%b — (rTr ) (KTK ™) | —4.917039 | -0.08T073| —2.501043 | —2.4270:25 | —2.727032 | —2.647535

the magnitude of the calculated “true” TPA can exceed ten percent, which is expected to be tested by the future experiments.
As “fake” TPAs are due to strong phases and require no weak phase difference, the predicted A%(le)@ and A%,(éi’:veare usually
nonzero for all considered decays. The predicted large “fake” asymmetry At ... = (—20.92fg:§8)% of the BY — pl¢ —
(mT 7~ ) (KT K™) decay simply reflect the final-state strong phases.

As usual, the decay amplitude associated with transverse polarization A is smaller than that for longitudinal polarization Aq
in the SM within factorization. This indicates that A% is power suppressed relative to .A+. Meanwhile, the smallness of A2 is also
attributed to the suppression from the strong phase difference between the perpendicular and parallel polarization amplitudes,
which is supported by the previous PQCD calculations [23]. An observation of A% with large values can signify physics beyond
the SM. All these PQCD predictions can be tested in the near future.

V. CONCLUSION

By employing the perturbative QCD factorization approach, we have systematically investigated the four-body decays By, —
(77)(K K) under the quasi-two-body approximation, in which the 77 and K K invariant-mass spectrum are dominated by the
vector resonances p” and ¢, respectively. The scalar resonance fo(980) is also contributed in the selected 7 and K K invariant-
mass ranges. The strong dynamics associated with the hadronization of the final state meson pairs is parametrized into the
non-perturbative two-meson DAs, which include both resonant and nonresonant contributions and have been established in
three-body B meson decays. With the two-meson DAs, the branching ratios, polarization fractions, direct C'P asymmetries, and
the triple product asymmetries of the four-body decays B(sy — [p@, pfo, fo®, fofo] — (mm)(K K) have been examined.

Under the narrow width approximation equation, the two-body B,y — p¢ branching ratios have been extracted from the
results for the four-body decays B(;) — pp — (mm)(K K). We also presented the polarization fractions of the related four-
body decays. The obtained two-body branching ratio B(B? — p°¢) is consistent well with the previous two-body PQCD
prediction and the current experimental data within errors. The calculated large longitudinal polarization fractions fo ~ 90% of
the B(s) — p¢ decay modes also agree well with the theoretical predictions from the previous PQCD, QCDEF, SCET and FAT
approaches.

We calculated the direct C'P asymmetries and TPAs of the four-body B(s) — (77)(K K) decays. For the two pure penguin
BY - p% — (77 )(KTK~) and Bt — pt¢ — (777%)(KTK ™) decays, both the direct C' P asymmetries and “true”
TPAs are naturally expected to be zero in the SM due to the vanishing weak phase difference. While for B — p%¢ —
(mt7~)(K*K~) channel, the magnitude of the ASY and At can exceed 20% and 10% respectively, which are expected
to be confronted with the future experiments. The “fake” TPAs requiring no weak phase difference are usually nonzero for all
decay channels. The predicted sizable Ak, . = (—20.927520)% of the B® — p°¢ — (77~ )(K*K~) decay simply reflects
the importance of the strong final-state interactions.
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Appendix A: S-wave Decay amplitudes
According to Eq. (42), the total decay amplitudes of the S-wave channels can be divided into the nn = % (ut + dd) and s5
components,

® By = [pfo, fod] — (mm)(K K) decay modes
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+ (Cs+ Cr) (MEF+ MIF + MET
C C
+ (03 +205 - 2+ %) MBLPL}, (A1)
G C C
ABT = pTfo = (nTn°) (KK ™)) = f&@bwd[ ((74 10) MEF + (06 — 78) M;P}, (A2)
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+ Co (MEE + MEE + MEF + MEE) |
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- (05__) + MEF + MEF + MER)), (A3)

G C Cy
AB® = pfs — (ata ) (KTE ")) = thbvtd[< Cy+ 21°>M§,f+< 06+7> MEr], (A4)
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The decay amplitudes for the physical states are then

A(B

(s) = [pfo, fog]

— (mm

WEKK)) = A(Bs) = [pfn, fn¢] = (77)(KK))sin @
+ A(Bgsy = [pfs: fs0) = (7m)(KK)) cos 6. (A11)
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The decay amplitudes for the physical states are then

A(Bsy = fofo — (nm)(KK))

A(B(s) = fnfn — () (K K))(sin 6)*
A(B(S) — fnfs — (WW)(KK)) sin 20
A(Bs) = fsfs = () (KK))(cos 0)>. (A18)

+ +
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Appendix B: Two-meson distribution amlitudes
The S-wave two-meson DAs can be written as [131] (h1he = 7, KK),

1
P(hana)s (2:0) = Z= Wi (:0°) + Wby (2:0%) + @0 = Dbl 1) (2,07, (B1)

in which N, is the number of colors, and the asymptotic forms of the various twists DAs are parametrized as [57-60]

F 2
Fnangs) = 2201 - (1 - 22), 82)
: Fs(w?)
¢(h1h2)s(z’w2) - Qf/mv (B3)
Fs(w?)
Flnnays (%) = 5752 (1-22) (B4)

with the time-like scalar form factor Fig(w?). The Gegenbauer moments ay, , in Eq. (B2) are adopted the same values as those
determined in Refs. [132, 133]: arr = 0.20 £ 0.20 [132], axx = 0.80 £ 0.16 [133].

The elastic rescattering effects in the final-state meson pair can usually be absorbed into the time-like form factor F'(w?)
according to the Watson theorem [134]. For the scalar resonance fo(980), its pole mass is very close to the K K threshold,
which can have strong influence on the resonance shape. In the present work, we follow Refs. [135, 136] to employ the widely
used Flatté model suggested by D.V. Bugg [137],

Mm%, (980)
Fs(w?) = , 2 , (BS)
m?fo(ggo) — w2 —imy, (980) (YrrPrr + 9K KPR EF R )

with the two phase space factors pr, and px i [64, 135, 138]

2 4m 4m?2 4m? 4m?2
prr =3 4 \/ . pKK =7 \/ K= \/ K0 (B6)
w w w

The g r = 0.167 GeV and gxx = 3.47¢.~ [135, 136] are coupling constants, describing the f decay into the final states
7t~ and KK, respectively. The exponential factor Fx = e~k is introduced above the K K threshold to reduce the
pr i factor as invariant mass increases, where g is the momentum of the kaon in the K K rest frame and o = 2.0 £+ 0.25
GeV~2[135, 137].

The corresponding P-wave two-meson DAs related to both longitudinal and transverse polarizations are decomposed, up to
the twist 3, into [139]:

1 s PPy — Yol

(I)Lh1h2 P(z (w) = N |:w¢/p¢?h1h2)p(27w2) +W¢(h1h2)p(27w )+ L (ZC 2)1¢ hlhg)p(27w2) (2¢-1), (BT
1 a . POy eTupn—o

(I)%Fhlhz)P(Z’ C’w) = N, [75¢T¢¢%;L1h2)p(szz) + w’75¢T¢(h1h2)p(27W2) +w pH' n_ £ ¢(h1h2)p(sz2)

C(I1=¢)+ar. (BY)
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The various twist DAs ¢( hihy)p I the above equations can be expanded in terms of the Gegenbauer polynomials:

0 (z,w?) = %za —z) [1 + agpg(5(1 —22)* - 1)} , (B9)
5 (z,w?) = ?’5#“7\/2(_;02)(1 —2z) [1+a3,(102°> =10z + 1)] , (B10)
L (zw?) = ?);:L\/;ij)(l —22)? {1 + agpg(5(1 —22)% — 1)} , (B11)
oL (z,w?) = %z(l —2)[1+ agfpg(5(1 —22)2 -1)], (B12)
¢ (z,w?) = ?’f’u“i\/%j)u —22)[1+a$,(102* — 10z 4+ 1)] (B13)
v (z,w?) = 35’””7\/2%2){[1 +(1—22)° +a5,[3(22 — 1) — 1]} , (B14)

Il 2
O ke (2, w?) %z(l —2) [1 + a3¢g(5(1 —22)% — 1)] , (B15)

Srnlew?) = L)
P (z,w?) = %(1—22)% (B17)
Shntewt) = o)
Phcr (z,07) = %(1—%), (B19)
e ) = M)

with the P-wave form factors FJJ;TL) (w?) and F}”{% ) (w?). The values of the Gegenbauer moments associated with longitudinal

and transverse polarization components are adopted the same as those in Refs. [72, 73, 86, 139]:

(1-2z), (B16)

z(1—z)[1+a§¢g(5(1—2z)2—1)], (B18)
[1+(1-22)%, (B20)

a, = 0.4040.06, a3, =1.48+0.07,
ay, = 0.39+£0.11, a3, =-0.34+026, ab, =—0.13+0.04,
aj, = 0.504+0.50, a3, =0.40 % 0.40, ay, = —0.50 & 0.50. (B21)

Because the amounts of the current experimental data are not yet enough for fixing the Gegenbauer moments in the twist-3 DAs
035 and %, they have been set to the asymptotic forms in our work.

In the experimental analysis of the multi-body hadronic B meson decays, the contribution from the wide p resonant is usually
parameterized as the Gounaris-Sakurai (GS) model [66] based on the BW function [65]. By taking the p — w interference and

the excited states into account, the form factor joll (w?) can be written in the form of [140]

14+ c¢,BW,(s,my, T
1+c,

F7'|r|7r(w2) = Gsp(sumparp) +ZCZGS S m“

1+ Z cl] , (B22)

where s = w? is the two-pion invariant mass squared, i = (p/(1450), p”(1700), p"’(2254)), T'p i is the decay width for the
relevant resonance, m,,, ; are the masses of the corresponding mesons, respectively. The explicit expressions of the function
GS,(s,m,,T",) can be written as [65]

mz[l +d(m,)Lp/my)

GS,(s,m,,T',) = ,
p(5:mp,Tp) m% — s+ f(s,m,,T)p) —im,I'(s,m,,T',)

) (B23)
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with the factors

3 m2 m + 2k(m?) m m2m
dm) = 7 k2(m?) 1n< 2 ) ork(m?)  wk3(m2)’
m2
Fls.m.T) = s [(5)A(s) = )]+ (m* = )8 () ()]
3
T(s,m,,T,) = FP% (ﬂf%%) . (B24)

The functions k(s), h(s) and B, (s) can be expressed as

k(s) = %\/55,,(3) h(s) = %k\(/? In (ﬁ;nff(s))  Bals) = /T —am2 . (B25)

For the vector form factor of the K K system, the dominant resonance is ¢(1020) in the concerned mass window. We then

employ the relativistic BW line shape to parameterize the FIH< K (w?) [141],

2
my

Fllp(w?) = B26
rr (@) mi —w? —imgly(w?) ’ (B26)
with the mass-dependent width T, (w?)
m k(w) (2Lr+1)
Ty(w?) = Ty (7"5) <k(m¢)> . (B27)

The my = 1.0195 GeV [87] and I'y = 4.25 MeV [87] represent the mass and natural width of the ¢ meson, respectively. The
orbital angular momentum L in the two-meson system is set to Lr = 1 for a P-wave state. The k(w) is the momentum vector
of the resonance decay product measured in the resonance rest frame, while k(mg) is the value of k(w) when w = mg. Due

to the limited studies on the form factor F*(w?), we usually assume the approximation F*(w?)/Fll(w?) ~ fI/fy in our
calculation, with f‘(,T) being the vector (tensor) decay constants of the intermediate vector resonance.
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